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Foreword 

This is the final report of the characterisation study of the Yalgorup Member of the Lesueur 
Sandstone. Research and development activities for the South West Hub is supported by ANLEC 
R&D and this study comprises project 7-1215-0262 (“Assessment of multi-barrier systems for CO2 
containment in the Yalgorup Member of the Lesueur Sandstone, South West Hub”). The project 
aimed at reducing uncertainty by applying characterisation techniques and to test concepts not 
always typically performed in the petroleum industry. This work was delivered as a series of four 
reports. This document is presented as the final report and presents the main results and 
interpretations that address or partly address the initial knowledge gaps. 
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Executive summary 

The Middle to Late Triassic Lesueur Sandstone in the southern part of the Perth Basin, Western Australia, is 
constituted by fluvial to shallow marine siliciclastic units and is currently being evaluated as a possible target 
for geosequestration of CO2. The Lesueur Sandstone can be differentiated into a 700 m thick sandstone, 
siltstone and claystone unit, the Yalgorup Member (Mbr) overlaying a 1500 m thick sandstone dominated 
unit, the Wonnerup Mbr. The proposed CO2 containment strategy relies on CO2 dissolution and residual 
trapping within the Lesueur Sandstone as the primary mechanisms and the effectiveness of the Yalgorup Mbr 
and overlying Eneabba Formation (Lower Jurassic) to act as a secondary barrier for mobile CO2. The targeted 
Harvey Ridge area has been drilled in 2012 providing wireline logs and cores from Harvey 1, through the 
Lesueur Sandstone into the Sabina Sandstone and three ‘shallow’ wells, Harvey 2, Harvey 3 and Harvey 4, 
drilled in 2015. The subsurface has been also imaged using geophysical seismic data collected during a 2011 
2D seismic survey, a 2014 3D seismic survey and two nested seismic surveys around Harvey 3 and Harvey 4. 
Harvey 3 and 4 were drilled through the Yalgorup Mbr to the top of the Wonnerup Mbr to reduce regional 
geological uncertainties and assess the lateral continuity of the storage complex. Harvey 3 and Harvey 2 were 
cored all along the Yalgorup Mbr while Harvey 1 was only cored over a series of intervals in the Yalgorup Mbr 
and the Wonnerup Mbr. Harvey 4 was not cored in the Yalgorup Mbr, however, at both Harvey 1 and Harvey 
4, fullbore formation micro-image (FMI) was performed. Natural Gamma Ray Spectrometry (NGS) tool was 
also deployed at Harvey 1 and Harvey 4. 

Previous analysis of cores extracted from the Harvey 1 well demonstrated that the Yalgorup Mbr is highly 
heterogeneous and consists of lithofacies that can be ascribed mainly to fluvial moderate to high energy river 
channels and low energy floodplain settings consistent with depositional environments such as swamps, 
crevasse splays on overbank regions and include paleosols.  

Current simulation of CO2 injection for 30 years in the Wonnerup Member of moderate to high volumes 
predicted that the CO2 plume would reach the Yalgorup Mbr in only a limited number of extreme cases. 
However, due to uncertainties it remains possible that the numerical predictions, constrained only by 
available parameters, could fail in predicting reliably the actual long-term behavior of the CO2 plume. It is 
also possible that future needs would involve CO2 injection at shallower depths in the Wonnerup Mbr, or 
within the Yalgorup Mbr to take advantage of its additional containment capacity. 

The knowledge acquired so far reveals that the Yalgorup Mbr is a very heterogeneous unit and a number of 
critical uncertainties remain to be addressed. Those knowledge gaps can be listed as follows: 

(1) the nature and properties of the low permeability lithofacies; 

(2) the existence of fluid compartmentalisation between the Wonnerup and the Yalgorup Mbrs; 

(3) the reactivity to CO2-rich brine of the low permeability lithofacies; 

(4) the transmissivity of CO2 though the clay-rich lithosfacies;  

(5) the abundances and dimensions of the low permeability lithofacies. 

This study offers an integrated approach involving conventional as well as novel experimental and modelling 
methods to reducing these uncertainties in order to reliably assess the effectiveness of the Yalgorup Mbr 
fluvial claystones to act as a barrier for the upward migration of CO2. The outcomes of the project were 
structured around four topical reports as summarised below. 
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Part 1 
Petrography and laboratory-based measurements aiming at characterising the microstructural properties, 
the porosity and permeability of 15 Yalgorup Mbr samples from the Harvey 3 well were reported in Part 1. 
The rock samples were essentially composed of quartz, feldspar and clay minerals. Our analysis of the rock 
type and the nature of the clays suggest the existence of different paleo-environments that can all fit with 
the model of a meandering river depositional system. The dominant facies of the Yalgorup Mbr consists of 
point bar resulting in bodies of bedded sandstones. These sandstones were classified as quartzose, 
feldspathic quartzose and arkose. The sandstones are characterised by high amount of feldspar (microcline 
only or microcline and albite) and the presence of kaolinite or mixed layer illite-smectite (I/S) clay coating, or 
cutanes, around grains. Cutanes indicate arid/semi-arid environment where the water table variation 
allowed muddy waters of episodic runoff to infiltrate through the coarse alluvium, concentrating the clays in 
the upper phreatic zone. Clay coating limited the development of diagenetic quartz cement during 
subsequent burial. The porosity values of the sandstones are ranging from 29.3% and 21.6% while their 
permeability vary more widely from 11 mD to more than 6D. The quartz grain size, compaction and clay 
content are generally similar between those samples and the large difference in permeability must be 
controlled by the type of clay. In the limited sample set of this study, permeability reduction attributed to 
kaolinite attained one order of magnitude. For samples showing abundant I/S clay cutanes permeability 
reduction attained one to two orders of magnitude. 

Floodplain facies consisted of swamp, lake (acidic or evaporitic), and overbank. The overbank facies included 
crevasse splays, meander abandonment and paleosols. The range of floodplain facies included arkose, labile 
sandstone and claystone. The floodplain facies were characterised by an abundance of matrix dominated 
either by I/S, kaolinite or chlorite clay. Samples with abundant I/S clay often presented micro-cracks as 
imaged using high resolution micro X-ray computed tomography on micro-plugs, presumably associated with 
desiccation. The permeability of the floodplain facies varied greatly. Crevasse splay samples presented high 
permeability in the range 1 to 100 mD. In contrast, lake and swamp facies generally exhibited a lower 
permeability in the range 0.01 to 1 mD. The characterisation of few samples was unsuccessful due to their 
naturally weak consolidation, or even their loss of mechanical integrity during the testing. 

 

Part 2 
We investigated the compartmentalisation of the reservoir-containment system, which remains a major 
unknown for the reliable evaluation of the suitability of the South-West Hub for CO2 geosequestration. In the 
absence of reliable water samples from the wells, we are using an alternative method for deriving the salinity 
of the formation water. The salinity of the water trapped as fluid inclusions in diagenetic quartz cement in 
sandstones at different depths in the Yalgorup Mbr have been used as a proxy for evaluating the existence 
of fluid compartments. Reservoir compartmentalisation occur when flow is prevented across ‘sealed’ 
boundaries in a reservoir. However, ‘static seals’ are completely sealing and capable of withholding fluid 
migration over geological time scales; and ‘dynamic seals’ exhibit low to very low permeability flow baffles 
that reduce fluid cross-flow to infinitesimally slow rates. The fluid inclusion data from the quartz cements in 
the Yalgorup Mbr sands generally showed lower temperature and higher salinity compared to the data from 
the Wonnerup Mbr, and a lower variability of the temperature. The higher salinity in the Yalgorup Mbr 
compared to that in the Wonnerup Mbr can be interpreted as inherited from the depositional environment 
allowing periodic evaporation and precipitation of salt in emerged sediments. The distinction of the 
petrographic location of the fluid inclusions to constrain the relative timing of the water entrapment suggests 
that the salinity of the most recent inclusions are in the range 40,000 to 45,000 ppm. Using the same fluid 
inclusion analysis, the outcomes of Project 7-0115-0240 “The Lesueur: Deposition, Rocks, Facies, Properties” 
already indicated that the salinity of the water trapped in samples originating from the Wonnerup Mbr was 
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generally lower than 35,000 ppm. Overall, the fluid inclusion data suggests that a contrast in salinity between 
the Yalgorup and the Wonnerup Mbrs is plausible, although the transition from one to the other might be 
gradual rather than sharp. The data and interpretations generated in this study do not support the model of 
a ‘static seal’ between the sands in the Wonnerup Yalgorup Mbrs, completely withholding fluid over 
geological time scales. However, a gradual increase in salinity of the formation water in the Yalgorup is 
consistent with an infinitesimal (slow) equilibration of the fluid chemistry between the Wonnerup and the 
Yalgorup Mbrs. This in turn suggests that the low permeability facies in the Yalgorup Mbr act as hydraulic 
baffles. 

 

Part 3 
The outcomes of the experimental evaluation of the interactions between CO2-rich water and the host rock 
for the predictive assessment of fluid flow and CO2 containment was reported in Part 3. This study aimed at 
(1) investigating the effect of CO2 dissolved in the formation brine on the rocks composing the Yalgorup Mbr; 
and (2) assessing the impact of dry scCO2 on some properties of the clay-rich horizons composing the low-
permeability baffles. Two types of laboratory static ageing of core samples were performed under in situ 
pressure and temperature conditions (60°C and 150 bar, respectively) for a duration of 45 days: (1) a scCO2-
brine-rock and (2) a scCO2-rock. The experimental work showed that the fluid-rock interactions led to 
modification of the existing mineral phases, and not the precipitation of new mineral phases, necessary for 
the mineral trapping of CO2. It appears that the most significant and systematic change associated with 
ageing is the illitisation of microcline (K-feldspar). The illitised K-feldspar were observed in all samples and 
homogeneously throughout the samples. Calcite, present in low abundance in a limited number of samples, 
was dissolved in one case but seems to have been preserved in another. It was concluded that the dissolution 
of calcite played a key role in the increase of porosity and permeability in one sample. The experiments also 
clearly showed that the samples with abundant mixed layer illite/smectite experienced a partial or total loss 
of mechanical integrity after ageing. The evaluation of the effect of ageing on porosity and permeability was 
limited by this loss of integrity of the samples to be tested after CO2 ageing. On the other hand, small angle 
neutron scattering (SANS) turned out to be a suitable tool for the quantitative statistical analysis of the bulk 
pore structure of the intact clay-rich mudrocks, and its changes with CO2-brine-rock interactions. Energy-
dispersive X-ray spectroscopy data of mixed layer I/S clays and the SANS data after ageing indicated a loss of 
hydrogen via a loss of hydroxide (OH) radicals in clays. A static geochemical model (PHREEQC 3.2.0) was 
developed and used to interpret the geochemical processes that occurred during the experiments ageing of 
the rock samples. The results showed a consistent general behaviour of the mineral assembly among the rock 
samples, irrespective of the facies: (1) a dissolution of the feldspar phases (microcline and albite) and of some 
clay phases, and (2) the precipitation of quartz and of more stable clay phases. The results were used to 
constrain a reactive transport model to test the evolution with time of two types of low-permeability baffles 
(paleosol and swamp facies) when interacting with CO2-rich water. These numerical simulations showed that 
the changes with time predicted by the model were slower than the changes effectively measured in the 
experiments. The swamp facies showed decreasing porosity and permeability (improving sealing properties) 
while the paleosol facies showed increasing porosity and permeability (deteriorating sealing properties). A 
dry CO2-rock experiment was performed to test the effect of clays desiccation associated with the exposure 
of clay-rich samples to a dry and dense phase of scCO2 (testing for the injection within the Yalgorup Mbr). 
The nano-indentation technique showed that clay-rich rock samples from different lithofacies became stiffer 
after ageing. We also found a systematic increase in the water contact angle on clay-rich sample surfaces 
after ageing. This general loss of water affinity suggests that the CO2 breakthrough capillary pressures would 
decrease after the Yalgorup Mbr rock has been exposed to dry scCO2. This implies, based on this property, a 
reduced ability of the clay-rich rock to retain a CO2 column. 
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In this study, we have also investigated the CO2 transmissivity induced, at the stress conditions prevalent at 
depth, by fracturing and faulting initially intact samples of the clay-rich facies of the Yalgorup Mbr and of the 
Basal Eneabba Formation. These results were also reported in the part 3. Under the testing conditions 
(replicating the in situ stresses and temperature) and protocol detailed in the main report, the laboratory 
results show that no measurable CO2 breakthrough occurred during triaxial fracturing and faulting for any of 
the three samples, even beyond the nominal failure point (peak differential stress), and well into the faulting 
regime (slip). A similar, although more systematic approach has been recently applied to multiple shale 
formations by a research group at Los Alamos National Laboratory (e.g., Frash, L. P., Carey, J. W., Ickes, T., & 
Viswanathan, H. S. (2017). Caprock integrity susceptibility to permeable fracture creation. International 
Journal of Greenhouse Gas Control, 64, 60-72). By conducting their experiments on a given shale formation 
at various effective pressures (proxy for depth), they show that for a given shale formation, a transition or 
threshold effective pressure exists, below which fracturing/faulting is essentially dilatant (more prone to 
increase in hydraulic transmissivity), whereas above it, fracturing/faulting is rather compactant (less 
susceptible to increase in hydraulic transmissivity). Based on the more limited data available from our study 
on the clay-rich facies of the Yalgorup Mbr, and the more systematic conclusions reached by this group on 
multiple shale formations, we can confidently conclude that the stress conditions prevalent at the depth our 
three core samples were recovered from (718 to 888 m) is such that fracturing/faulting is likely compactant, 
which inhibits any significant (measurable) increase in the CO2 transmissivity. In this context, 
fracturing/faulting of the claystone seems to preserve the sealing capacity (or very low permeability) of the 
original unfractured rock, at least within the laboratory time scales investigated. This also highlights the fact 
that the ability of the clay-rich facies present in the Yalgorup Mbr in acting as an effective secondary 
containment is essentially governed by the effective stress (i.e., the depth) at which fracturing/faulting would 
occur in relation to the stress perturbation driven by the injection operation. It is therefore recommended 
that the above assessment experiments are repeated more systematically on other clay-rich samples 
originating from the various depths (and at the corresponding effective stress) possibly impacted by the 
injection operation or the upward migration of the CO2 plume with time in the Yalgorup Mbr. In summary, if 
the capacity of the Yalgorup Mbr to act as an effective secondary containment is established, it is expected 
that even if the injection operation at large times leads to significant stress changes, to the point of inducing 
local fracturing/faulting of the intraformational and basal shales, the overall sealing capacity will probably 
not be compromised, provided that this fracturing/faulting occurs in the compactant regime, i.e., at 
sufficiently high effective pressure, or at sufficient depth. It is therefore expected that the shallower the 
fracturing/faulting is to occur, the more risky the situation would be in terms of CO2 transmissivity, i.e., 
dilatant failure regime, more prone to increases in the hydraulic transmissivity or permeability. 

 

Part 4 
The distribution and differentiation of the low permeability floodplain facies (I/S or kaolinite clay dominated) 
were investigated in Part 4. Spectral gamma ray combined with wellbore imaging from the Harvey 1 and the 
Harvey 4 boreholes and cores at Harvey 1 revealed indications of environmental trends. The 
thorium/potassium ratio shows good correlation for discriminating between point bar facies and clay-rich 
floodplain facies. The thorium/uranium ratio is an indicator of a general move from reductive conditions 
more prevalent at the base of the Yalgorup Mbr towards an arid, oxidising environment. The intervals 
indicative of reductive conditions are more likely to contain lacustrine and swamp floodplain facies that have 
been reported to have the lowest permeabilities. At Harvey 3, a semi-supervised machine learning technique 
was tested to differentiate between sandstone and baffle. Two electro-facies have been clearly identified for 
the clay-rich baffle that can be interpreted as swamp and or paleosols facies in cores. The sandstone 
dominate in this interval of Harvey 3, with baffles thicknesses of 1 to 10 m. The baffles in this interval of 
Harvey 3 are generally dominated by paleosols (red coloured cores) with rarer swamp facies (dark coloured). 
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Mismatch between electrofacies and cores in 1250 and 1400 m interval suggested that logging through casing 
may have damaged the quality of the petrophysical logs to represent the formation. Post-stack seismic 
attributes from the large Harvey 3D seismic survey were used to attempt to visualise the stratigraphic 
elements in the Yalgorup Mbr. Imaging fluvial system elements with size close to or below seismic resolution 
is extremely challenging principally due to the overall low signal-to-noise ratio. Stratal slicing was used to 
extract seismic attributes over a relatively undeformed structural compartment to the west of the 3D survey. 
Despite an elevated level of noise volumetric curvature, energy and fault likelihood attributes allow partial 
imaging of stratigraphic elements. These suggest a meandering river system with channels up to few 
hundreds of meters wide. Specific intervals at the base of the Yalgorup Mbr with reported good quality baffle 
from swamp or acidic lake claystones in cores were investigated to assess the lateral continuity of those 
geobodies. The occurrence of meandering channel cutting through those floodplain facies limited their 
lateral continuity below 1 km. Geomodelling as composite (object) modelling is the most effective way to 
replicate a realistic point bar facies stacking architecture. Avoiding a standard channel modelling approach 
for this environment is strongly recommended for simulation of the Yalgorup Mbr. A model has been built 
up from the observed facies. Reasonably consistent well properties between the four Harvey wells, thorough 
seismic observation and utilisation of appropriate analogues has enabled the modelling of a realistic facies 
architecture for the Yalgorup Mbr. Based on the coherent distribution and cross-correlation between vertical 
and lateral features and the similarities with present-day analogue fluvial system, we suggest that such 
interpretation can be used to inform on density, distribution, geometry, size and orientation of stratigraphic 
elements for the modelling of the Yalgorup Mbr. 

A multidisciplinary, multiscale approach from nanometer scale on rock samples, to core observations, 
wireline logs and seismic attributes showed that there was more than one uniform claystone type in the 
Yalgorup Mbr. Paleosols have been assumed to be the principal baffles in this system. We showed that there 
are several claystone types and their occurrences are controlled broadly by the paleo-climate at the time of 
deposition. Kaolinite dominated claystone (swamp) or mixed layer illite/smectite dominated claystone 
(paleosols or overbank) seem to exhibit a significantly contrasting permeability and reactivity to CO2-rich 
brine. The swamp claystone presented no measurable transmissivity to CO2, a reactivity to CO2-rich brine 
that seemingly improves the sealing capacity and can be considered as an efficient baffle locally. The best 
potential for residual trapping of CO2 is attributed to overbank, splay, paleosols and evaporative lake facies 
containing abundance of hydrophilic illite/smectite and sepiolite which tend to lower their water contact 
angle properties and increase their affinity to water. Analogue observations, seismic attributes imaging of 2D 
slicing of 3D seismic block and geomodelling indicated, however, that due to the preponderance and 
geometry of point bar units in the system the claystones being from overbank, paleosols, backswamp and 
lacustrine deposits may not be preserved as particularly laterally continuous geobodies. 

Based on the results and interpretations, we can assume that injected CO2 reaching the base of the Yalgorup 
Mbr have the ability to reduce the upward movement of CO2 and to disperse the CO2 plume. However, it 
appears clear that the CO2 would not be stopped by those baffles over long period of time. However, the 
abundance of sands with high porosity, commonly between 15 to 30 %, in the Yalgorup Mbr clearly increase 
the potential for storage of CO2. Furthermore, the hydrophilic nature of the clays abundant in lower quality 
baffles and in the sands at proximity to those lower quality baffles is beneficial for larger residual trapping of 
CO2. 
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Lessons learned  

The results and interpretations of this work presented in the part 1 to 4 help to address some of the initial 
knowledge gaps. 

1.1 Nature and petrophysical properties of the baffles 

Baffles are defined by Jolley (2010) as ‘dynamic seals’ when their low to very low permeability reduces fluid 
flow to infinitesimally slow rates. In the context of the South West Hub project we identify baffles as 
sedimentary rocks characterised by high clay content deposited in low energy fluvial environment that can 
be reductive or oxidising terrestrial environments resulting in paleosols, overbanks, swamps and lakes 
sediments.  

Clay content was measured by x-ray diffraction (XRD) and depositional environment was interpreted from 
sedimentary logging of cores based on the lithofacies classification scheme proposed by Olierook et al. 
(2014). Furthermore, XRD point analysis and continuous spectral depth profiling using the Hylogger tool 
showed that the different lithofacies have characteristic clay mineralogy. For instance, paleosols are 
dominated by smectite or mixed layers illite-smectite; swamps are rich in kaolinite; overbanks show high 
content of mixed layers illite-smectite, while lacustrine facies are rich in chlorite (acidic lake) or sepiolite 
(evaporitic lake). 

The abundance of clay minerals in these lithofacies contributes to a highly tortuous pore network significantly 
affecting their permeability. Based on petrophysical laboratory measurements, swampy deposits and lake 
facies have lower permeability than paleosol and overbank facies. The micro-computed tomography (micro-
CT) imaging of mini-core plugs also showed that the presence of micro-cracks could contribute to differences 
in permeability, especially in paleosol and crevasse splay samples where micro-cracks were abundant. It 
could not be established whether the cracks imaged were naturally occurring slickensides or due to the 
dessication of the sample at atmospheric conditions. We interpreted that baffles could be classified as: i) 
high efficiency and ii) low efficiency, characterised by permeabilities of 0.02-1 mD and 1-10.0 mD. Al-
Khdheeawi et al. (2017) showed that the amount of residually trapped CO2 in sandstones is significantly 
higher in water-wet rocks. Therefore the abundance of hydrophyllic clay should improve residual trapping of 
CO2. Therefore, the abundance of mixed layer illite/smectite and sepiolite clays, both resulting from dryer 
climate than kaolinite and chlorite sedimentary clays, contained in overbank, splays, paleosols and 
evaporative facies would tend to be better rock for effectively contain CO2 by residual trapping compared to 
kaolin-rich or chlorite-rich facies contained in rocks deposited during wetter climate. 

In wireline logs, the baffles are identified by analysing both gamma ray (GR) and neutron density separation 
(ND), as the latter appears to be a more reliable characteristic of clay-rich baffles. The electrofacies is 
classified as a baffle if GR exceeds 120 API and ND exceeds 0.02 and 0.125 for open hole logging and logging 
through casing intervals, respectively. In spectral gamma ray wireline logs at Harvey 1 and Harvey 4, baffles 
can be identified by Thorium/ Potassium ratio (Th/K) value above 2.5. Advanced analysis, which includes 
compaction trend removal and semi-supervised non-linear clustering techniques, allowed improved 
characterisation of the baffles from wireline logs. 

1.2 Spatial distribution of the baffles for the South West Hub 

Detailed clay mineralogy of cores samples assessed via XRD and average mineralogy at the meter scale 
measured by the Hylogger technique of the cores at Harvey 3 allowed to define intervals or zones dominated 
by kaolinite or mixed layer illite-smectite. The claystone in intervals where clays are dominated by kaolinite 
correspond to swampy deposits, also closely associated with chlorite-rich siltstone deposited in acidic and 
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anoxic lake context. The microstructural and petrophysical assessment of the core samples indicated that 
swamp and lake deposits present lower permeability and lower micro-crack abundance suggestive of 
effective baffle properties at the core scale. The transition between the Wonnerup and the Yalgorup 
Members that is marked by a thick interval of about 20 m showing elevated gamma ray responses is a zone 
where clays are dominated by kaolinite and with claystones consistent with swampy deposits. At Harvey 1 
and Harvey 4, the transition between the Wonnerup and the Yalgorup Members, is marked by elevated 
gamma ray, elevated Th/K ratios and low Th/U ratios consistent with clay-rich facies and reduced conditions. 
These data and their interpretations are in agreement with swamp and lake deposits indicating constantly 
submerged conditions. The potential for similarity of the facies between Harvey 1, Harvey 3 and Harvey 4 
suggests that this interval could be laterally continuous. Crostella and Backhouse (2000) also indicated that 
the boundary between the two members is a good regional seismic marker which suggests a lateral continuity 
of this transition zone between the Wonnerup and the Yalgorup Members. Curvature and energy post-stack 
seismic attributes mapping from this interval at Harvey 3 attempted to map the geobodies. While there is a 
high level of uncertainty associated the gross depositional maps, the recurring occurrence of interpreted 
stratigraphic features, the similarities to present-day analogues and the coherency of distribution suggest 
that such interpretation can be used to constrain the Yalgorup Mbr stratigraphic elements distribution. 
Interpretation of seismic attributes along the geological surfaces at the transition between the Wonnerup 
and the Yalgorup Members suggests that the lake, swamp and crevasse splay facies are baffle geobodies that 
can be up to 3 km in length with undefined shape, and are cross-cut by channels with average and maximum 
widths of 100 m and 200 m. The interpreted channels show a general N-S direction with high sinuosity 
(sinuosity index between 1.5 and 2). 

At Harvey 3, the claystone or siltstone in intervals where clays are dominated by mixed layer illite-smectite, 
as revealed by the Hylogger, especially between 1020 to 1150 mKB and 1220 mKB to 1370 mKB, correspond 
to floodplain facies such as crevasse splay, overbank and include paleosols. The core record shows thin beds, 
high frequency of facies change, and frequent red coloration of the cores due to precipitation of iron oxides. 
Microscopic analysis of sandstone bodies in this intervals revealed clay coatings (cutanes) that reduce 
drastically permeability as observed during experimental flooding (in Part 2). The clay coatings have been 
interpreted to form in the vadose zone where water evaporates, or the water table fluctuates (Moraes and 
De Ros, 1990). Laterally, the spectral gamma ray data at Harvey 1 and Harvey 4 at similar elevation from the 
top of the Wonnerup Mbr, present high variability of the Th/K ratios with values consistent with alternating  
sand-rich and clay-rich rock types. The Th/U ratios also indicate frequent shifts from high values to low values 
consistent with frequent changes from reducing to oxidising conditions. Permeability values of the 
sandstones reported in these intervals are very variable with common values down to 10 mD and more rarely 
to 1 mD. Evaporative lake deposits, where sepiolite clay can be found, record the lowest permeability, at the 
core plug scale, in these intervals below 0.1 mD. Curvature and energy post-stack seismic attributes mapping 
from these intervals did not provide clear mappable geobodies suggesting that their sizes were below the 
resolution of the seismic imaging technique. 

The upper part of the Yalgorup Mbr, 741m to 1000 mKB at Harvey 3, 1020 to 1285 mKB at Harvey 4 and 700 
mKB to 1010 mKB at Harvey 1, is an interval dominated by sandstones based on the generally low gamma 
ray values, containing thin intervals of high gamma ray values that generally consists of clay-rich units in 
Harvey 3 cores. The clay-rich units are characterised by high Th/K ratios and moderately low Th/U, indicating 
mildly reductive conditions. The cores at Harvey 3 showed that individualised clay-rich units between bodies 
and sandstones were composed of a stake of thinner facies that indicate a decrease of energy from fluvial 
channel sandstones to claystones including swampy environment (stagnant water) followed by the 
deposition of red claystone with slickensides, rootlets, desiccation cracks and leached intervals, indicating 
paleosol conditions. This series of facies can be interpreted as a meander abandonment. The clays in the 
swampy deposits facies are dominated by kaolinite while in the paleosol facies, mixed layer illite-smectite 
clays are dominant. The thickness of those baffles are generally about 5 to 7 m and more rarely reaches 10 



15   |  Assessment of multi-barrier systems for CO2 containment in the Yalgorup Member of the Lesueur Sandstone, South West Hub 

m. Using the relationship between thicknesses and widths of 60 cases of abandoned channel-fill and 
overbank/floodplain deposits from Robinson and McCabe (1997), 5 to 7 m thick baffles would correspond to 
geobodies with width in the range of 200-600 m and could extend to a maximum of 1000 m. 

To better understand how the depositional elements fit together in the Yalgorup Mbr an analogue was 
selected based on interpreted seismic geobody dimensions and geochemical environmental indicators. The 
Murray River in the vicinity of the NSW-SA-Victoria triple point was selected as a representative meandering 
dominated fluvial system in arid environment. Point bars in the analogue have a mean length of ~1 km and 
width ~0.5 km, but these dimensions are variable so are modelled with significant standard deviations of 600 
m and 200 m respectively. Maximum dimensions of 4 km length and 1.5 km width and minimum dimensions 
of 200 m length and 150 m width are applied to the modelling as these are the extreme dimensions observed 
in the analogue. Abandoned channels are modelled as being between 50 and 300 m width, consistent with 
the ~200 m apparent in the seismic attribute and the Murray River analogue. The lacustrine deposits are 
modelled with a mean length of 2 km and width of 1.5 km, with large standard deviations (1.5 and 1 km) to 
produce variable sized lakes with maximum dimensions on the order of 5 km (although it should be noted 
that the lakes are predominantly eroded into smaller bodies by subsequent high permeability elements). 
During subsequent geomodelling the proportions of channel abandonments, lacustrine deposits, overbanks 
and point bars in the wells was compiled from the interpretations of core in Harvey 1 and Harvey 2, FMI in 
Harvey 1 and Harvey 4 and wireline log data in all four wells. Proportions of the facies modelled are 0.59 bar 
sands, 0.28 overbanks / splays and 0.13 baffles (lacustrine deposits and channel abandonments) for the 
lowest 200 m of the Yalgorup Mbr.  

1.3 Effectiveness of the baffles to act as seals 

1.3.1 Compartmentalisation 

In the review of Jolley et al. (2010), the authors indicated that a reservoir is considered compartmentalised 
when pressure or fluid-property differences are observed between wells or between the reservoir units in a 
single well. The Lesueur Sandstone at the Harvey Ridge is water saturated with no identification of pressure 
differential between the Wonnerup and the Yalgorup Mbrs. In the absence of good water samples from the 
wells, we used salinity of paleo-formation waters trapped as fluid inclusions in quartz cements in sandstones 
to test the existence of fluid compartments between the Wonnerup and the Yalgorup Mbrs, and also within 
the Yalgorup Mbr. The existence of compartmentalisation indirectly informs about the effectiveness of the 
baffle to reduce or stop fluid flow.  

The fluid inclusion data at different depths in the Yalgorup Mbr at Harvey 3 indicated that the salinity of the 
paleo-formation water have not always been the same over the geological time. The fluid inclusion data 
generally showed higher salinities within the Yalgorup Mbr compared to the data from the Wonnerup Mbr. 
Higher palaeo-salinities are interpreted to be inherited from salt concentrations due to evaporation that took 
place in the floodplain sedimentary palaeo-environment of the Yalgorup Mbr. However, the most recent 
paleo-salinities do not indicate a significant contrast between the sandstones of the Wonnerup and the 
Yalgorup Mbrs. A salinity of 45,000 ppm or 45g/L for the Yalgorup Mbr is considered as the best estimation 
for the current formation water. The interpretation of resistivity logs and comparison with the experimental 
approach deliver an estimation of the formation water salinity of between 25 and 45 g/L for the upper most 
part of the Wonnerup Mbr. The Project 7-0115-0240 “The Lesueur: Deposition, Rocks, Facies, Properties” 
(Delle Piane et al., 2017) also investigated fluid inclusions in quartz cement using the same technics in samples 
from the Wonnerup Mbr and generally those have salinities below 35,000 ppm. Therefore, the contrast in 
salinity between the Yalgorup and the Wonnerup Mbr appears to be possible, probably expressed as a 
gradient of salinity more than a sharp contrast, controlled by the low permeability baffles reducing the fluid 
flow between the two units over long times rather than sealing.  
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1.3.2 Transmissivity of CO2 

The transmissivity of CO2 through a clay-rich facies (kaolinite dominated) of the Yalgorup Mbr and through a 
clay-rich siltstone (mixed layer illite-smectite dominated) from the basal Eneabba Formation has been 
evaluated during fracturing and faulting (triaxial deformation) at in situ stress and temperature conditions. 
The samples originated from preserved core sections of the Harvey 3 well and were exposed to long-term 
coupled geomechanical and CO2 transmissivity tests. For each test the rock sample was first equilibrated at 
the in situ conditions for several days using a simulated pore brine to achieve full saturation and the in situ 
pore pressure. Then, the fluid compartments in contact with the rock below and above (upstream and 
downstream, respectively) are filled and pressurised with CO2. A different pressure is set and regulated in 
each compartment so that a CO2 pressure difference of 2 MPa is maintained by two separate pumps. After 
equilibration of all testing parameters, the sample is subsequently subjected to an increase of the differential 
(shear) stress up to and beyond mechanical failure (well into the faulting regime). The variations of the 
upstream and downstream volumes of CO2 were monitored during this stress loading to capture any fluid 
exchange between the rock sample and its top and bottom boundaries. In other words, the monitoring of 
these volumes is used to assess the potential for CO2 breakthrough across the sample during fracturing and 
subsequent faulting. Finally, after each test, the internal structure of each failed sample (fractures/faults) 
was imaged by X-ray Computed Tomography (XRCT). Under the testing conditions and protocol described, 
the laboratory results show that no CO2 breakthrough occurred during triaxial fracturing and faulting for any 
of the three samples, even beyond the nominal failure point (peak differential stress), and well into the 
faulting regime (slip). Therefore, the claystone samples tested did not measurably transmit CO2 pressure, and 
as such acted as effective seals at the laboratory time and sample scales. 

CO2 leakage through the geological containment layer (e.g., caprock, baffles) is a pivotal concern for the 
sustainable development of CO2 geo-sequestration. A potential leakage pathway is through fractures or faults 
that penetrate the containment layer due to changes in the in situ stress state, driven by the injection 
operation. In our study, we have investigated the CO2 transmissivity induced, at the stress conditions 
prevalent at depth, by fracturing and faulting initially intact samples of the clay-rich facies of the Yalgorup 
Mbr and of the basal Eneabba Formation. A similar, although more systematic approach has been recently 
applied to multiple shale formations by a research group at Los Alamos National Laboratory (e.g., Frash, et 
al., 2017). By conducting their experiments on a given shale formation at various effective pressures (proxy 
for depth), they show that "permeability induced by fracturing is strongly dependent on the stresses at which 
the fractures are created, the magnitude of shearing displacement, and the duration of flow. The strongest 
permeability contrast was observed when comparing specimens fractured at low stress to others fractured at 
higher stress. Measurable fracture permeability decreased by up to 7 orders of magnitude over a 
corresponding triaxial confining stress range of 3.5 MPa–30 MPa. These results show that increasing stress, 
depth, and time are all significant permeability inhibitors that may limit potential leakage through fractured 
caprock.". In other words, for a given shale formation, a transition or threshold effective pressure exists, 
below which fracturing/faulting is essentially dilatant (more prone to increase in hydraulic transmissivity), 
whereas above it, fracturing/faulting is rather compactant (less susecptible to increase in hydraulic 
transmissivity). Based on the more limited data available from our study, and on the more systematic 
conclusions reached by this group on multiple shales, we can confidently conclude that the stress conditions 
prevalent at the depth our three core samples were recovered from (718 to 888m) is such that 
fracturing/faulting is likely compactant, which inhibits any significant (measurable) increase in the CO2 
transmissivity. In this context, fracturing/faulting of the claystone seems to preserve the sealing capacity (or 
very low permeability) of the original unfractured rock, at least within the laboratory time scales investigated. 

This also highlights the fact that the ability of the clay-rich facies present in the Yalgorup Mbr in acting as an 
effective secondary containment is essentially governed by the effective stress (i.e., the depth) at which 
fracturing/faulting would occur in relation to the stress perturbations driven by the injection operation. It is 
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therefore recommended that the above assessment experiments are repeated more systematically on other 
clay-rich samples originating from the various depths (and at the corresponding effective stress) possibly 
impacted by the injection operation or the upward migration of the CO2 plume with time in the Yalgorup 
Mbr. 

In summary, if the capacity of the Yalgorup Mbr to act as an effective secondary containment is established, 
it is expected that even if the injection operation at large times leads to significant stress changes, to the 
point of inducing local fracturing/faulting of the intraformational and basal shales, the overall sealing capacity 
will probably not be compromised, provided that this fracturing/faulting occurs in the compactant regime, 
i.e., at sufficiently high effective pressure, or at sufficient depth. It is therefore expected that the shallower 
the fracturing/faulting occurs, the more risky the situation would be in terms of CO2 transmissivity, i.e., 
dilatant failure regime, more prone to increases in the hydraulic transmissivity or permeability. 

1.4 Reactivity of the baffles to CO2 

The injection of a scCO2 fluid phase in the sands of the Wonnerup Mbr will induce an increasing amount of 
CO2 dissolved in water. The clay-rich units of the Yalgorup Mbr in contact with CO2-rich brine. We 
investigating the effect of CO2 dissolved in the brine during the experimental static ageing of core samples 
performed under in situ conditions of pressure and temperature of 60°C and 150 bar for a duration of 45 
days. The changes induced by interaction of the rock with CO2-saturated brine were monitored using a suite 
of techniques comparing mineralogy before and after the experimental ageing. The most significant and 
systematic change consisted of the illitisation of microcline (K-feldspar). Geochemical modelling suggested 
that illite would eventually be replaced by kaolinite over longer period of time. Calcite, present in low 
abundance in a limited number of samples, was clearly dissolved in one case but seem to have remained in 
another. The dissolution of calcite was interpreted to control the increase of porosity as measured by the gas 
technique. The experiments also clearly showed that the samples with abundant mixed layer illite/smectite 
did not remain fully consolidated after ageing. The effect of ageing on the porosity and permeability mostly 
failed due to this loss of sample consolidation. However, the small angle neutron scattering (SANS) technique 
revealed that it is a suitable tool for quantitative analysis investigating clay-rich rocks, providing bulk 
statistical information on pore structures in clay aggregates and bulk modifications due to CO2-brine-rock 
interaction. Energy-dispersive X-ray spectroscopy data of mixed layer I/S clays and the SANS data after ageing 
indicated a loss of hydrogen via a loss of hydroxide (OH) radicals in clays which point toward a reactivity of 
the clays.  

Static geochemical modelling and reactive transport modelling were used to extrapolate our experimental 
results to highlight opposite behaviour between swamp facies and paleosol facies. The swamp facies where 
clays are dominated by kaolinite seemed to be less prone to reactivity which suggests more predictable baffle 
properties. The kinetics parameters traditionally used in such modelling, indicate that these geochemical 
processes take place at the geological scale. However, the experimental observations, including this study, 
rather indicate that geochemical processes are likely to happen much faster.  

1.5 Assessment of multi-barrier systems for CO2 containment in the 
Yalgorup Member 

The base of the Yalgorup Mbr consists of a 20 m thick of kilometric continuous extension of low permeability 
baffles with low reactivity to CO2, but cut by channels as seen by post-stack seismic attributes mapping. This 
unit can be seen as the best baffle of the Yalgorup Mbr. Owad-Jones (1993) already mentioned that the 
Lesueur Sandstone can be separated into two units and the distinction between these two units is regionally 
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correlatable”. Crostella and Backhouse (2000) also noted that “the boundary between the two members is a 
good regional seismic marker”. 

It is overlaid by a thick unit of thin layers and low lateral extension of low permeability sands and various 
quality baffles including frequent swampy deposits efficient baffles. The upper part of the Yalgorup Mbr is a 
250 to 300 m thick sand-rich interval with disconnected low permeability baffles with hectometric lateral 
extension according to the relationship established by Robinson and McCabe (1997) between thicknesses 
versus lateral extensions of overbank geobodies. 

Based on those results and interpretations, we can assume that injected CO2 reaching the base of the 
Yalgorup Mbr have the ability to reduce the upward movement of CO2 and to disperse the CO2 plume. 
However, it appears clear that the CO2 would not be stopped by those baffles over long period of time. 
However, the abundance of sands with high porosity, commonly between 15 to 30 %, in the Yalgorup Mbr 
clearly increase the potential for storage of CO2. Furthermore, the hydrophilic nature of the clays abundant 
in lower quality baffles and in the sands at proximity to those lower quality baffles is beneficial for larger 
residual trapping of CO2. Al-Khdheeawi et al. (2017) showed that the amount of residually trapped CO2 in 
sandstones is significantly higher in water-wet rocks. Therefore the abundance of hydrophyllic clay should 
improve residual trapping of CO2. The abundance of mixed layer illite/smectite and sepiolite clays, both 
resulting from dryer climate than kaolinite and chlorite sedimentary clays, contained in overbank, splays, 
paleosols and evaporative facies would tend to be better rock for containing CO2 by residual trapping 
compared to kaolin-rich or chlorite-rich facies contained in rocks deposited during wetter climate. Also, 
injection of dry CO2 directly in the Yalgorup Mbr could deteriorate the ability of those dry climate facies to 
residually trap CO2. 
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Introduction 
 

 

 

 

 

The South West Hub Carbon Capture and Storage (CCS) project is a leading initiative to reduce carbon dioxide 
emissions in Western Australia. The South West Hub is a partnership between government and industry. 
Research into the geosequestration is being funded by the Australian Government and the Western 
Australian Government through the Department of Mines, Industry Regulation and Safety (DMIRS). 

The Harvey Ridge, a north-west trending broad basement high, associated with normal and strike-slip 
deformation in the Phanerozoic sedimentary cover, was evaluated as suitable for the investigation of CO2 

storage in a saline aquifer (Varma et al., 2009). The South West Hub is a staged project that involves collecting 
and analysing data and samples from the Lesueur Sandstone formation, to test its feasibility as a CO2 
reservoir. The Lesueur Sandstone (Figure 1) in the southern part of the Perth Basin, Western Australia, 
constitutes fluvial to shallow marine siliciclastic units (Olierook et al., 2014), Middle to Late Triassic in age. 
The Lesueur Sandstone is separated into two members, the Yalgorup (Upper Lesueur) and Wonnerup (Lower 
Lesueur) Members (Mbrs). The Wonnerup Mbr is a thick and monotonous sequence of medium to granule 
sized, moderately to poorly sorted quartzose to arkosic sandstone with variable argillaceous content, 
deposited by a braided river paleo-environment. The overlaying Yalgorup Mbr contains more variable low to 
high energy fluvial type depositional environments that deposited sequences of sandstones, siltstones 
claystones. The Wonnerup Mbr is the proposed injection target (Hortle et al., 2017). 

The targeted area has been drilled providing wireline logs and cores from Harvey 1, through the Lesueur 
Sandstone into the Sabina Sandstone in 2012 and three shallower wells, Harvey 2, Harvey 3 and Harvey 4, 
drilled in 2015. The location of these drill holes is provided in the schematic in Figure 2. The subsurface has 
also been imaged using geophysical seismic data collected during a 2011 2D seismic survey, a 2014 3D seismic 
survey and two nested seismic surveys around Harvey 3 and Harvey 4. Harvey 3 and 4 were drilled through 
the Yalgorup Mbr to the top of the Wonnerup Mbr to reduce regional geological uncertainties and assess the 
lateral continuity of the storage complex. Harvey 3 and Harvey 2 were cored all through the Yalgorup Mbr 
while Harvey 1 was only cored over a series of intervals in the Yalgorup Mbr. Harvey 4 was not cored in the 
Yalgorup Mbr, however, at both Harvey 1 and Harvey 4, fullbore formation micro-image (FMI) was 
performed. Natural Gamma Ray Spectrometry (NGS) tool was also deployed at Harvey 1 and Harvey 4. 

Previous analysis of cores extracted from the Harvey 1 and Harvey 3 wells demonstrated that the Yalgorup 
Mbr is highly heterogeneous and consists of a lithofacies that can be ascribed mainly to fluvial moderate to 
high energy river channels and low energy floodplain settings and includes paleosols (Timms et al., 2012; 
Delle Piane et al., 2013; Olierook et al., 2014; Lim et al., 2017). FMI analysis on Harvey 4 integrated with NGS 
tool and bedding dip measurements data were interpreted into depositional environments such as braided 
bar, point bar, splays, overbank and paleosols. Other descriptive interpretation included evaporitic shale and 
siderite cementation. Therefore, the lithofacies of the Yalgorup Mbr from previous works converge towards 
similar fluvial paleo-environments. 
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Figure 1 A) Geological map of the Perth Basin with location of the wells Harvey-1, 2, 3 and 4 (H-1, H-2, H-3 and H-4), 
Lake Preston-1 (LP-1), Preston-1 (P-1) and Pinjarra-1 (modified after Olierook et al., 2014). B) Generalized 
stratigraphy of the Perth Basin (modified after Olierook et al., 2014). 
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The proposed CO2 containment strategy relies on CO2 dissolution and residual trapping mechanisms within 
the Lesueur Sandstone as the primary mechanism and the effectiveness of the Yalgorup Mbr and overlying 
Eneabba Formation (Lower Jurassic) to act as a secondary barrier for mobile CO2 (Stalker et al., 2013; ). The 
low energy floodplain facies, abundant in the Yalgorup Mbr, have been identified as potential barriers and 
their effectiveness to reduce CO2 movements relies on:  

(1) their low transport petrophysical properties (permeability mainly); 

(2) their capacity to isolate fluid over long time; 

(3) their low chemical reactivity to CO2; 

(4) their abundance, thicknesses and lateral continuity. 

 

Limited knowledge have been accrued so far specifically on the low permeability floodplain facies of the 
Yalgorup Mbr that allow to predict their petrophysical properties, their dimensions and abundance, and the 
existence of fluid compartments. Also, fluid samples have been compromised by mixing with drilling fluids 
(Lim et al., 2017). The precise chemistry of the formation water remains unknown. Therefore there is a lack 
of data to inform on the potential for the existence of fluid compartments between the Wonnerup and the 
Yalgorup Mbrs or within the Yalgorup Mbr that would support the existence of effective barriers. This study 
offers an integrated approach involving conventional techniques for rock evaluation as well as novel 
experimental approach and modelling methods to reducing these uncertainties in order to better assess the 
effectiveness of the Yalgorup Mbr fluvial claystones to act as a barrier for the upward migration of CO2. The 
outcomes of the project were structured around four topical parts: 

• Part 1 documents the petrography and laboratory-based measurements aiming at characterising the 
mineralogy, the microstructural properties and the porosity and permeability of 15 Yalgorup Mbr 
samples from the Harvey 3 well from floodplain samples and sandstone samples; 

• Part 2 Investigates the possibility of existence of fluid compartments in the Lesueur Sandstone; 

• Part 3 tests of the geochemical reactivity and transmissivity of core samples to CO2; 

• Part 4 exploits wireline logs and seismic methods for imaging and reducing uncertainty on the 
distribution and dimensions of barriers. 
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Figure 2 A. Summary of well location, faults positions and names (modified from Langhi et al., 2013) with the details 
view of the DMPWA 2013 Harvey-Waroona 3D seismic survey showing the top Wonnerup Mbr depth map. B. 
Conceptual schematic, in 3D view, of the subsurface for the SWH adapted from (From Hortle et al., 2017). The red 
square in A indicate the location of the view in B. 
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Summary 

On a series of core plugs targeting recurrent sedimentary facies in the Yalgorup Member, we performed a 
series of tests with some limitations due to the clay-rich nature of the samples. Here are the main 
conclusions: 

• The samples were classified as lithic arkose, feldpathic litharenite and litharenite relative to their 
content of quartz, feldspar and clay. They generally were rich in potassium feldspar (microcline) and 
some intervals also contained sodic and calcic feldspar (albite, oligoclase…). The clay fractions were 
dominated by kaolinite in swampy river facies and mixed layer illite/smectite in overbank and river 
facies that include paleosols. Lacustrine facies presented high content of chlorite (anoxic lake) or 
sepiolite (shallow saline lake). 

• The porosity and permeability properties of the samples could be divided into two main trends 
consisting of the moderate permeability floodplain facies that includes overbanl, crevasse splay and 
paleosols, and low permeability floodplain swampy river facies. The differentiation in porosity and 
permeability behaviour is mainly controlled by (1) the abundance ratio between kaolinite and other 
clay fractions, (2) the presence and density of micro-cracks. 

• The most abundant pore throat sizes in the swamp and paleosol facies were generally in the range 
10-100 nm, while crevasse splay facies, lacustrine facies and sand river facies also contained larger 
pores. The large pores were micro-cracks in the clay-rich facies and their density and interconnection 
was quantified by High Resolution X-Ray CT (HRXCT). 

• The best potential for barriers is attributed to swampy river and lake facies, containing high 
abundance of kaolinite, low porosity and permeability, small pore throats, and low density of micro-
cracks. 

• The best potential for residual trapping of CO2 is attributed to overbank, splay, paleosols and 
evaporative lake facies containing abundance of hydrophilic illite/smectite and sepiolite which tend 
to lower their water contact angle properties and increase their affinity to water. 

The characterisation of the facies in the Yalgorup Member at Harvey 3 also points out that a climatic forcing 
may be influencing precipitation and weathering of the paleo-catchment and the water table fluctuation, 
controlling the type of dominating facies. 
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1.6 Introduction 

Cores retrieved from the wells drilled in the SW-Hub area in 2015 in Harvey 3 and Harvey 3A confirmed that 
the Yalgorup Mbr is lithologically highly heterogeneous. To date, the distribution of petrophysical properties 
and their variations with lithofacies in the Yalgorup Mbr is still poorly constrained inducing a major 
uncertainty in the containment evaluation. Among the available wells, Harvey 3 was deemed as the most 
representative due to its geographical location (to the west of the major structural element identified as F10 
fault) and the large availability of cores, of which some were preserved under inert oil to maintain their 
moisture content (preserved cores). Part 1 presents the results acquired on the mineralogy, petrography and 
petrophysical properties of 14 samples selected from Yalgorup Mbr and one sample from the basal Eneabba 
Fm using a lithofacies based approach with the aims of: 

• Identifying the mineralogy of the different lithofacies; 

• Assessing porosity and capillary entry pressure of the different lithofacies; 

• Evaluation the connectivity of pores at the microscale especially in the mud-rich facies; 

• Evaluating the microstructural characteristics of the different lithofacies; 

• Evaluating of diagenetic transformation affecting the Yalgorup Mbr 

This approach is meant to provide new data to aid and support the other modules of the project and to better 
constrain the nature of the Yalgorup Mbr. The core plugs were collected from the Harvey 3A well from 
different part of the Yalgorup Mbr and one sample from the basal Eneabba Fm. A list of samples selected for 
this project and their use is reported in Table 1 and positioned in Figure 3 relative to the Gamma ray log from 
Harvey 3A. The samples include sandstones, siltstones and claystones and sandstone in-fill in desiccation 
cracks. Three core plugs or fragments of core were extracted from preserved core sections from the Harvey-
3 (preserved in oil to keep them fully water saturated). The samples from each depth were initially 3 inch 
plugs that were cut into smaller sample sizes suitable for different analytical techniques. 

 

Table 1 List of samples as part of this project. *Following Facies classification of Olierook et al. (2014). 

Sample 
ID 

Depth 
(mRT) 

Rock type Facies 
classification* 

Formation  

A 717.50 Claystone F Eneabba Fm 

B 778.35 Claystone D Lesueur Sandstone, Yalgorup Mbr 

C 888.05 Claystone E Lesueur Sandstone, Yalgorup Mbr 

D 1101.35 Claystone D Lesueur Sandstone, Yalgorup Mbr 

E 1145.25 Sandstone C Lesueur Sandstone, Yalgorup Mbr 

F 1027.20 Siltstone D Lesueur Sandstone, Yalgorup Mbr 

G 1030.80 Sandstone C Lesueur Sandstone, Yalgorup Mbr 

H 1169.35 Claystone E Lesueur Sandstone, Yalgorup Mbr 

I 1386.12 Siltstone G Lesueur Sandstone, Yalgorup Mbr 

J 1410.55 Claystone E Lesueur Sandstone, Yalgorup Mbr 

K 919.12 Sandstone Aii Lesueur Sandstone, Yalgorup Mbr 

L 991.10 Sandstone Aii Lesueur Sandstone, Yalgorup Mbr 

M 1179.50 Sandstone Aii Lesueur Sandstone, Yalgorup Mbr 

N 1249.30 Sandstone Aiii Lesueur Sandstone, Yalgorup Mbr 

O 1337.90 Sandstone Aiii Lesueur Sandstone, Yalgorup Mbr 
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Figure 3. Sample positions on Harvey 3A Gamma ray log. 

 

1.7 Methodologies 

The characterisation module is based on a number of analytical and experimental approaches aimed at 
characterising the mineralogy and microstructure, quantifying the porosity, permeability of samples 
abundant in the Yalgorup Mbr and Eneabba Formation in the subsurface of the South West Hub Region. This 
milestone report details the progress around the analysis and interpretation. 
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1.7.1 X-Ray diffraction (XRD) 

Mineralogical XRD analyses were carried out on Bruker D4 Endeavour X-Ray diffractometer with Bragg-
Brentano geometry and Co Kα radiation, operated at 40 kV and 30 mA at a scanning rate of 1°2θ/min and 
0.05°/step. Bulk powder diffraction was acquired first, then samples were prepared for clay-fraction (<2 μm 
and <0.2 μm) separation by gently hand-crushing the rocks to sand size to avoid artificially reducing grainsize 
of detrital/primary mineral components. Samples were then disaggregated in distilled water using an 
ultrasonic bath. Clay fractions (<2 μm and <0.2 μm) were separated by the sedimentation method. Following 
XRD analysis of air-dried samples, the oriented clay-aggregate mounts were placed in an ethylene–glycol 
atmosphere at 30–40°C overnight prior to additional XRD analyses. Quantitative analysis by Rietveld 
refinement was performed on the XRD data from all bulk samples using the commercial package SIROQUANT 
from Sietronics Pty Ltd. The results are normalised to 100%, and hence do not include estimates of 
unidentified or amorphous materials. 

1.7.2 Optical and scanning electron microscopy (SEM) 

Polished, resin impregnated thin sections were imaged in plane and cross polarised transmitted light using a 
Zeiss Axio Imager petrographic microscope. Automated stage movement allowed collecting mosaics of whole 
this sections at a pixel resolution of ∼ 2 µm using a 2.5X magnification objective. Whole section mosaic are 
then used to study microstructural features in the rocks and identify regions of interest for further analysis 
via SEM. 

A Philips XL 40 scanning electron microscope (SEM) fitted with a Bruker 30mm XFlash SDD (silicon drift 
detector) was used to visualize the microstructure and acquire elemental maps from the surface of polished, 
non-impregnated samples Images were collected in back scattered electron (BSE) mode where the bit depth 
of the images expressed in grey levels is related to the atomic number (Z) of the material such that minerals 
characterized by low Z appear dark and minerals with high Z are bright. Large areas were mapped at high 
resolution by collecting a matrix of images each having a size of 1600 by 1381 pixels with pixel size of 1.46 
µm. The single images were then stitched together in one file using the algorithm developed by Preibisch et 
al. (2009) in the freeware image analysis package Fiji (Schindelin et al., 2012). 

During acquisition, operating conditions of SEM were as follows: 30 KV acceleration voltage; 12.6 mm 
working distance; 100 X magnification; the energy dispersive detector was set to acquire X-ray with energy 
up to 20 KeV at a maximum rate of 130 Kcps. 

1.7.3 Scanning electron microscopy energy diffusive X-Ray spectroscopy (SEM-EDS) 

Thin sections were analysed using a TIMA (Tescan Integrated Mineral Analyser) which is installed on a Tescan 
Mira3 FEGSEM (Field Emission gun Scanning Electron Microscope). Data was collected at 25 kV and 6 nA using 
high resolution mapping procedure to collect BSE and an X-ray spectrum from each pixel at spacing of about 
6 micrometres. The resulting data was processed to produce mineral maps and mineral abundance 
information calculated in weight percentage (wt%). 

1.7.4 Petrophysical core plug characterisation 

Gas porosity-permeability 

All samples were sub-cored with water using a 1.5”-diameter drill bit. The standardization of diameter is 
required to fit the core into a fixed core holder of 1.5”-diameter. After extraction of the ‘plugs’, the top and 
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bottom were trimmed into flat parallel faces and placed in an oven at 105°C to dry the samples for at least 
two days. After drying, the sample masses, lengths and diameters were measured prior to performing the 
porosimetry–permeametry measurements. 

Each plug was placed in an automated AP 608 nitrogen Porosimeter–Permeameter (Coretest Inc).  In a 
standard nitrogen gas porosity–permeability test, a sample is loaded into the core holder and a specific 
confining pressure is applied to ensure radial sealing around the plug before to be flooded with inert nitrogen 
gas through the plug axis. Nitrogen expansion is monitored and the pore volume (i.e. porosity) of the rock 
sample is calculated according to Boyle’s law:  

1

22
1 p

vpv ⋅
=  

where v1 is the volume of nitrogen permeating the rock sample (m3), p2 is the pressure of nitrogen before 
being released into the sample (MPa), p1 is the pressure of nitrogen after sample infiltration (MPa) and v2 is 
the volume of the nitrogen before being released into the sample (m3). 

The accuracy of the porosity measurement when using this apparatus is ~0.1 %. 

Permeability was measured using the unsteady-state pulse-decay method with a measurement range from 
0.1 µD to 10 D (Jones and Aime, 1972). This method determines permeability from variations of the 
differential pressure at the end of a core plug when the inlet of this plug is connected to a gas supply at a 
given pressure. This technique is used widely in core evaluation and corrected from the gas slippage through 
the pore network (i.e. the Klinkenberg-corrected gas permeability). Equivalent liquid permeability can then 
be used to estimate liquid flow behaviour under the assumption that no interaction occurs between 
saturating fluid and solid rock matrix by instance. 

The porosity and permeability of each core plug was measured along the core axis by injecting gas from the 
top end of the sample toward the bottom end at a minimum confining pressure of 500 psi. This confining 
pressure is the minimum pressure that can be applied to avoid gas leakage between the radial surface of the 
sample and the sleeve. In a standard procedure, such confining pressure is maintained during 30 seconds 
before to start gas injection. However, from personal communication, Lionel Esteban demonstrated on clay-
rich samples monitoring electrical resistivity during confining pressure stages, that a minimum of 30 is 
required to let the samples adapt to the new confining pressure (i.e. sample volume slightly decreases when 
confining pressure increases). The constant pore pressure was 250 psi, and so the minimum effective 
pressure is 250 psi (or 1.7 MPa). The maximum confining pressure was estimated from the data available 
from previous ANLEC surveys mostly based on Harvey-1 well where the overburden stress is 1 psi per foot 
depth (Tiab and Donaldson, 2004), and the pore pressure is: 

 

with depth in meters and PPore is the pore pressure in MPa. Such overburden and pore pressure are computed, 
however, since such samples are composed of clays and are very brittle, we preferred to apply a maximum 
of 2000 psi (or 13.8 MPa) confining pressure to avoid any damage. Each measurement was repeated two 
times to ensure repeatability and to check that the samples were not damaged during measurements. 

Laboratory measurements of gas permeability were corrected for the Klinkenberg Effect (Klinkenberg, 1941) 
which correct variations in permeability determined by using gases as the flowing fluid compared with those 
obtained when using non-reactive liquids. These variations were considered to resultant from slippage, a 
phenomenon that is well known with respect to gas flow in capillary tubes.  The gas velocity at the walls is 
non-zero, and predicted gas transport is enhanced as the “gas slippage” reduces viscous drag and increases 
the apparent permeability (Wu et al., 1998). This phenomenon of gas slippage occurs when the diameter of 
the capillary pore system approaches the mean free path of the gas.  The mean free path of a gas is a function 
of molecular size and the kinetic energy of the gas.  Thus, permeability of gas depends on factors which 
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influence the mean free path, such as temperature, pressure and the molecular size of the gas, and therefore, 
correction factors are required. 

Permeability units are expressed hereafter in mD (millidarcy). The permeability in the SI system has 
dimensions of m2. A conversion from mD to m2 uses the following relationship: 1 mD is approximately equal 
to 1×10−15 m2.  

Nuclear magnetic Resonance 

We attempted to saturate selected core plugs with brine (Table 2) to perform NMR measurements. Nuclear 
magnetic resonance (NMR) relaxation time measurements provide critical information on fluids from porous 
materials (Grunewald and Knight, 2009). These measurements are highly sensitive to the pore-scale 
properties via probing the time required for hydrogen nuclei in fluids to relax to equilibrium through diffusion 
and interaction with the physico-chemical pore environment. Applications of NMR in petroleum well logging 
over the past several decades have demonstrated robust links between measured relaxation times and 
important formation properties, including pore size and permeability. The conventional interpretation of 
NMR relaxation data assumes that each diffusing spin samples only one pore environment during the 
measurement, thus, the relaxation-time distribution (dominated by surface relaxation) is taken as a direct 
representation of the distribution of pore types. In many rocks, such as sandstones, these basic assumptions 
are approximately valid: weak relaxation surfaces are uniformly distributed (i.e. satisfying the condition for 
fast diffusion). Occurrence of Clay Bound Water (CBW) layers can shift the fast diffusivity toward a much 
slower diffusion process with consequences on accurate data interpretations. Accurate surface relaxivity 
knowledge is then appropriate to properly correct such an effect in NMR responses. The T2 distributions are 
obtained from the NMR raw signal amplitude time series using a numerical, regularized, inversion procedure 
that amounts to a Laplace transform. Analysis of these relaxation time distributions helps to separate the 
different kinds of fluids present in rocks. The bound water in clay minerals has very short T2 compared to the 
free water or other fluids. Indirectly, this distribution measures the porosity and the pore size related to the 
fluid content. 

This technique records the net magnetization (signal amplitude and relaxation time decay) of a hydrogen 
atom or proton (abundant in water and hydrocarbon) in the presence of an external magnetic field. The signal 
amplitude is proportional to the number of protons, which indirectly corresponds to the water (or hydro- 
carbon) content of the core sample, and therefore the porosity. The transversal relaxation time T2 (or rate 
of signal decay) acquired using a Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse sequence or a basic Free 
Induction Decay (FID); or Inverse recovery sequence to access the longitudinal relaxation time T1 (See Dunn 
et al., 2002 for more details) can be used to differentiate water kinetics: 

(i)  irreducible water where bound fluids produce very short T2 relaxation times due to the restriction of 
molecular motion in small pores and interactions at the grain surface;  

(ii)  mobile water which commonly exhibits long T2 values.  

In this exercise, a brand new GeoSpec 2 N MR spectrometer from Oxford-GIT Ltd was used to perform CPMG 
acquisition having much shorter echo-time (Tau) than previous NMR measurements made for previous 
ANLEC projects. It offers the possibility to see clay-bound water with improved accuracy (i.e. very short T2) 
and being faster for the acquisition time. 
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Table 2. Brine composition used for NMR and other experimental work based on a similar brine composition than 
previous work (Saeedi et al., 2016). 

Dissolved 
species 

Concentration in 
water (mg/L) 

Ca2+ 1200 

Mg2+ 600 

K+ 60 

Na+ 9647 

Sr- 0 

Cu2+ 0 

HCO32- 125 

Br- 123 

Cl- 16932 

SO42- 2371 

Calc TDS 30994 

 

To perform NMR on such plugs, they were all saturated with a brine used by CSIRO in previous ANLEC project. 
The saturation was done under air vacuum for several hours before injecting brine under 2000 psi (13.8 MPa) 
using a Syringe pump until no pore fluid volumes were injected by the pump: maximum saturation under 
2000 psi hydrostatic pressure. The common time to saturate these plugs was about 5 days. Typically, after 
brine injection, the saturation is verified by comparing the water pore volume from the mass intake before 
and after injection, and then compared to the pore volume from gas porosity measurement under room 
conditions. Unfortunately, the clay-rich samples reacted strongly with the brine. Several plugs were therefore 
completely dislocated or at least strongly damaged. Only the tight plugs and coarse grains plug did not fail 
during the brine injection. 

The NMR was acquired on all the plugs, even the dislocated ones, though the results will not be useful for 
comparison with any other methods. The Carr-Purcell-Meiboom-Gill (CPMG) spin-echo pulse sequence was 
acquired using the following settings: 

• Echo-time spacing (tau): 50 µs 

• Receiver delay: 600 ms on quartz-rich plugs => Number of echoes = 3448 

• Receiver delay: 4500 ms on clay-rich plugs => Number of echoes = 25862 

• Minimum Signal-to-noise ratio (SNR): 100 

• T2 max (ms): 80 (clay-rich plugs) or 600 ms (quartz-rich plugs). 

To extend the use of NMR, we computed the NMR permeability of the plugs that maintained their structures 
after brine saturation. In reservoir rocks, comparison of the NMR measurements when water saturated also 
helps to discriminate the different classes of pore water (i.e. freely mobile water and that bound in the clays 
and capillary pore networks). The quantification of these fluid categories is used to estimate the permeability 
of the sample. For this purpose the Coates model was utilized to estimate permeability (Timur, 1969; Coates 
et al., 1999): 



31   |  Assessment of multi-barrier systems for CO2 containment in the Yalgorup Member of the Lesueur Sandstone, South West Hub 

22

Coates
ø FFIk
C BVI

    =     
     

 

Where, k = permeability; ø = NMR total porosity; C = a constant which is a term that reflects the correlation 
between the rock's pore throat and pore size and is in fact a function of pore geometry; FFI = the free fluid 
index, and BVI = the bound volume of irreducible water. A value of 10 was considered for C using literature 
values from sandstone (Dunn et al., 2002). This C was then back-computed knowing the gas permeability 
under room conditions to verify how much clays affect such a parameter. However, the T2 cut-off that 
separates FFI from BVI is normally set at 33ms for sandstone which should not be the case for the clay-rich 
samples. Centrifuge experiments are usually done to reach such T2 cut-off but it is impossible to achieve in 
such tight and clay-rich rocks. We therefore used the T2 distribution to acknowledge the separation of the 
pore population: big pores with long T2 from the smaller pores with shorter T2. We note here that the 
method is not accurate and should only be used as a rough permeability estimation.  

Using the same principle of mercury injection capillary pressure (MICP) that relates the pressure of injection 
and the amount of mercury penetrating the pore network to the pore size distribution (Laplace-Young 
equation), the NMR T2 distribution was converted into a capillary pressure curve.  

𝑃𝑃𝑃𝑃 =
2𝜎𝜎𝑃𝑃𝜎𝜎𝜎𝜎𝜎𝜎
𝑅𝑅𝑐𝑐

 

where Pc is the capillary pressure, θ is the contact angle between mercury and air (or brine and air for NMR), 
σ is the interfacial tension of mercury or brine and Rc is the capillary radius of the pore throat.  

In cases of geological interest the main extra source of NMR spin decay of a proton is due to relaxation at 
surfaces. Practically, this dominates T2 in most porous rocks, such that: 

1
𝑇𝑇2
≈ 𝜌𝜌2

𝑆𝑆
𝑉𝑉

 

Where ρ is the surface relaxation strength, and S/V the surface area to volume ratio of the pore space. It is 
easy to see that if the surface relaxation is constant, then relaxation in small pores will be much faster than 
in large pores, underpinning the application of NMR to estimation of pore size distribution. 

Combining the Laplace-Young equation and NMR T2 relation with surface relaxivity, makes it possible to 
transform NMR into a capillary pressure curve: 

𝑃𝑃𝑃𝑃 =  
(𝜎𝜎𝑃𝑃𝜎𝜎𝜎𝜎𝜎𝜎)𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

𝜌𝜌2.𝑇𝑇2
 

To this end, we used the following parameters assuming a total brine invasion into the pore network: 

• Interfacial Fluid Tension (IFT): 72 dyne/cm for brine 

• Contact angle of 40º based on Ethington (1990) for quartz and clay mixture sandstone saturated with water. 

• The NMR T2 relaxivity (ρ2) was based on the assumption of quartz mineral as a dominant phase because 
clay relaxivity remains poorly studied in NMR but it is expected to be faster. Therefore, such relaxivity will 
probably give the best conditions for capillary pressures and should be seen as a bottom limit for capillary 
pressure curves. We expect the reality to be higher pressures when clay content increases. 

Relaxivity of 0.0064 µm/ms and 0.001 µm/ms was used to have a range of behaviour using extreme values 
of quartz in the literature (Saidian and Prasad, 2015). 
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Mercury injection capillary pressure (MICP) 

Pore size distributions and capillary pressure behaviour were assessed via mercury injection capillary 
pressure (MICP) analysis using equipment capable of injecting a non-wetting liquid phase (mercury) in step-
like pressure increments up to 413MPa into an evacuated and cleaned/dried core sample. 

Mercury porosimetry is based on the physical principle that a non-reactive, non-wetting liquid will not 
penetrate pores until sufficient pressure is applied to force its entrance. Mercury is a non-wetting liquid for 
almost all substances and consequently it has to be forced into the pores of these materials. Pore size and 
volume quantification are accomplished by submerging the sample under a confined quantity of mercury 
and then increasing the pressure of the mercury hydraulically. The detection of the free mercury diminution 
in the penetrometer stem and the amount thus displaced is equal to that filling the pores. 

The relationship between the applied pressure and the pore throat radius is given by: 

θσ cos2=⋅ rPc  

Where Pc is the applied capillary pressure, r is the pore throat radius of a cylindrical pore, σ is the surface 
tension of mercury (481 mN/m) and θ is the contact angle between mercury and the pore wall (140°). 

The experimental equipment used in this study allowed accessing pore throat radii down to 1.5 nm. 

1.7.5 Interfacial tensions and contact angles 

Six samples were selected for the contact angle tests. Prior to each contact angle measurement the sample 
was exposed to air plasma for 5 min to remove surface contaminants (Love et al., 2005; Mahadevan, 2012; 
Iglauer et al., 2014). Subsequently the substrate was placed in a high pressure-high temperature view cell 
(Arif et al., 2016), and the cell was pressurized with CO2 using a high precision syringe pump (ISCO 500D; 
pressure accuracy of 0.1% FS) until a pre-set value was reached. When the desired pressure was attained, a 
small droplet (≈7µL) of brine (35,000 ppm NaCl and 5000 ppm KCl in deionized water) was dispensed onto 
the tilted substrate with a tilting angle of 12°, following the recommendation of Lander et al. (1993). The 
advancing and receding contact angles were measured simultaneously using a high definition video camera 
(Arif et al., 2016). This procedure was repeated for each specimen and the pressure conditions corresponded 
to hydrostatic pressure expected for the sample depth (7.8 Mpa at 778 m), while the temperature was 
maintained at 50 °C for all samples. 

The interfacial tension measurements between the brine and supercritical CO2 were measured in the high 
pressure view cell (see above). The interfacial tensions were measured by the pendant drop technique 
(Georgiadis et al., 2010, 2011; Li et al. 2012) consisting of the drop shape measurement at capillary-buoyancy 
force equilibrium obtained by the brine being slowly produced at the end of the injection needle until its fall. 

1.7.6 High-resolution X-ray computed tomography scanning (HRXCT) 

Micro-core plugs (Figure 4) were mounted on a sample holder in order to be scanned using the XRADIA Versa 
XRM500 3D X-ray microscope. The main aim is to determine and characterize the distribution of pores above 
the image resolution in individual specimen. 

For HRXCT studies, the differentiation between various mineral phases and pores depends on the sample 
size, its bulk mineral composition, the energy used during scanning and the resolution at which the scans 
have been acquired. Rock samples are heterogeneous materials, with size of heterogeneities varying 
depending on the sample considered. Scanning parameters have to be finely tuned depending on the user 
needs to distinguish (as far as possible) the different mineral phases and the pores. The range of X-ray energy 
used for each sample is a trade-off between the possibility of differentiating all the phases considered for a 
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given application and the ability of X-rays to penetrate the entire sample (both of which ultimately govern 
physical sample size). 
For each sample, mosaic scans were acquired along sample long axis to provide a complete 3D image of the 
entire micro-cores at voxel size of 2.6 µm (the voxel size was kept constant between the different samples). 
For each scan, a total of 1600 projections (2048 x 2048 pixels) were recorded over 360 degrees rotation of 
the sample. The instrument was set-up (voltage, power, filter and position of X-ray source and detector) for 
each sample to maximize contrast between the different mineral phases and pores. Artefacts such as rings, 
beam hardening and shift were minimized during the acquisition or corrected (if present) during the 
reconstruction. All projections were used to reconstruct the different 3D volumes that will be used for 
subsequent image processing and quantification. 

 

Figure 4. Photographs showing the micro-cores used for HRXCT 3D characterization only. Lettering refers 
to the sample identification from Table 1 
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1.8 Results 

1.8.1 Mineralogy 

Mineralogy of the samples were obtained via XRD and SEM-EDS and the results are reported in Table 3 and 
plotted in Figure 5. Quartz is generally the most abundant phase constituting up to 95 % of the samples mass. 
K-feldspar and clays are also abundant especially kaolinite and illite-smectite mixed layers. Chlorite is only 
found in significant amounts (12 %) in sample I while sample D shows an unusually high amount of sepiolite. 
Albite appears in variable amounts ranging between <1% and 21 %. 

 

 

Figure 5. Sample location in cores, mineralogical data and paleo-environment relative to clay content for the 10 
floodplain facies samples and 5 sand bodies samples. Clay fraction distribution on the paleo-environmental forcing 
of clay-mineral assemblages in non-marine settings (Sáez et al., 2003). K: Kaolinite; I/S: Mixed layer smectite; I+ Ch: 

Illite + chlorite; Sp: Sepiolite. 
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Table 3. Bulk mineralogy of the floodplain samples in the Yalgorup Mbr at Harvey 3 determined by XRD (sample A 
to J) and SEM-EDS (samples K to O) expressed as wt %. I/S = illite-smectite mixed layers. 
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A 717.5 33.4 16.6   1 37.8  12.2     

B 778.35 25.1 10.3   0.2 53.6  7.1  0.6  3.3 

C 888.05 20.4 11.1   0.1 21.4 12.8 34.2     

D 1101.35 25.0 7.0 11.9  0.7  1.8 8.7   45.0  

E 1145.25 48.7 27.9  0.6 0.4 18  2.7     

F 1027.2 30.9 11.6 21.1  0.6 28.4 1.0 2.8    3.6 

G 1030.8 45.3 18.0 16.5  7.6 7.3 1.4 3     

H 1169.35 34.3 7.2    35.7 6.2 16.6     

I 1386.12 45.2 17.5   2 7.5 3.7 11.6 12.4    

J 1410.55 15.9 5.1   0.1 37.3 2.0 39.6     

K* 919.12 84.3 14.3   0.1  0.1 1.1 0.1    

L* 991.10 83.3 12.9    0.8 0.1 1.8 0.1    

M* 1179.50 95.5 2.2      2.1 0.2    

N* 1249.30 68.7 18.3 7.7   4.7 0.6 0.1     

O* 1337.90 70.5 18.6 7.5   2.7 0.5 0.2     

 

Semi-quantitative clay mineralogy as measured on the fine fractions of the samples showed that the 
dominant clay phases are kaolinite and illite-smectite mixed layers. Similar mineral contents and clay 
mineralogy were obtained in different samples from Harvey-2 and Harvey 3 analysed by Core Lab Petroleum 
Services and illustrated in an open access report available on-line through the WA Petroleum & Geothermal 
Information Management System (WAPIMS, report ID G32745 A9). 

1.8.2 Rock-typing 

The following results are an integration of the optical microscopy, SEM and HRXCT imaging (Appendixes A.1 
and A.2), and include SEM-EDS (Appendix A.3) and XRD data in order to describe each sample. 

Floodplain facies 

The rock samples are constituted of mostly of quartz, feldspar and clay. The floodplain facies ranges from 
arkosite to claystone. Grain sorting was largely variable from very well sorted to very poorly sorted. The 
double ternary diagram in Figure 5 presents the main clay fractions and their relationship with paleo-
environments in non-marine settings (Sáez et al., 2003). Using the position of the clay assemblage detected 
in the samples we interpreted a genetic paleo-environment. The sample showing a particular enrichment in 
sepiolite (sample D) can be interpreted as deposited in a shallow evaporative saline lake, the sample I, 
containing a high proportion of chlorite can be assigned as deposited in an anoxic and acidic lake. The other 
samples all fall into the river and overbank paleo-environment space. The samples C and J containing a high 
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proportion of kaolinite can be assigned to a more swampy paleo-environment such as those developed in 
abandoned meander river channel or backswamp, consistent with their greyish and dark coloured (reductive 
conditions) and clay-rich aspect. 

Figure 6 integrates X-Ray diffraction (XRD) data, SEM-EDS imaging showing the main mineral phases 
constituting the samples, the interpreted lithofacies and micro-CT images of the corresponding mini-core 
plugs (5mm x 3mm cylinder). The floodplain samples A, B, E, F, G and H from the river environment present 
a grain-dominated pole (E) to a matrix dominated pole or claystone (B) with intermediates containing grains 
and matrix. This series is consistent with various locations from proximal to distal positions of crevasse splay 
deposition. the sandstone generated in this context have a significant clay content, here of about 20 wt% for 
sample E and are generally massive (no bedding), unlike the point bar type of sandstone. 

Sample A 

The sample A from the preserved core at 717.50-717.80 mRT (Harvey 3) is massive (i.e. no evident bedding) 
clay-rich matrix-supported including floating detrital medium to coarse clasts of monocrystalline quartz and 
feldspar, identified as microcline, poorly sorted and angular to sub-round in shape indicating little transport 
distance from the source. The abundance of clays with floating poorly sorted grains indicates an immature 
texture that is common in floodplain context. This texture implies that the clays and grains were deposited 
quickly together as debris flow event and it can be interpreted here as a crevasse splay deposit. Denser 
minerals, appearing with a lighter grey on the BSE image, concentrated in an area in the section were 
identified as Fe-chlorite and apatite. The XRD data indicated 50% of clay dominated by mixed layer 
illite/smectite with kaolinite. Calcite was also present as a minor phase (1%) in the clay-size fraction. SEM-
EDS data and XRD revealed a significant amount of Fe-chlorite, berthierine and muscovite. A high density of 
interconnected micro-cracks is visible on the preliminary HRXCT images, concentrated in the mud fraction. 

Sample B 

The sample from the preserved core at 778.38-778.65 mRT is massive, clay-rich matrix-supported (i.e. no 
evident bedding) containing detrital very-fine to silt-size clasts of monocrystalline quartz and feldspar, 
identified as microcline. The identified grains are moderately to well sorted and sub-round in shape. The XRD 
data indicated that the clay fraction constitute 63 wt% of the rock, of which about 80% is mixed layer 
illite/smectite and 20% is kaolinite. SEM-EDS data and XRD reveal traces of calcite, Fe-chlorite, ilmenite and 
rutile (or anatase). Oxidised areas appear as dark brown, whereas lighter grey-green colouring may indicate 
reduced patches. A low density of interconnected micro-cracks is visible on the HRXCT images. The 
abundance of clays with floating poorly sorted grains indicates an immature texture. The moderate sorting 
and small grain size is consistent along with the immature texture implies that the clays and grains were 
deposited quickly together as debris flow event and it can be interpreted here as a distal crevasse splay 
deposit. The red colouration of the core indicate that it has been oxidised during subaerial exposure typical 
of overbank. 

Sample C 

The sample from the preserved core at 888.05-888.35 mRT is a grey claystone showing no evident bedding. 
At the thin section scale the rock appears homogeneous and the silt component well sorted. Detrital very-
fine to silt-size clasts of monocrystalline quartz and feldspar, identified as microcline, are moderately to well 
sorted and sub-round in shape. The XRD data indicate that the clay fraction constitutes 68 wt% of the rock, 
of which about 19% is illite, 31 % is mixed layer illite/smectite and 50% is kaolinite. SEM-EDS data and XRD 
revealed a significant amount of biotite, Fe-muscovite, Fe-chlorite (chamosite) and traces of pyrite, apatite 
and rutile. A low density of interconnected micro-cracks is visible on the preliminary HRXCT images. The grain 
size and sorting indicate that the deposition was in a low energy environment that conditions remained 
reductive, or constantly underwater such as in an abandoned meander or backswamp. 
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Sample D 

The sample D from 1101.35 mRT is from a core presenting a patchy dark coloration with pyritic yellow staining 
and possible root features. The thin section shows a massive (i.e. no evident bedding) grain supported clay-
rich siltstone, composed mainly of quartz, K-feldspar (microcline), albite and clinozoisite. The grains are 
moderately well sorted with sizes from very fine sand to coarse silt, and angular to sub-round in shape 
indicating little transport distance. The XRD data indicate 56% clay content, of which 82% is sepiolite, 15 % is 
kaolinite and 2% is illite. SEM-EDS data and XRD revealed a significant amount of Fe-chlorite (chamosite and 
berthierine), Fe-muscovite, oligoclase and traces of rutile, ilmenite, zircon, pyrite and galena. The micro plug 
images from HRXCT showed moderate density of very thin interconnected micro-cracks and a fine bedding. 

Sample E 

The sample from 1145.25 mRT is a grain supported sandstone showing no evident bedding and composed 
mainly of quartz and K-feldspar (microcline). The grains are very poorly sorted with sizes from very coarse to 
very fine sand, and sub-angular to sub-round in shape indicating a low transport distance. The XRD data 
indicated that the clay fraction represents 20% of the rock, of which about 90% is mixed layer illite/smectite 
and 10% is kaolinite. SEM-EDS data and XRD revealed a low content of accessory minerals with a significant 
amount of albite, clinozoiste, Fe-muscovite, ilmenite and traces of Fe-chlorite, calcite and rutile. This rock 
can be classified as a lithic arkose (Folk, 1968). The preliminary HRXCT imaging show a poorly consolidated 
sand, presenting clay cutane but with high intergranular porosity, and high expected interconnection. 

Sample F 

The sample from 1027.20 mRT is a matrix supported reddish siltstone showing no evident bedding and 
composed mainly of quartz, K-feldspar (microcline), albite and clinozoisite. The grains are well sorted with 
sizes from very fine sand to coarse silt, and angular to sub-round in shape indicating little transport distance. 
The XRD data indicated that the clay fraction is 37 wt% of the rock, of which about 90 % is mixed layer 
illite/smectite, with minor kaolinite and illite. SEM-EDS data and XRD revealed a quite complex minor mineral 
assemblage present with oligoclase, Fe-chlorite (chamosite and berthierine), Fe-muscovite, biotite, 
hornblende and traces of anorthite, ilmenite, rutile and zircon. This rock can be classified as a lithic arkose 
(Folk, 1968). The HRXCT images showed a fine bedding not visible at the core scale, the pores are isolated 
and small (<20 µm) and micro-cracks are present but in low number. The red colouration of the core indicate 
that it has been oxidised during subaerial exposure typical of overbank. 

Sample G 

The sample G from 1030.80 mRT come from a sandy in-fill in a large crack in a reddish siltsone similar to 
sample F. Sample G is a grain supported siltstone showing no evident bedding and composed mainly of quartz 
(45 wt%), K-feldspar (18 wt%, microcline) and albite (17 wt%). The grains are very poorly sorted with sizes 
from very coarse to very fine sand, and angular to sub-round in shape indicating little transport distance. The 
XRD data indicated that the clay fraction constitutes 12 wt% of the rock, of which about 60 % is mixed 
illite/smectite, 13% is illite, and 27% is kaolinite. SEM-EDS data and XRD revealed a low content of accessory 
minerals with a significant amount of calcite (in the clay fraction), clinozoiste, oligoclase and Fe-muscovite. 
This rock can be classified as a lithic arkose (Folk, 1968). 

Based on the HRXCT cracks and pore spaces occur throughout the sample at the boundary between clay-rich 
areas and quartz and feldspar grains. In considering the entire micro-core, 72 % (in volume) of porosity is 
closed. The closed porosity consists of isolated pores and small cracks that rarely extend more than a few 
millimetres in length at 2.5 µm voxel size. However, the cracks are fully interconnected at 700 nm voxel size 
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and form a complex 3D network. Isolated pores occurs either as inter-grain or intra-grains porosity. Intra-
grain porosity can form complex 3D structures. 

Porosity values vary by an order of magnitude within the micro-cores and are heterogeneous at both the 2.5 
µm and 700 nm voxel size. The heterogeneity at both scales is mostly due to the presence of cracks randomly 
distributed within the sample. 

Sample H 

The sample Hfrom 1169.35 mRT is a from a dark coloured core that shows at the thin section scale a matrix 
supported siltstone, without evident bedding. The rock appears heterogeneous with clay clasts and sandier 
areas. Detrital fine to coarse silt-size clasts of monocrystalline quartz and feldspar, identified as microcline, 
are moderately well sorted and angular to sub-round in shape. The XRD data indicated that the clay fraction 
accounts for 59% of the rock, of which about 28% is kaolinite, 61 % is mixed layer illite/smectite and 11% is 
illite. SEM-EDS data and XRD revealed a significant amount of Fe –muscovite, Fe-chlorite (chamosite and 
berthierine), biotite and traces rutile and ilmenite. This rock can be classified as a litharenite (Folk, 1968). 

The HRXCT results are consistent with a heterogeneous sample including clasts of tighter claystone. 
Anastomosing networks are filled with small quartz and feldspar grains and higher density mineral phases 
(Fe-chlorite). These complex networks are widespread across the samples. Large cracks are present in the 
bottom half of the sample. The visible porosity is heterogeneously distributed within the sample and it is 
mainly composed of isolated pores of varying size mostly between 1 and 20 µm in equivalent sphere diameter 
(ESD) and a moderate density of micro-cracks of variable sizes. 

Considering the entire micro-core, 80 % (in volume) of porosity is open cracks. The closed porosity consists 
of isolated pores and small cracks that rarely extend more than few millimetres in length at 2.5 µm voxel size. 
Isolated pores occur mostly inter-grains; extremely limited intra-grain porosity was observed at 700 nm scale. 

Porosity values vary by two orders of magnitude within the micro-cores and are heterogeneous at both 2.5 
µm and 700 nm voxel size. The heterogeneity at both scales is mainly due to the presence of cracks randomly 
distributed within the sample. The pore size distribution histogram shows that less than 2% (in volume) of 
the porosity consists of isolated sub-spherical to slightly elongated pores less than 50 µm ESD. Cracks of 
various sizes account for the bulk (98 % in volume) of the visible porosity. 

Sample I 

The sample from 1386.12 mRT is a grain supported sandstone showing no evident bedding and composed 
mainly of quartz and K-feldspar (microcline) and Fe-chlorite. The grains are well sorted with sizes from 
medium sand to very fine sand, and sub-angular to sub-round in shape indicating little transport distance. 
The XRD data indicated that the clay fraction is 43% of the rock, of which about 57% are Fe-chlorite 
(chamosite), 25% is kaolinite, 14% is mixed layer illite/smectite and 3 % is illite. SEM-EDS data and XRD 
revealed some calcite cement, and traces of Fe-muscovite, berthierine, biotite, ilmenite and rutile. This rock 
can be classified as a feldspathic litharenite (Folk, 1968). 

Based on the HRXCT results and SEM analysis, the sample is homogeneous presenting no cracks. The visible 
porosity is homogeneously distributed within the sample and is exclusively composed of closed porosity at 
the resolution of the HRXCT. Pores are isolated and have sizes varying mostly between 1 and 100 µm in 
equivalent sphere diameter (ESD) with ~60 % of the pore volume being represented by pores less than 50 
µm ESD. 
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Sample J 

The sample from 1410.55 mRT is clay-rich grey claystone at the core scale, composed mainly of quartz, and 
kaolinite. At the thin section scale the rock appears homogeneous transected by a complex network of micro-
cracks. The grains are well sorted with sizes from very fine sand to silt, and angular to sub-round in shape 
indicating little transport distance. The XRD data indicated that the clay fraction is 79 wt% of the rock, in 
which about 50% is kaolinite, 47 % is mixed layer illite/smectite and 3% is illite. SEM-EDS data and XRD 
revealed traces of microcline, Fe-muscovite and chamosite. This rock can be classified as a litharenite (Folk, 
1968). 

Based on the HRXCT results calibrated with SEM data, the sample is heterogeneous and consists of a ground 
mass of clays with quartz (darker grains of variable size), feldspar (lighter grains of variable size), minor calcite 
(lighter grey) and high density phases (white). Some grains of feldspars are partially altered. Cracks occurs 
throughout the samples at the boundary between clay-rich areas and quartz and feldspar grains. The visible 
porosity is heterogeneously distributed within the sample and is mainly composed of isolated pores sized 
less than 20 µm in equivalent sphere diameter (ESD) and cracks of variable sizes are observed throughout 
the sample. 

Considering the entire micro-core, only 35 % (in volume) of the porosity is closed. The closed porosity consists 
of isolated pores and small cracks that rarely extend over few millimetres in length at 2.5 µm voxel size. 
Isolated pores occurs either as inter-grain or intra-grain porosity. 

Porosity values vary by two orders of magnitude within the micro-cores and are heterogeneous at both 2.5 
µm and 700 nm voxel sizes. The heterogeneity at both scales is mostly due to the presence of cracks that are 
randomly distributed within the sample. Less than 3 % (in volume) of the porosity consists of isolated sub-
spherical to slightly elongated pores less than 100 µm ESD. Cracks of various sizes account for the bulk of the 
visible porosity. 
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Figure 6. SEM energy diffusive X-Ray spectroscopy (EDS) images of the floodplain facies samples. The mineralogy 
measured by SEM-EDS for the sample is also shown on next to the SEM-EDS images as cumulative histogram bars 
(expressed as wt%). On every SEM-EDS images the yellow scale bars is 1 mm. 
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Channel facies 

The sandstones were quartzite, feldspathic quartzite and arkosite (Figure 7). The sandstones are 
characterised by high amount and diversity of feldspar (microcline and albite) and the presence of kaolinite 
and mixed layer illite-smectite clay coating, or cutanes, around grains. Cutanes have been reported as the 
product of early mechanical infiltration developed in an arid/semi-arid environment where the lowered 
water table allowed muddy waters of episodic runoff to infiltrate through the coarse alluvium, concentrating 
the clays in the upper phreatic zone (Moraes and De Ros, 1990). The SEM inspection revealed that the 
presence of clay coating were more developped in the arkose and sub-arkose and limited the precipitation 
of diagenetic quartz cement. Kaolinite was found to be low, correlated to the low alteration of the feldspar. 
However, the quartzarenite (M) contains no cutanes, low feldspar, abundant amount of quartz overgrowth 
and kaolinite and presence of a variety of dense minerals containing Fe, Ti and Ca, such as ilmenite and 
anatase. Additionnaly, the petrographic and SEM-EDS study showed that the abundance of potassium (K) 
contain in microcline was generally well corelated with the wireline gamma ray data. However, it appears 
that in some cases, the high gamma ray reponse of sandstones cannot be explained by the K-bearing mineral 
(sample K) and uranium content in organic matter is possibly the cause of the elevated gamma ray response 
(hot sandstone). The mixed layer illite/smectite clays in the sandstones from the Yalgorup Mbr probably have 
a strong impact on porosity and permeability, increasing reservoir heterogeneity, more than the quartz 
cement. 

 

Table 4. Petrophysic properties of the sandstones used for fluid inclusion analysis. The porosity, permeability (Kair 
under confining stress of 1250 psi) and grain density are SCAL data from DMIRS measured by Corelab. 

Depth 
(mRT) 

GR 
(API) 

RHOB 
density 
(g/cc) 

NPHI 
(decp) 

K (mD) 
air 

Φ 
(%) 

Grain 
density 
(g/cc) 

919.00 111 2.28 0.25 6610 28.3 2.63 

991.00 78 2.44 0.37 1890 29.3 2.66 

1179.70 52 2.38 0.33 928 27.5 2.65 

1250.50 83 2.25 0.28 183 21.6 2.70 

1337.00 81 2.36 0.27 11 22.9 2.61 

 

The porosity values of the sandstones are ranging from 29.3% and 21.6% while their permeability vary more 
widely from 11 mD to more than 6D (Table 4). The quartz grain size, compaction and clay content are 
generally similar between those samples and the large difference in permeability must be controlled by the 
clays. 
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Figure 7. SEM backscattered images (on the left) and SEM energy diffusive X-Ray spectroscopy (EDS) images (on the 
right) of the five sandstone samples (K, L, M, N and O). The mineralogy measured by SEM-EDS for the sample is also 
shown on next to the SEM-EDS images as cumulative histogram bars (expressed as wt%). On every SEM-EDS images 
the yellow scale bars is 1 mm. The SEM-BSE field of views are between 1 and 2 mm wide. 
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1.8.3 Diagenesis 

Floodplain facies 

In the Yalgorup Mbr floodplain samples, microcline (K-feldspar) are mainly well preserved but some grains 
show minor to more extensive dissolution. The SEM-EDS mapping revealed that the dissolution cavities 
contained illite and kaolinite. Grains of plagioclase dominated by albite (Ca-Felspar) showed dissolution into 
clinozoisite and illite with traces of chlorite (clinochlore and Fe-chamosite). Clinozoisite is a calcium 
aluminino-silicate mineral (Ca2Al3(Si2O7)) reported as a by-product of plagioclase feldspar alteration 
(saussurization). 

In the sample A, Fe-chamosite has been observed to precipitate along micro-cracks, preceded by berthierine. 
Fe-chamosite and berthierine are both iron chlorite that require reductive conditions, low Mg and sulphate 
conditions. Chlorite and ilmenite, muscovite and clinozoisite contain most of the iron in the samples. 
However, berthierine and chamosite co-vary in the samples in opposition to co-varying muscovite and 
ilmenite. Therefore, berthierine and chamosite are likely to originate from a diagenetic alteration of 
muscovite, promoted in sediment packages that equilibrated with acidic and reductive solutions such as 
those found in lake or swampy facies. In the sample I, no feldspar apart from microcline (K-feldspar) was 
detected. This sample also shows the highest abundance of calcite and Fe-chlorite. This sample likely 
represents the end-member of alteration of feldspar-plagioclase, muscovite and biotite in acidic reductive 
conditions where calcium and iron are remobilised as carbonate and chlorite. 

Channel facies 

In the five sandstone samples investigated, only sample M showed significant amount of quartz cementation 
present as quartz overgrowth rim around the quartz grains. The SEM imaging of the pores in this sample 
showed an absence of clay coating the grains. The other four samples presented moderate to abundant clay 
coating and low to no quartz cementation. Therefore the clay coating inherited from variation of the water 
table in the depositional paleo-environment contribute to the low cementation of the rock today. 

Feldspar grains have been observed in the Wonnerup Mbr to commonly hydrolyse and form clays which is 
mostly kaolinite (Delle Piane et al., 2017). In the sandstones from the Yalgorup Mbr, K-feldspar grains 
(microcline) are mainly well preserved but some grains show minor to moderate dissolution. The SEM-EDS 
imaging revealed that the dissolution cavities contain illite and kaolinite. The literature on sandstone 
diagenesis presents numerous accounts of feldspar grains that hydrolyse and form clays, dominated by 
kaolinite. Grains of albite show dissolution into illite and kaolinite. Unlike the floodplain facies, no clinozoisite 
(Ca2Al3(Si2O7)) has been detected in the sandstones as a plagioclase feldspar alteration (saussurization).  

Ilmenite (FeTiO3) is commonly found in the sandstones and is associated with anatase (TiO2) in the samples 
K, L and especially M. Other iron-bearing minerals such as chamosite (Fe-chlorite) are also reported in the 
same samples.  

1.8.4 Petrophysics 

Gas porosity-permeability 

Among the floodplain samples only 6 were successfully prepared for petrophysical measurements (Table 5). 
Table 6 summarises the results of gas porosity and permeability measurements under different overburden 
stresses. Using a power fit law, the porosity and permeability can be extrapolated to room conditions for 
comparisons with other methods acquired under ambient stress. 
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Measured porosity values range between 5 and 20% at room conditions. From room conditions to stressed 
conditions, the porosity decreased by 7% to 58% (Figure 8). The samples have therefore significant sensitivity 
to stress. Note that the plugs from the sample C, the swampy river facies, record the highest stress sensitivity 
that prohibited proper volume stabilisation of the samples during porosity measurement under stress inside 
the sample core holder. 

The permeability values range from 0.007 to 94 mD, corresponding to 4 orders of magnitude difference 
between the samples. The plugs are stress sensitive as presented in the Figure 9. The sand-rich samples (E 
and G) present lower stress sensitivity, while the highest sensitivity was recorded for the swampy facies (C). 

When comparing porosity and permeability, two distinct trends appear (Figure 10): 

(1) Trend with permeability < 0.1 mD: KGas = 0.0023 Exp0.17øGAS 

(2) Trend with permeability > 0.1 mD: KGas = 0.0115 Exp0.56øGAS 

where KGas is the gas permeability expressed in milliDarcy (mD) and the øGas is the gas porosity in volume 
percent (%). 

Trend 1 applies to samples with clay fractions dominated by kaolinite or chlorite with limited amount of 
illite/smectite clays. The two facies here have been recognised from HRXCT to have low number of micro-
cracks. Trend 2 applies to samples with clay rich samples dominated by mixed layer illite/smectite, illite and 
sepiolite. The samples constituting this trend have been recognised from HRXCT to have moderate to high 
number of micro-cracks. 

The trends difference we observed between kaolinite or chlorite-rich samples and the illite/smectite or 
sepiolite-rich samples are probably caused by the existence or absence of micro-cracks. From Figure 10, it 
seems that Trend 1 cover very low permeability (< 0.1 mD) over a large porosity range (from 5 to 20 %). On 
Trend 2, the permeability range is much larger (up to 100 mD) that increases quickly with porosity. Such initial 
observations could indicate that micro-cracks occurrence in facies dominated by kaolinite and chlorite clay is 
more limited and permeability is likely low (<< 1 mD).  

 

Table 5. Plugs collection for petrophysic measurements with the estimated overburden and pore pressures based 
on Harvey-1 ANLEC survey dataset. 

Sample 
ID Rock-type Facies Depth (mRT) Formation Preparation 

successful 

Pore 
pressure 

(MPa) 

Overburden 
pressure 

(MPa) 

A Claystone River and overbank 717.5-717.8 Eneabba Yes 6.86 16.23 
B Claystone River and overbank 778.35-778.65 Yalgorup No   
B Claystone River and overbank 778.35-778.65 Yalgorup No   
C Claystone Swampy River 888.05-888.35 Yalgorup Yes 8.57 20.09 
C Claystone Swampy River 888.05-888.35 Yalgorup Yes 8.57 20.09 
D Claystone Shallow saline lake 1101.35 Yalgorup Yes 10.70 24.91 
D Claystone Shallow saline lake 1101.35 Yalgorup Yes 10.70 24.91 
E Sandstone River and overbank 1145.25 Yalgorup Yes 11.14 25.91 
E Sandstone River and overbank 1145.25 Yalgorup Yes 11.14 25.91 
F Siltstone River and overbank 1027.2 Yalgorup No   
G Sandstone River and overbank 1030.8 Yalgorup Yes 10.00 23.32 
H Claystone River and overbank 1169.35 Yalgorup No   
I Siltstone Acidic lake 1386.12 Yalgorup Yes 13.55 31.35 
J Claystone Swampy River 1410.55 Yalgorup No 6.86 16.23 
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Figure 8. Gas porosity under increasing confining stresses. 

 

 
Figure 9. Gas permeability under increasing confining stresses. 

 

 
Figure 10. Relationship of permeability with porosity without confining pressure extrapolated from 

Figure 7 and 8 (T = 22ºC) using power fit laws. Two exponential trends are interpreted: Trend 1 is 
composed of samples C and I that are kaolinite-rich and chlorite-rich samples respectively. The Trend 2 is 

composed of samples A, D, E, and G and are rich in illite/smectite or sepiolite clays. 
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Table 6. Summary of the gas porosity-permeability results at each confining pressure. 

Sample 
Confining 
pressure 

 (psi) 

Porosity 
(%) 

Permeability 
(mD) 

  

Sample 
Confining 
pressure 

 (psi) 

Porosity 
(%) 

Permeability 
(mD) 

A 0 10.43 9.50  E 0 16.13 93.98 

 520 9.83 7.09   571 15.82 87.57 

 763 9.51 4.79   788 15.39 80.10 

 1032 9.18 3.01   1025 15.16 74.98 

 1275 8.91 1.96   1545 14.77 68.70 

 1520 8.63 1.32   2025 14.52 62.51 

C 0 20.28 0.07  E 0 16.50 93.65 

 516 16.29 0.057   525 16.29 90.18 

 768 14.83 0.028   785 15.99 87.26 

 1017 12.24 0.015   1033 15.80 87.10 

 1268 10.85 0.010   1525 15.51 82.76 

 1516 NA 0.008   2024 15.35 79.33 

C 0 15.18 0.029  G 0 8.89 1.79 

 528  0.023   514 8.74 1.48 

 770 11.84 0.012   768 8.55 1.21 

 1021 10.87 0.007   1033 8.46 1.00 

 1279 9.65 0.005   1282 8.40 0.88 

 1519  0.003   1519 8.34 0.76 

D 0 5.25 0.18  I 0 6.51 0.01 

 517 5.04 0.16   519 5.55 0.0060 

 778 4.83 0.11   773 4.83 0.0042 

 1037 4.71 0.09   1024 4.37 0.0033 

 1530 4.46 0.06   1512 3.33 0.0022 

 2025 4.27 0.04   1849 2.77 0.0018 

D 0 6.61 0.35      
 529 6.40 0.31      
 795 6.12 0.22      
 1030 5.98 0.17      
 1540 5.74 0.11      
 2032 5.52 0.08      

 

MICP 

Mercury injection results show values of interconnected porosity between 5 and 15% for the clay-rich facies 
samples and of 21% for the low energy sandy facies sample. The derived pore size distribution curves 
(Appendix A.4) generally show multimodal distributions rather than a single prominent peak. Notably, 
samples B and C show two well defined peaks centred around ∼ 20-30 and 5-10 nm of pore throat radius. 
While samples 2553 and 2580 have broader distribution covering almost the whole range of measurable 
sizes; the remaining clay-rich facies samples generally show the majority of the pores to be characterised by 
radii smaller than 1 µm. On the other hand, the majority of pores in sample 2589 (sandy facies) fall in the 3 
to 100 µm region of the distribution. 



47   |  Assessment of multi-barrier systems for CO2 containment in the Yalgorup Member of the Lesueur Sandstone, South West Hub 

The gas porosity and MICP porosity record similar values, though the MICP derived porosity is usually slightly 
higher than gas porosity, with the exception of the kaolinite-rich swamp facies and the chlorite-rich acidic 
lake facies. The discrepancy can be due to: 

 (i) the mercury injection was done too fast and did not let the sample adjust to the pressure applied on such 
clay-rich samples. During gas porosity method, at every confining pressure step, the sample was left 
untouched for an hour in order to adapt before measuring the gas porosity-permeability. Therefore, the MICP 
porosity-permeability will systematically over-estimate the property. 

(ii) The gas porosity is an extrapolation to room conditions from confined conditions. At confined conditions 
the micro-cracks are not as open as at real room conditions. In this case the gas porosity extrapolation to 
room conditions can under-estimate the porosity value and the porosity difference illustrate the micro-cracks 
contribution.  

 

Table 7. Summary of MICP derived porosity measured on samples from the Harvey 3 well. 

Sample Depth 
(mRT) 

Rock 
type 

Facies Porosity 
(%) 

Permeability 
(mD) 

Capillary entry 
Pressure 
(@35% 
invasion) MPa 

Bulk 
density 
(g/cc) 

Grain 
density 
(g/cc) 

A 717.50 Siltstone River and overbank 14.78 17.98 0.76 1.86 2.18 

B 778.35 Siltstone River and overbank 13.54 6.71 58.23 1.88 2.18 

C 888.05 Claystone Swampy river 12.21 4.77 38.37 1.99 2.22 

D 1101.35 Siltstone Evaporative lake 10.00 9.57 1.42 1.97 2.19 

E 1145.25 Sandstone River and overbank 21.44 159.78 0.05 2.05 2.61 

F 1027.20 Siltstone River and overbank 13.18 9.34 19.42 2.45 2.82 

G 1030.80 Sandstone River and overbank 12.89 7.30 1.75 1.85 2.18 

H 1169.35 Siltstone River and overbank 15.45 16.89 40.13 2.96 3.50 

I 1386.12 Siltstone Acidic lake 5.19 7.92 7.51 2.12 2.23 

J 1410.55 Claystone Swampy river 10.50 17.93 1.08 2.32 2.60 

 

NMR 

The water-filled porosity from NMR T2 data is summarised in the Table 8 and ranges between 9.2 and 31.3 
%. The NMR T2 distribution is presented in Figure 11 and shows a classical bimodal distribution with a long 
T2 population, centred around 30 ms, typical of intergranular macro-pores, and a short T2 population, 
centred between 0.2 and 1 µs, typical of clay-bound water (CBW). The shortest CBW was recorded on the 
plugs from sample D (sepiolite-rich saline shallow lake facies) while the most intense amount of CBW centred 
at 1 µs was recorded in plugs A and C with both samples presenting high content of mixed layer illite/smectite 
and kaolinite amongst the samples successfully measured. 

The NMR dataset collected on the samples in this study should be treated with caution. Indeed, after brine 
saturation, most of the plugs were damaged, probably due to clay-water interaction. The plugs from sample 
D (saline shallow lake facies) remained consolidated but sample handling was problematic in both dry and 
saturated conditions. Therefore, the computation of porosity from NMR is impacted by possible water-
induced clay expansion and potential crack generation. However, the data offer an overview of the sample 
behaviour in regards to water saturation and its effect on the transport properties. 
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The capillary pressure curves were computed and are presented in Figure 12. The critical entry pressure was 
extracted from such curves at the literature standard of 35% fluid invasion (Table 3), especially to convert 
permeability from MICP on logs (Winland method in sandstone; Pittman, 1992), using: 

Log(R35%) = 0.732 + 0.538(log Kair) - 0.864 (log ø) 

with R35% being the equivalent radius at 35% mercury invasion, Kair and ø are the gas permeability and 
porosity respectively. 

Such critical capillary pressures show values from 6 to 31 MPa using very high surface relaxivity of quartz 
(0.0064 µm/ms) while it ranges between 39 and 196 MPa using lower surface relaxivity of quartz (0.001 
µm/ms). As expected, the capillary pressure increases inversely proportional to the permeability due to clay 
content that limits transport capacity. The NMR critical capillary pressure looks close to MICP capillary 
pressure data using a NMR quartz relaxivity of 0.0064 µm/ms (Figure 13) with a power law fit. In fact, a much 
higher relaxivity is necessary to match the MICP dataset when clays occur, due to their strong affinity to 
water and so have a higher NMR surface relaxivity than quartz. 

 

 

Figure 11. NMR T2 distribution of the tested 8 plugs from Harvey 3 Yalgorup Member after brine saturation: (a) 
Distribution of water content and (b) distribution of incremental porosity. 
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Figure 12. Capillary pressure curves converted from NMR T2 distribution on the 8 saturated plugs from Harvey 3: (a) 
Capillary curves using surface relaxivity of quartz at 0.0064 µm/ms; (b) Capillary curves using surface relaxivity of 
quartz at 0.001 µm/ms. 

 

 

Figure 13. Relationship of the critical capillary pressure curve at 35% fluid intrusion between MICP and NMR data 
using a quartz relaxivity of 0.0064 µm/ms. 
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Table 8. Summary of porosity, permeability from gas, NMR and MICP methods as well as capillary pressure from 
MICP and NMR on the Harvey 3 sample collection from the Yalgorup Member.  

   Porosity Permeability Capillary pressure 

 

Sample Facies 
Bulk 

density 
(g/cc) 

Gas 
porosity 
@ 0psi 

(%) 

MICP 
porosity 

(%) 

NMR 
porosity 

(%) 

Gas 
permeability 

@ 0psi 
(mD) 

MICP 
permeability 

(mD) 

NMR Pc 
Quartz 

relaxivity 
@0.0064 
µm/ms 
(Mpa) 

NMR Pc 
Quartz 

relaxivity 
@0.001 
µm/ms 
(Mpa) 

*MICP 
Pc 

(Mpa) 

A Crevasse splay 2.13 10.43 14.78 31.32 9.50 17.98 9.67 61.89 0.76 

C Swamp 2.28 20.28 12.21 27.08 0.07 4.77 10.85 69.44 38.37 

C Swamp 2.27 15.18 12.21   0.03 4.77   
 

  

D Shallow saline lake 2.32 5.25 10.00 22.12 0.18 9.57 30.58 196.38 1.42 

D Shallow saline lake 2.34 6.61 10.00 21.69 0.35 9.57 27.25 174.75 1.42 

E Sand 2.00 16.13 21.44 24.35 93.98 159.78 7.68 49.16 0.05 

E Sand 1.94 16.50 21.44 28.22 93.65 159.78 6.10 39.05 0.05 

G Sandy in-fill 2.31 8.89 12.89 21.45 1.79 7.30 10.85 69.44 1.75 

I Acidic lake 2.52 6.51 5.19 9.16 0.01 7.92 12.17 77.91 7.51 

1.8.5 Contact angles 

The advancing and receding water contact angles measured for the various brine-CO2-paleosol systems are 
listed in Table 9. As expected the contact angles increased significantly with increasing pressure, consistent 
with literature data (e.g. Broseta, 2012; Iglauer et al., 2015a; 2017). This is caused by the increased CO2-rock 
surface intermolecular interactions which becomes stronger with increased CO2 molecular concentration 
(thus also with the macroscopic density, Iglauer et al., 2012; Al-Yaseri et al., 2016, b; Roshan et al., 2016). 
Consequently, at reservoir conditions, the claystone exhibited a weakly water-wet and in one case 
intermediate-wet behaviour (θ measured at reservoir conditions ranged from ≈50°-75°, with the exception 
of sample B that was strongly water-wet at 8 MPa and 323 K). This is somewhat similar to what has been 
measured on caprock material from another proposed storage site in Australia, where contact angles 
between 50-70º were measured at reservoir conditions (Iglauer et al., 2015b). 

 

Table 9. Condition of measurements and results of the contact angles. 

Sample 
number 

Rock type Clay facies 
Pressure 

[MPa] 
Temperature 

[ºC] 

Water 
advancing 

contact 
angle [º] 

Water 
receding 
contact 
angle [º] 

wettability 

A Claystone River and overbank 7.15 50 67.1 58.5 Weakly water-wet 

B Claystone River and overbank 7.78 50 38.6 36.2 Weakly water-wet 

B Claystone River and overbank 8 50 15.8 9.2 Strongly water-wet 

C Claystone Swampy river 9 50 69.4 64.3 Weakly water-wet 

D Claystone Shallow saline lake 11 50 56.6 52.6 Weakly water-wet 

G Sandstone River and overbank 10.3 50 74.9 71.2 Intermediate-wet 
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1.8.6 Interfacial tensions 

The CO2-water interfacial tensions measured are tabulated in Table 10. Consistent with literature data, the 
interfacial tension dropped rapidly with increasing pressure at relatively low pressure, and reached a pseudo-
plateau at high pressures (Georgiadis, 2010, 2011; Li et al., 2012). However, at reservoir conditions and for a 
depth range 750-1100 m, the interfacial tension was approximately constant at ≈33 mJ/m2. 

 

Table 10. CO2-brine interfacial tensions for the specific temperature-pressure combinations tested 

Pressure [MPa] Temperature [ºC] CO2-brine interfacial tension 
[mN/m] 

0.1 23 68.7 

5 50 35.7 

7.78 50 34.1 

8 50 34.4 

9 50 33.6 

10 50 31.8 

11 50 33.7 

20 50 31.5 

 

1.9 Discussion 

1.9.1 Mineralogy and Facies 

In the study area of interest, the Yalgorup Mbr has not likely been buried more than 3 km and experienced 
temperatures below 100°C (Delle Piane et al, 2017). Therefore, burial diagenetic changes has not damaged 
the paleoenvironmental and paleoclimatic signals (Eberl, 1993). 

Previous XRD and Hylogger pXRD data indicate that kaolinite is the dominant clay in the Wonnerup Mbr and 
in the basal floodplain facies of the Yalgorup Mbr. The data of this study overall fits very well with previous 
data along a Yalgorup depth profile (Figure 14).The XRD data of the different facies within the Yalgorup Mbr 
show that the kaolinite content in the clay fraction varies and that smectite or mixed layer illite/smectite is 
high in overbank and in sections of the sedimentary record (Units 2 and 4 in Figure 14). Fe-chlorite 
(chamosite) is found in numerous samples, especially in relationship with swampy facies. The occurrence of 
fibrous clay minerals such as palygorskite and sepiolite, found as a dominant clay phase in the sample from 
1101.35 m, had been interpreted by Sáez et al. (2003) to be a result of highly alkaline, magnesium-rich pore 
waters, which characterised the early lake systems. 

The correlation between the presence of red overbank and paleosols visible in the core record and a 
dominance of mixed layer illite/smectite or montmorillonite (pXRD data) is also associated with the increased 
presence of albite but also oligoclase, anorthite, andesine, hornblend and clinozoisite, compared to the 
kaolinite dominated swamp and sandstones facies. This co-variance suggests a change in weathering of the 
feldspar controlled by a change of the precipitation regime or alternatively it might be related to change in 
the paleo-catchment of the fluvial system. 
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Figure 14. Compilation diagram including Hylogger pXRD from Harvey 3A and classic XRD data from 
different sources (Murphy et al., 2014; Routine core analysis report, Harvey 3, DMP, 2015; Routine core 
analysis report, Harvey 4, DMP, 2015) and including this project, in the Yalgorup Mbr along a depth profile, 
presenting quartz abundance in the bulk XRD data and kaolinite abundance in the clay fraction. The data 
from different wells were positioned relative to the top Yalgorup. The Harvey 3 Gamma ray is displayed 
for reference and discussion. 

 

Kaolinite is usually formed by monosialitization of parent rocks, representing the intensive hydrolysis under 
a warm and humid climate (Chamley, 1989). This mineral typically develops in tropical soils on well-drained 
surfaces of diverse rocks receiving high precipitation with parent rocks enriched in alkali and alkaline 
elements such as granite, granodiorite, metamorphic feldspar rich rocks, and intermediate-acid volcanic 
rocks (Manassero et al., 2008). 
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Illite-smectite mixed layers clay minerals form from alteration of volcanic rocks and also, in poorly drained 
tropical to subtropical areas of low relief marked by flooding during humid seasons, and subsequent 
concentration of solutions in the soil during dry seasons (Manassero et al., 2008). Smectite mainly forms in 
the plains, where higher residence times of sediments permit silicate weathering and clay mineral formation 
(Huyghe et al., 2011). 
Based on the Gamma ray and the bulk mineralogy of the cores, the Yalgorup Mbr can be divided into Units 
of different characteristics. Units 2 and 4, contain the highest abundance of paleosols, a diversity of sodic 
and calcic feldspars and abundant smectite and mixed layer illite/smectite clays, will provide a significantly 
different behaviour compared to Units 1, 3 and 5. At a larger scale than the cores, we believe that the clay 
nature and the mineralogy of the detrital grains were governed by a climatic control that changed during the 
deposition of the Yalgorup from humid (basal Yalgorup; Unit 5) to dry (Units 4 and 2) and was followed by a 
more moderate climate with humid and dry short cycles (Unit 1). Another possible control could be an 
increase of volcanism that could explain the abundance of mixed layer illite-smectite and diversity of feldspar 
grains. 

1.9.2 Floodplain facies (samples A to J) 

The samples selected aimed at providing an overview of typical facies occurring in the Yalgorup Mbr, with 
new mineralogy data, petrography and petrophysic properties. The samples targeted mainly claystone but 
also siltstone and sandstones. 
The mineralogical and petrographic data are consistent with previous detailed core description presented in 
Olierook et al. (2014) obtained from Harvey 1. The core samples typically belong to fluvial sedimentary 
depositional environment containing both high energy and low energy facies. The existence of overbank that 
oxidised, crevasse splay along with swampy deposists and lakes environment indicate dry and wet climate. 
In dry climate, the water table is low, the floodbasin is dry and oxidised. Wet climates would develop shallow 
lake and backswamp. A 3D bloc diagram of the interpreted main facies in the Yalgorup is presented in Figure 
15. 
The permeability of the floodplain facies vary greatly. Overbank and crevasse splay samples present high 
permeability between 1 and 100 mD approximately, lake facies and swamp facies have generally low 
permeability, below 1 mD to values below 0.01 mD. Some samples remained unsuccessfully tested due to 
their low induration matrix dominated nature. 
The clay mineralogy indicated that the dark claystones are dominated by quartz, K-feldspar and kaolinite 
typical of a swamp sedimentary environment, while the red colour overbank or paleosols are dominated by 
quartz, K-Feldspar and mixed layer illite/smectite, typical of a river sedimentary environment. Other 
sedimentary environments found in the Yalgorup Mbr included a shallow saline lake where sepiolite indicates 
an evaporation mechanism, and an acidic lake where chlorite is abundant. The smectite, mixed layer 
illite/smectite clays and sepiolite developed during a dry climate from the incomplete weathering of detrital 
feldspar and mica. Kaolinite formed during a humid climate, also from weathering (but more intense) of 
detrital feldspar and mica. The clay nature of the claystone and siltstone has implications on their 
petrophysical properties. 

The MICP data indicated that the capillary entry pressures were elevated in the claystones being from either 
swamp or overbank/paleosols. The highest capillary entry pressures were measured in swamp facies. The 
other facies have generally lower capillary entry pressures. Differences in the permeability data were 
observed between MICP and gas methods that likely relate to the presence of dessication cracks and 
slickenslides which are especially well developed in facies containing illite/smectite clays. Both methods are 
conducted after drying the samples, dessicating the clays and likely overestimate the porosity and 
permeability. The conducted work also showed that petrophysical measurements are delicate to perform 
from clay-rich facies especially when illite, smectite, illite/smectite are present. These clays are more 
sensitive to water than kaolinite and chlorite. We believe that the gas method is more appropriate to 
claystones containing cracks due to the confinement conditions during measurements. The gas porosity and 
permeability data and the HRXCT imaging showed that the swampy kaolinite-rich floodplain facies and the 
acidic lake facies presents the best barrier properties amongst the fluvial facies occurring in the Yalgorup 
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Mbr. Both relate to humid climate and these facies occurrences are likely influenced by a climatic control 
(high precipitation) and therefore can be widespread at the time of deposition. As such, they are likely to be 
better barrier and more continuous barriers than the smectite-rich overbank and paleosols scoured and 
eroded by moving point bar sandy channels. 

 

 

Figure 15. Porosity versus permeability diagram of samples from the Yalgorup Mbr. Related cores along the mixed 
layer kaolinite trend. 

1.9.3 Channel sand bodies facies (samples K to O) 

Detailed petrographic descriptions of five sandstones which are classified as arkose, subarkose and 
quartzarenite (Folk, 1954), in the Yalgorup Mbr showed differences with sandstones in the Wonnerup Mbr. 
Sandstones from the Wonnerup show a clear pattern of diagenetic alteration involving i) dissolution of 
detrital K-feldspar and concomitant precipitation of kaolinite in the primary porosity; ii) precipitation of 
quartz overgrowth on the rims of detrital quartz grains (Delle Piane et al., 2017). In the Yalgorup Mbr, the 
change in sedimentary paleoenvrironemnt relative to the Wonnerup Mbr, possibly driven by a more arid 
climate, is responsible of a different diagenetic style in the sandstones characterised by a higher amount and 
diversity of feldspar and the presence of illitic clay coatings, or cutanes, around grains. Cutanes have been 
reported as the product of early mechanical infiltration developed in an arid/semi-arid environment where 
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the lowered water table allowed muddy waters from episodic runoff to infiltrate through the coarse alluvium, 
concentrating the clays in the upper phreatic zone (Moraes and De Ros, 1990). The SEM inspection revealed 
that the presence of clay coatings were more developed in the arkose and sub-arkose sands and limited the 
abundance of quartz cementation. Kaolinite was found to be low, correlated to the low alteration of the 
feldspar. However, the quartzarenite (at 1179.70 m) contains no cutanes, has low feldspar, an abundant 
amount of quartz overgrowths and kaolinite and the presence of a variety of dense minerals containing Fe, 
Ti and Ca, such as ilmenite and anatase. The porosity values of the sandstones range from 29.3% and 21.6% 
while their permeability varies more widely from 11 mD to more than 6D. The quartz grain size, compaction 
and clay content are generally similar between those samples and the large difference in permeability must 
be controlled by the clay coatings. The illitic (possibly mixed layer illite/smectite) clays, more than the quartz 
cement, in the sandstones from the Yalgorup Mbr have a strong impact on porosity and permeability, 
increasing reservoir heterogeneity. 

The diagenesis of the sandstones is therefore moderate to low in the sandstones in the Yalgorup Mbr. Their 
storage capacity and injectivity properties will be primarily controlled by the sedimentary depositional 
environment and climate rather than the diagenetic modifications. Proximal crevasse splay sands which 
contain clays and no bedding can be considered to have poor storage capacity and injectivity. Point bar sands 
that present strong bedding, generally have good to very good injectivity and storage capacity unless they 
have been exposed to water table fluctuation during dry climate which induced the deposition of clay coating 
drastically reducing their properties for injectivity. 

Figure 16 and Figure 17 plot all the available data and facies for the Yalgorup Mbr measured through various 
studies including this present work. The data shows groups relative to their distribution in the porosity and 
permeability diagram separating sandstone, low permeability sandstone, floodplain facies and low 
permeability floodplain facies. It appears that smectite-rich paleosols and sepiolite-rich shallow lake facies 
group along a trend that corresponds to higher permeability rocks from swampy kaolinite-rich floodplain 
facies. These trends and facies areas related to porosity-permeability can be useful tools for extrapolating 
the transport properties of rock packages from interpreted facies assemblages.  

1.9.4 Residual trapping 

The contact angle results are in agreement with previous studies (Borysenko et al., 2009) that showed that 
illitic and smectitic mudrocks are more hydrophilic whereas kaolinitic mudrocks are potentially hydrophobic. 
Fe-Chlorite is also recognised as an hydrophobic clay (Worden and Morad, 2003). The affinity of clay minerals 
to water probably results from the higher negative charge densities and the exposed OH groups in the 
structure (Inoue and Okuda, 1976). The hydrophobic or hydrophilic nature of clay-bearing sediments is likely 
to control to a large degree the movement of non-aqueous phase liquids in the subsurface. It should be taken 
into account for future CO2 residual trapping simulation. Al-Khdheeawi et al. (2017) showed that the amount 
of residually trapped CO2 in sandstones is significantly higher in water-wet rocks. Therefore the abundance 
of hydrophyllic clay should improve residual trapping of CO2. Therefore, we can project that the abundance 
of mixed layer illite/smectite and sepiolite clays, both resulting from dryer climate than kaolinite and chlorite 
sedimentary clays, contained in overbank, splays, paleosols and evaporative facies would tend to be better 
rock for effectively contain CO2 by residual trapping compared to kaolin-rich or chlorite-rich facies contained 
in rocks deposited during wetter climate. 
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Figure 16. Porosity versus permeability diagram of all the data available, including the data from DMIRS measured by 
Corelab in the Yalgorup Mbr with interpreted rock-type or facies. 

 

 

Figure 17. Porosity versus permeability diagram of the data from DMIRS measured in the Yalgorup Mbr (green) and 
the Wonnerup Mbr (yellow) at , Harvey 1, Harvey 2, Harvey 3, Harvey 4 and Pinjarra 1 with the data shown in this 
work for the floodplain sample (purple circle) and the channel sands (red circle). All data here were acquired using 
the gas method. 
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1.10 Conclusions 

This report presents results on the mineralogy, the petrography and some petrophysic properties of samples 
from typical facies occurring in the Yalgorup Mbr. The abundance of clay-rich facies in the Yalgorup Mbr 
provides potential for a natural barrier to the vertical movement of injected CO2. The samples targeted 
claystones, siltstone and sandstones that are often observed associated with the clay-rich rocks. 
The clay mineralogy indicated that the dark claystones are dominated by quartz, K-feldspar and kaolinite 
typical of a swamp sedimentary environment, while the red colour paleosols are dominated by quartz, K-
Feldspar and mixed layer illite/smectite, typical of a river sedimentary environment. Other sedimentary 
environments found in the Yalgorup Mbr included a shallow saline lake where sepiolite indicates an 
evaporation mechanism, and an acidic lake where chlorite is abundant. 
The smectite, mixed layer illite/smectite clays and sepiolite developed during a dry climate from the 
incomplete weathering of detrital feldspar and mica. Kaolinite formed during a humid climate, also from 
weathering (but more intense) of detrital feldspar and mica. The clay nature of the claystone and siltstone 
has implications on their petrophysical properties. 
The mineralogical differences observed between the units in the Yalgorup Mbr in terms of the feldspar, clay 
and oxide assemblages are likely to cause differences in the diagenetic response to high CO2 brine.  
Based on the bulk mineralogy of the cores, the Yalgorup Mbr can be divided into Units of different 
characteristics. Units 2 and 4, contain the highest abundance of paleosols, a diversity of sodic and calcic 
feldspars and abundant smectite and mixed layer illite/smectite clays compared to Units 1, 3 and 5. At a 
larger scale than the cores, we believe that the clay nature and the mineralogy of the detrital grains were 
governed by a climatic control that changed during the deposition of the Yalgorup from humid (basal 
Yalgorup; Unit 5) to dry (Units 4 and 2) and was followed by a more moderate climate with humid and dry 
short cycles (Unit 1). Another possible control could be an increase of volcanism that could explain the 
abundance of mixed layer illite-smectite and diversity of feldspar grains. 
The MICP data indicated that the capillary entry pressures were elevated in the claystones being from either 
swamp or paleosols. The highest capillary entry pressures were measured in swamp facies. The other facies 
have generally lower capillary entry pressures. Differences in the permeability data were observed between 
MICP and gas methods that likely relate to the presence of dessication cracks and slickenslides which are 
especially well developed in facies containing illite/smectite clays. Both methods are conducted after drying 
the samples, dessicating the clays and likely overestimate the porosity and permeability. The conducted work 
also showed that petrophysical measurements are delicate to perform from clay-rich facies especially when 
illite, smectite, illite/smectite are present. These clays more sensitive to water than kaolinite and chlorite. 
We believe that the gas method is more appropriate to mudrocks containing cracks due to the confinement 
conditions during measurements. 
The contact angle data suggested that the abundance of hydrophyllic clay should improve residual trapping 
of CO2 and therefore overbank, splays, paleosols and evaporative facies which contain abundance of mixed 
layer illite/smectite and sepiolite clays, deposited during dryer climate than kaolinite and chlorite 
sedimentary clays, would tend to be better rock for effectively contain CO2 by residual trapping compared to 
kaolin-rich or chlorite-rich facies contained in rocks deposited during wetter climate. 
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A.1 Appendix 1: Rock Catalogue 
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A.2 Appendix 2: HRCT Pore size distribution  
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A.3 Appendix 3: SEM-EDS data 

 

The colour coding in the Table 11 provides a visual assessment of the general shift of mineralogical 
assemblages between the dry climate river facies (sands and paleosols), shallow saline lake facies and the 
high precipitation more humid swamp facies and deep lake facies. 

Table 11. SEM-EDS data obtained from thin section mapping. The samples in the table have been ordered relative 
to their clay fraction signature as river facies, swampy river facies or lake facies (Figure 5). The composition 
calculated here should not be taken as accurate quantifications due to the poor polish achieved on the thin sections 
and the poor signal collected on most of the clay-rich samples. The data does provide information on the presence 
or absence of minerals. Quartz and microcline were removed from the data. 
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in-fill 
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deposits 
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Anoxic 
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Shallow 
saline 
lake 

Swamp 

Mineral SEM-EDS composition (wt%)  

kaolinite 0.533 0.25 0.195 1.058 9.79 0.246 35.305 5.182 1.468 0.566 

Albite 4.735 0.258 0.001 0.001 0.001 7.425 0 0 0.003 11.055 

Chamosite 0.237 0.045 0.214 1.665 1.236 0.016 0.135 1.978 7.725 0.539 

Muscovite-Illite 1.43 0.592 1.144 1.1 1.027 0.937 0.001 0.568 0.487 0.632 

Muscovite_Fe 0.617 0.285 0.869 0.068 1.779 0.286 0.512 2.25 0.432 0.337 

Clinozoisite 1.299 0.228 0.001 0.03 0.007 0.698 0.001 0.134 0.013 2.225 

Berthierine 0.03 0.005 0.034 0.878 0.249 0.003 0.582 0.839 0.402 0.286 

Biotite 0.238 0.026 0.047 0.046 0.823 0.059 0 1.284 0.248 0.165 

Calcite 0.004 0.012 0.001 0.004 0 0.003 0.026 0.001 1.136 0.001 

Ilmenite 0.067 0.179 0.031 0.063 0.127 0.042 0.009 0.07 0.324 0.166 

Oligoclase 0.161 0.004 0 0.001 0 0.201 0 0 0.001 0.61 

Rutile 0.06 0.031 0.021 0.034 0.135 0.041 0.055 0.067 0.365 0.138 

Hornblende 0.151 0.004 0.004 0.023 0.009 0.078 0 0.251 0.034 0.256 

Muscovite 0.041 0.089 0.003 0.012 0.352 0.049 0.042 0.1 0.054 0.049 

Zircon 0.023 0.01 0.005 0.016 0.03 0.008 0.003 0.013 0.063 0.05 

Andesine 0.027 0.003 0 0.004 0 0.034 0 0.003 0 0.084 

Apatite 0.003 0.001 0 0.004 0.001 0 0 0.074 0.006 0 

Hematite_Magnetite 0.002 0.001 0.001 0.011 0.007 0.001 0.017 0.001 0.001 0.02 

Titanite 0.037 0 0 0 0 0.016 0 0 0 0.006 

Anorthite 0.006 0.008 0 0.009 0.004 0.002 0 0.001 0.004 0.001 

Clinochlore 0.015 0.001 0 0 0.004 0.001 0 0.005 0 0.002 

Pyrite 0 0 0 0 0 0 0 0.028 0 0 

Monazite 0.006 0.001 0.002 0.001 0.003 0 0 0.002 0.004 0.007 
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A.4 Appendix 4: MICP Pore size distribution  
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Part 2 Compartmentalisation 
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Summary 

This part presents the results of the investigation into the formation water salinity and paleo-salinities in sand 
bodies in the Yalgorup Mbr. The salinities are used as a proxy for evaluating the existence of fluid 
compartments. Two approaches have been conducted where the first approach consisted of measuring 
paleo-formation water trapped as fluid inclusions in quartz. The second approach is based on experiments 
that were aimed at measuring the formation factors of whole cores, allowing for the derivation of salinity 
more accurately from petrophysical log analysis. 

Experimental continuous electrical resistivity measurements on cores have been made, during extended flow 
through testing at 50g/L and 25g/L, for six approximately 200mm long, 100mm diameter whole core 
sandstone samples from the Harvey 3 drill hole. Three samples were taken from the Yalgorup Mbr and three 
from the Wonnerup Mbr and testing periods were up to one month. Measured formation factors were 
between 10 and 32. The wireline log resistivity can be used to approximate a formation water salinity of 
between 25 and 45 g/L for the upper most part of the Wonnerup Member. Formations resistivity was 
compared with wireline logs from Harvey 1, Harvey 3 and the Lake Preston wells. Formation resistivity for 
comparable sandstone intervals above and below the top of the Wonnerup Mbr in Harvey 1 and Harvey 3 
were similar and suggest a relatively flat vertical salinity gradient across this interface. Lateral salinity changes 
are likely across the F1 fault between the Harvey 1 and the Lake Preston 1 well, suggesting 
compartmentalization across this major fault. 

The fluid inclusion data from the quartz cements in the Yalgorup Mbr sands generally showed low 
temperatures and high salinities compared to the data from the Wonnerup Mbr, and a lower variability of 
the temperatures. The higher salinities can be interpreted as inherited from the depositional environment in 
a more arid climate compared to that for the Wonnerup Mbr, allowing periodic evaporation and precipitation 
of salt in emerged sediments. The distinction of the petrographic location of the fluid inclusions to constrain 
the relative timing of the water entrapment suggests that the salinities of the latest trapped waters are in 
the range 40,000 to 45,000 ppm. The Project 7-0115-0240 “The Lesueur: Deposition, Rocks, Facies, 
Properties” investigated fluid inclusions in quartz cement using the same technics in samples from the 
Wonnerup Mbr and generally those have salinities below 35,000 ppm. Overall, comparing all the fluid 
inclusion data, a contrast in salinity between the Yalgorup and the Wonnerup Mbrs appears to be possible. 

The data and interpretations generated in this study are not consistent with a ‘static seal’ between the sands 
of the Wonnerup Mbr and those of the Yalgorup Mbr, completely withholding fluid over geological time. The 
small salinity gradient from the Yalgorup to the Wonnerup Mbrs is however consistent with a ‘dynamic seals’. 
The gradual increase in salinity of the formation water in the Yalgorup Mbr suggests a slow equilibration of 
the fluid chemistry between the Wonnerup and the Yalgorup Mbrs. This points out that the low permeability 
facies in the Yalgorup Mbr act as hydraulic baffles as initially interpreted by Varma et al. (2009).
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Introduction 

This module of the project has been designed investigates the possibility of existence of fluid compartments 
in the Lesueur Sandstone that remains a major unknown in the CO2 sequestration evaluation in the South-
West Hub. 

Jolley et al. (2010) define reservoir compartmentalisation occurrences when flow is prevented across ‘sealed’ 
boundaries in a reservoir. They differentiate ‘static seals’ that are completely sealed and capable of 
withholding fluid over geological time, and ‘dynamic seals’ that are low to very low permeability flow baffles 
that reduce fluid cross-flow to infinitesimally slow rates. Most compartmentalisation studies investigated 
petroleum reservoirs, using pressure as the main criteria for identification of compartments in the lifespan 
of production. The Lesueur Sandstone is water saturated with no identification of pressure differential 
between the Wonnerup and the Yalgorup Mbrs. In regards of pressures the two members do not show 
evidence of compartmentalisation. However, in the review of Jolley et al. (2010), the authors indicated that 
compartmentalisation is often assumed in reservoirs showing fluid property differences between wells or 
between the reservoir units in a single well. Stalker et al. (2013) indicated that water samples from Harvey 1 
were not adequately characterised due to drilling mud contamination. Also, Lim et al. (2017) indicated that 
water samples recovered in Harvey 3 and Harvey 4 all contained high concentrations of potassium suggesting 
they were contaminated with mud filtrate. Overall, no direct and reliable fluid samples are available to test 
for fluid chemistry differences and compartmentalisation between the Yalgorup and the Wonnerup Mbrs. 

In the absence of good water sample from the well, we are using two methods for investigating the existence 
of salinity contrasts. Part 1 is an experimental approach to recover core resistivity at different salinities in the 
Wonnerup and Yalgorup Mbrs in order to derive the current formation water salinity from existing well 
logging data. We also performed resistivity log analysis between Harvey 1, Harvey 3 and Lake Preston 1 to 
test compartmentalisation between long distances. Part 2 investigate the salinity of paleo-formation waters 
trapped as fluid inclusions in quartz cements. This data will provide grounds for understanding possible 
contrasts between formation water in the Wonnerup and in the Yalgorup over time. Differences of the 
formation water salinity in the sands of the Yalgorup Mbr relative to the formation water salinity in the 
Wonnerup Mbr will inform about the potential sealing efficiency of the floodplain claystones and the 
existence of horizontal compartments. 

At first order analysis, we assume that a salinity contrast between the Wonnerup and the Yalgorup Mbrs in 
Harvey wells would indicate the existence of hydraulic compartments. Accordingly, we also assume that the 
initial depositional formation water (connate water) in individual package of different sedimentary 
environments would tend to equilibrate overtime in a large connected hydraulic cell. Gradual salinity changes 
between spatially distant points is also assumed to indicate connectivity. Significant contrast depends on the 
resolution of the method to derive salinity. For fluid inclusion data, considering twice the method error, a 
significant contrast between two adjacent points would of 10,000 ppm and above, assuming the fluid 
inclusions are contemporaneous. 
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2 Electrical resistivity of whole core 

2.1 Background - Electrical resistivity of sandstones  

Archie’s Law (1942) remains as remarkably convenient, valuable and practical method for connecting 
formation properties and formation water resistivity. Archie’s (1942) equations can form the basis for a 
relationship between formation total resistivity and formation water resistivity assuming 100 % water 
saturation of a simple porous sandstone. Equations for formation resistivity and formation factor are shown 
as equations 1 and 2 respectively  

 𝜌𝜌𝑓𝑓 = 𝑎𝑎𝜙𝜙−𝑚𝑚 ⋅ 𝜌𝜌𝑤𝑤 (1) 

 𝐹𝐹 =
1
𝜙𝜙𝑚𝑚 =

𝜌𝜌𝐹𝐹
𝜌𝜌𝑤𝑤

 (2) 

Here 𝜌𝜌𝑓𝑓 is the formation resistivity, 𝑎𝑎 is the tortuosity factor, 𝜙𝜙 is the porosity, 𝑚𝑚 is the cementation 
exponent, and 𝜌𝜌𝑤𝑤 is the water resistivity. The formation factor 𝐹𝐹 is the ratio of formation resistivity to water 
resistivity. Formation factor is an empirically-determined value. Generally it is a constant value for ideal 
sandstones. For ‘non-ideal’ sandstones such as shaly sandstones an apparent formation factor can be 
determined. The cementation exponent is 1.5 (Sen et. al. 1981) for perfect spherical grains and sets a 
practical minimum value for this exponent for porous sandstones. The porosity is an electrically 
interconnected fractional porosity. In the absence of other information (e.g. explicit information from 
microCT imaging), the tortuosity factor 𝑎𝑎 is often assumed to be 1.    

Certainly more complex models exist for characterizing the propagation of EM fields in porous rocks. Vinegar 
and Waxman (1984) provide comprehensive rock physics models to accommodate conduction in shaly 
sandstones and claystones. Their mathematical models accommodate, water chemistry, cation exchange 
capacity (CEC) and frequency dependent relationships for different mixtures of sand and shale.  

More recently Revil et al. (1998) has promoted several models that include grain surface conduction. 
According to Revil et al. (1998) these more complex models for electrical conduction converge to the Archie’s 
equation (Archie 1942) representation if the surface conduction (𝜎𝜎𝑠𝑠) at grain boundaries for sandstones 
approaches zero. 

Revil et al. (1998) represent this relationship as:  

 

 1
𝐹𝐹

= lim
𝜎𝜎𝑠𝑠→0

𝜎𝜎𝑓𝑓
𝜎𝜎𝑤𝑤

= 𝜙𝜙𝑚𝑚 (3) 

 

The second key variable in selecting a mathematical model to represent the relationship between formation 
properties and water chemistry is solute concentration. All experiments are completed with a NaCl solution. 
Testing for the six samples is done at 50 g/L (NaCL. At these very high salinities, many nuances that may have 
significance at low solute concentrations diminish in importance and Archie’s law remains a practical device 
for describing the electrical properties of sandstones (i.e. see the concept of the high-salinity asymptote in 
Revil et al. 1998). There are numerous theories on electrical properties of rocks, some with considerable 
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support from highly controlled laboratory experiments (e.g. Leroy, et. al. 2008 and Revil, 1999). However 
beyond the safety of a small homogeneous sample these can be difficult to translate to a practical outcome. 

The six Harvey 3 drill hole core samples selected are quartz-dominated sandstones. The samples are 
saturated in high-salinity water (i.e. 50g/L NaCl). Our experiments measure resistance at frequencies 
between 100 Hz to 100 kHz, however we do not expect significant frequency dependence given the nature 
of the samples (quartz dominated) and the high salinity of the water. We also have access to neutron porosity 
wireline logs for the Harvey 3 drill hole, although these logs may not provide values specific to the samples 
due scale of samples relative to resolution of wireline logs. Other values such as tortuosity can be interpreted 
from microCT scans and fractional estimates of free water, bound water and capillary water could potentially 
be recovered from nuclear magnetic resonance (NMR) measurements at a future point.  

In summary, Archie’s law provide the most suitable method for baseline analysis for the core samples. Figure 
17 is included to give some sense of the range of formation factors that may be expected for the sandstone 
samples selected. Figure 2 is derived from Equation 2. A key observation is that at low porosities and high 
cementation factor, the formation resistivity of a sandstone may be over 1000 times greater than that of the 
water within the pore spaces. For sandstones with porosity between 0.10 and 0.25 such as those at the 
transition between the Yalgorup and Wonnerup Mbrs we would be anticipating formation factors between 
10 and 50.  

All electromagnetic methods from magnetotellurics to wireline electrical logging provide measurements that 
can be converted (e.g. inverted) to a distribution of formation resistivity. For sandstone formations this value 
can in turn be converted to an estimate of water resistivity provided the sandstone is compliant with 
assumptions contained in Archie’s law and the formation factor is known.  

Temperature will influence water resistivity (Arps, 1953). The relationship between water resistivity and 
electrical conductivity for a range of salinities is well established for NaCl solutions and represented in the 
chart below (see Figure 18). Formation temperature of between 40 and 60 °C can be expected for depths 
proximal to the interface between the Yalgorup and Wonnerup Mbrs (approximately 1418 m in Harvey 3). 
For Harvey 3 the end-of-hole mud resistivity is provided in the logs data as 0.08 Ω m.  Effluent water from 
laboratory measurements with water at 50 g/L and temperature close to 25 °C stabilised close to 0.135 Ω m. 
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Figure 18. Formation factor for combinations of porosity and cementation index derived from the basic form of 
Archie’s Law (Archie et. al. 1942) for sandstones. The top left hand corner presents values common for low- porosity 
cemented sandstones while the lower-right hand corner are formation factor values that are more commonly 
associated with weakly-consolidated sands (e.g. beach sands) 
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Figure 19. Image of solute concentration versus temperature and resistivity. Image is adapted from Schlumberger Log 
Interpretation Charts (2009) and based on Arps’ formula (Arps, 1953). Resistivity for 50 g/L water at 25 °C is close to 
0.13 Ω m. Note that for Harvey 3 end-of-hole mud resistivity was recorded as 0.08 Ω m.  
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2.2 Whole core selections and preliminary analysis 

Six whole-core samples were selected for testing. Three of them were from the Yalgorup Mbr and three 
from the Wonnerup Mbr. Details about the samples, depth and dimensions for each sample are shown in 
Table 12. A fourth (backup) sample was identified from the Yalgorup and Wonnerup Mbrs. Detailed 
photographic images are shown in Appendix A.6. 

 

Table 12 Harvey 3 whole-core sample depths and dimensions obtained from Yalgorup and Wonnerup Mbrs 

 
Sample 

Interpreted 
facies Top (m) Bottom (m) Length (m) Diameter (m) 

Ya
lg

or
up

 

19-1 Ai 1320.68 1320.88 0.202 0.102 

19-2 Ai 1320.88 1321.08 0.198 0.102 

18 Aiii 1375.59 1375.79 0.202 0.102 

16 C 1396.49 1396.69 0.200 0.102 

W
on

ne
ru

p 

22 Aii 1427.96 1428.16 0.200 0.102 

20 Ai 1441.10 1441.30 0.203 0.102 

21 Ai 1451.32 1451.52 0.202 0.102 

23 Aiii 1460.49 1460.69 0.201 0.102 

 ** Note Harvey 3 drill hole samples 19-2, 18, 16, 22, 20 and 23 were selected for testing 

 

The samples were largely selected based on visual inspection of all core available. Samples selected spanned 
a broad range of grain sorting, grain size and degree of cementation. Figure 19, Figure 20 and Figure 21 are 
photographs of the samples shown in the context of the core tray that they were selected from. 
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Figure 20. Images showing Harvey 3, Yalgorup core selected from core trays for resistivity measurements (Samples 
19-1, 19-2, 18 and 16) 
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Figure 21. Images showing Harvey 3, Wonnerup core selected from core trays for resistivity measurements (Samples 
22 and 20) 
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Figure 22. Images showing Harvey 3, Wonnerup core selected from core trays for resistivity measurements (Samples 
21 and 23) 
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2.2.1 Residual salts  

Residual salts from the formation and or drilling muds were present in all samples. Examples residual salts 
on dry core sample from Harvey 3 are provided in Figure 22. Upon saturation of core samples with 50 g/L 
water in the vacuum chamber these residual salts tended to elevate solute concentration well above 50 g/L 
when vacuum saturated with 50g/L NaCl solution. The residual salts may be a combination of NaCl from the 
formation and drilling mud which were typically above 40g/L KCl (see figure 20 for end of hole mud resistivity 
and composition). We will see later that flushing 50g/L water through the sample was necessary to ensure 
uniform water chemistry throughout the sample during testing.  

 

 
 

 
Figure 23. Images highlighting the residual salts coating stored samples 

  



89   |  Assessment of multi-barrier systems for CO2 containment in the Yalgorup Member of the Lesueur Sandstone, South West Hub 

2.2.2 Comparison with wireline logs and existing data 

The location of each whole-core sample is shown against wireline logs in Figure 23 below. Figure 24 and 
Figure 25 provide a representation of the whole-core samples against neutron porosity (NPHI and NPHS), 
bulk density (RHOB) and gamma wireline logs. Note that wireline logs depths have been adjusted to match 
depths from core trays.   

Initial analysis of logs suggests a mismatch between depth from core and wireline logs. Visual assessment of 
the position of sharp contacts between shale and sandstone units against gamma logs suggest that the 
wireline logs need to be moved down by approximately 1.6 m to match the depth from core as based on core 
tray photographs (see Figure 19, Figure 20 and Figure 21). The need for a 1.6 m adjustment is clearest in core 
tray Harvey 3A 353 – 1320.7 to 1322.5 as evident in Figure 19. 

Electrical wire line logging in Harvey 3 was completed with the Halliburton compensated array resistivity tool 
(HACRt™). This is essentially a multi-offset multi-frequency induction logging tool. It generates a set of logs 
(i.e. RT10, RT20, RT30, RT60 and RT90) for different radial focus depths. In Harvey 3 there are no open-hole 
electrical logs in the depth interval 970 to 1461 m (see Figure 32) which spans the interface between the 
Yalgorup Mb and the Wonnerup Mb. This interval was logged through chrome steel casing. The interval 1461 
to 1550 m was logged open hole, and was drilled with a 3.9 inch bit (Appendix A.5). 

 

 
Figure 24. Wireline logs of density, gamma, neutron porosity and position of each sample along Harvey-3 
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Figure 25. Wireline logs of Harvey-3 comparison with Yalgorup Mbr samples 
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Figure 26. Wireline log of Harvey-3 comparison with Wonnerup Mbr samples 

 

Neutron porosity log, was acquired in Harvey 3 (e.g. Halliburton, NPHI and NPHS). These tended to give higher 
values of porosity than measurement based on whole core samples (as delivered from the core library). 
Porosity was also determined from plugs (gas porosity) and using a multi-sensor core logger (MSCL). 
Estimates of porosity from each method are provided in Figure 26. Note that MSCL and whole-core estimates 
are based on whole-core samples as delivered from the core library. They were not oven-dried prior to testing 
as this process may have compromised subsequent testing (e.g. cracking the sample or by changing the 
properties of clays). If water existed in the sample, it is possible that these methods could underestimate 
porosity.  
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Figure 27. Various estimates of porosity between 1300 and 1480 m at Harvey-3. Estimates are shown for NPHI neutron 
porosity, gas porosity on plug samples, multi-sensor core logger (MSCL) porosity measured on core, and laboratory 
measurements on whole-core samples based on measuring sample weight before and after vacuum-saturation. 
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2.3 Experimental setup  

 

Experiments were set up in a consistent way. As always, there were certain restrictions placed on 
the experimental design for OHSE and operational reasons. Experiments were set up in a consistent 
way. As always there were certain restrictions placed on the experimental design. The most onerous 
and potentially challenging was the project requirement that samples be recoverable from the core holder. 
Experimentally the best possible solution is to coat the sample with a high viscosity epoxy resin then 
permanently bond the sample into the core holder. This process was tested for Sample 18 as it was 
exceedingly low permeability. For the other five samples, polyolefin heat shrink film (15 μm thickness) was 
applied directly to the sample, then epoxy resin was injected around the sample completely filling the 
annulus between heat shrink and PVC casing. All sample core holders used to measure formation resistivity 
are shown in Figure 27. 

 

 
Figure 28. Six samples tested in PVC core holders for flow-through measurements  

 

Water with 50 g/L NaCl was then used to vacuum-saturate the samples in the core holders. Stainless steel 
mesh electrodes are placed on the ends of the sample and connected to feedthrough cables on the inlet and 
outlet of the core holder. The cables were connected to an LCR meter (Stanford Research Systems, SR720) 
to measure the sample resistance across 4 frequency decades (100 Hz to 100 kHz) at 3 second intervals. The 
core holder was oriented vertically and attached to an inflow water line fed by a digital dosing pump 
(Grundfos, DDA 7.5-16) from two selectable water reservoirs (25 g/L and 50 g/L). Fluid acceleration due to 
the dosing pump was minimised by the use of a pulsation dampener. A flow-through water sampling cell is 
connected the core holder outlet to measure the outflow EC and temperature every 2 seconds using a 
multiparameter sensor probe (HANNA Instruments, HI9829). A schematic of the setup is shown in Figure 28. 
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Figure 29. Schematic of experimental setup for measuring whole-core resistivity, effluent water resistivity and 
effluent water temperature  

2.4 Experimental results  

Experimental results from extended flow-through tests with six large whole-core samples are summarised in 
the Table 13. The key parameters measured were formation resistivity, water resistivity and formation factor. 
Water in the samples are generally moved from higher salinity to lower salinity during testing. Initial samples 
are saturated with 50 g/L water however the salinity may have become elevated after saturating if 
precipitated salts existed in or on the dry whole-core samples from core storage facility. Many sample pore 
volumes of 50g/L NaCl solution were passed through the core samples to flush residual salts. Then formation 
resistivity was established for 50 g/L NaCl water. Next the sample was flushed with 25 g/L water, often in 
multiple stages to increase the chance of 50 g/L water being fully displaced, so that formation resistivity at 
25g/L could be established. 

 

Table 13. Table of results showing measured resistivity and formation factor for Yalgorup and Wonnerup Mbrs 
samples. Resistivity is provided for samples saturated with 50 g/L and 25 g/L water. Sample saturation is firstly 
within a vacuum chamber (water at 50 g/L) then by forced flow of 50 g/L water though a core holder. After 
formation and water resistivity has stabilised, the water is switched to 25 g/L     

 Sample Top   (m) 
Bottom 

(m) 
Length 

(m) 

25 g/L 50 g/L 

ρF     
(Ω m) 

ρWater     
(Ω m) F 

ρF     
(Ω m) 

ρWater    
(Ω m) F 

50 g/L 
NaCl 

25 g/L 
NaCl 

Pump 

Reservoirs 

Pulsation 
dampener 

Back 
pressure 
regulator 

LCR meter 

Computer 

EC sensor 

Core holder 
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Ya
lg

or
up

 16 1396.49 1396.69 0.200 2.43 0.25 10 1.28 0.12 11 

18 1375.59 1375.79 0.202 - - - 3.22 0.14 23 

19-2 1320.88 1321.08 0.198 3.85 0.24 16 2.28 0.14 17 

W
on

ne
ru

p 20 1441.10 1441.30 0.203 5.20 0.25 21 2.90 0.14 21 

22 1427.96 1428.16 0.199 2.2 0.24 9 1.4 0.13 11 

23 1460.49 1460.69 0.201 3.55 0.24 15 2.01 0.14 15 

 

Tests for sample 20 and sample 23 provide excellent results with formation factor of 21 and 15 respectively 
at 50 g/L and 25 g/L. Photographs of the samples prior to being set within the core holder are provided in 
Figure 29. The full test datasets are provided in Figure 30 and Figure 31. Both tests rapidly attained a constant 
formation factor for both 50 g/L and 25 g/L flow-through tests. Outcomes from samples 20 and 23 are 
considered highly reliable because the resistivity and formation factor attained a constant value for water 
which flowed at 50 g/L and 25 g/L. Again this means that it is highly likely that the 25 g/L water has completely 
flushed the 50 g/L water from the sample.  

For sample 19-2, the formation factor at 50 g/L and 25 g/L was approximately 17 and 16, respectively. Each 
time the sample was flushed, the formation resistivity attained a slightly higher value but effluent water 
resistivity (usually after a small dip) remained relatively constant. At the end of testing with 50 g/L water the 
formation factor was close to 17. After the formation factor stabilized at 50 g/L, water was slowly flushed 
through the core holder at 25 g/L during discrete periods all spanning close to 25 days. At the end of the 25 
g/L testing the apparent formation factor was close to 16.  The test highlights the need to provide the sample 
sufficient time for the higher 50 g/L water to be fully replaced by the 25 g/L water (see Figure 32). For shaly 
sandstones it is certainly possible for apparent formation factor to be dependent on water chemistry. 
However, it is also possible that heterogeneity in permeability has meant that resident water is not fully 
displaced by the 50 g/L water passing through the core. In this case it is more likely that the value of 17 is 
correct as the sample was repeatedly flushed with 25 g/L water over a two week period. 

 

Figure 30. Photographic comparison of Wonnerup Mbr whole-core samples 20 and 21. Also provided are formation 
factor and formation resistivity from laboratory measurements 
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Figure 31. Whole core Sample 20; chart comparing effluent water resistivity with formation water resistivity during 
flow through. Formation factor is determined for both 50 g/L and 25 g/L water flowed through the sample. The 
formation factor is found to be close to 21 for both solute concentrations (within 5%) indicating that 50 g/L water is 
displaced by the 25 g/L water. In this case results can be considered highly reliable.    

 

Figure 32. Whole core Sample 23; chart comparing effluent water resistivity with formation resistivity across the 
sample during flow through. Formation factor is determined for both 50 g/L and 25 g/L water flowed through the 
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sample. Formation factor is found to be close to 15 for both solute concentrations (within 5%) indicating that 50 g/L 
water is displaced by the 25 g/L water. In this case results can be considered highly reliable. 

 
Figure 33. Whole core Sample 19-2, chart comparing effluent water resistivity with formation resistivity across the 
sample. Apparent formation factor is estimated toward the end of 50 g/L and 25 g/L flow periods to be 17 and 16 
respectively. Testing was completed over a 4 week period and close to 140 pore volumes were passed through the 
core holder      

Sample 18 was recognised as being exceedingly low permeability so was set into the core holder in a slightly 
different way compared to the other five samples. A thin coat of high-viscosity resin was applied directly to 
the surface of the whole-core sample. After the resin set, the sample was inserted to PVC core holder, and 
the annulus completely filled with epoxy resin. The whole-core sample was set into the core holder in this 
way to prevent any chance of preferential flow pathways being created along the heat shrink that was applied 
to the other samples. This precautionary measure was adopted because of the anticipated high pressure 
drop across this low permeability sample. Figure 33 shows full formation and water resistivity during an 
extended test at 50 g/L. Flow-through rate for this exceedingly low permeability sandstone was initially 100 
mL/hour but needed to be reduced to 50 mL/hour by the end to the test. Over approximately 2 weeks, 8 
pore volumes were passed through the core holder. There is an initial drop in water resistivity that can be 
associated with flushing elevated-salinity residual water from the sample. At close to 5 pore volumes the 
effluent water stabilises at the expected water resistivity of close to 0.14 Ω m. Each time water was flushed 
through the sample, the resistivity increased. Also, the pressure increased each time fluid was flushed 
through the sample. The four steps in formation resistivity match to four separate flowthrough periods. Each 
period commenced with a sharp increase formation resistivity. An attempt was made to flush 25 g/L through 
the sample, however the pressure rose quickly and the test was abandoned. It is well known that lowering 
the solute concentration can dramatically reduce permeability in shaly sandstones, even for rock with 
exceedingly small clay fraction (Torkzaban et al., 2015). The apparent formation factor for sample 18 was 
close to 23.  
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Figure 34. Whole core Sample 18; chart comparing effluent water resistivity with formation resistivity across the 
sample, against pore volumes of water flowed through the core holder. Formation factor is determined from 50 g/L 
water flowed through the sample. Formation factor is close to 23 by the end to testing. The sample is exceedingly 
low permeability (e.g. less than 1 mD) so replacement of all water in the sample is exceedingly slow. It is likely that 
water flowing through the core holder takes preferential pathways leaving residual or trapped water to slowly 
equilibrate with water in faster flow paths.  

 

Sample 22 and 16 indicated apparent formation factors of close to 10 for flow-through tests at 50 g/L. Again, 
it is possible that the formation resistivity has not fully attained a value that represents full sample saturation 
with the 50 g/L and 25 g/L water although we believe that a formation factor close to 10 appears reasonable 
as the sample was vacuum-saturated from close-to-dry to fully-saturated with 50 g/L water prior to the flow-
through tests. Yalgorup Sample 16 provided a good example of the importance of resident time for ensuring 
that high solute concentration (50 g/L) is replaced by the lower solute concentration water (25 g/L) (Figure 
34). The dip in resistivity of the effluent water is connected flushing of higher solute concentration water. 
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Figure 35. Whole core Sample 16, chart comparing effluent water resistivity with formation resistivity across the 
sample, against pore volumes of water flowed through the core holder. A lower bound on formation factor is found 
to be close to 10 for both 50 g/L and 25 g/L water. The major uncertainty in the experiment is flushing of all residual 
salts (e.g. as low solute concentration water) from the sample. Each during the 25 g/L flow-through testing, the 
sample is left to equilibrate, then new 25 g/L water was flushed through the sample. The initial dip in resistivity of 
the effluent water each time water is flushed through is evidence of the lower solute concentration water diffusing 
out of areas of lower permeability.  
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2.5 Resistivity from wireline log analysis  

2.5.1 Harvey 3 

Electrial logging in the Harvey 3 well was completed with the Hostile Array Compensated Resistivity tool 
(HACRt™). This is an array induction logging tool. The tool can operate at 3 frequencies with one transmitter 
coil. The tool has up six receiving antennas, spaced from 6 to 80 inches from the transmitter 
(http://www.halliburton.com/public/lp/contents/Data_Sheets/web/H/Hostile-Array-Compensated-
Resistivity-Tool-HACRt.pdf). The Halliburton datasheet (Figure 35) suggests that the instrument has realtime 
borehole correction and provides logs for radial focus depths of 10, 20, 30, 60 and 90 inches with possible 
vertial resoluton of 1, 2 or 4 feet. 

The interval where the six whole-core samples was tested appears to have been logged through casing 
(chrome steel) so that quantative values of electrical resistivity are not available in this interval. However the 
interval between 1462 and 1550 m was drilled with a smaller diameter 3.9 inch drill bit and was logged in an 
open hole.  

Bottom hole mud resistivity (measured at bottom hole temperature) is a key parameter for analysing the 
Halliburton array induction logs. The logging details are provided in the header file for quad-combo wireline 
log and have been reproduced below. The mud resistivity at bottom hole temperature was recorded at 0.08 
Ω m. The well diagram is also provided (Appendix A.5) to clearly show the interval over which logging was 
completed open hole. 

The depth interval 1462 to 1550 m, was logged with the Halliburton compensated array resistivity tool 
(HACRt™). The RT10, RT20, RT30, RT60 and RT90 logs are shown in Figure 36 and these indicate a significant 
increase in resistivity from RT10 to RT90. If the near-well resistivity is dominated by drilling muds at 0.08 Ω 
m, then it may be possible to establish a tentative lower limit on what the formation factor can be with the 
RT10 wireline log (see Figure 37). This is found to be between 10 and 20 which is within the range obtained 
from laboratory measurements for the three Wonnerup Mbr whole core samples. The lower limit on the 
formation factor can inform estimates of formation water resistivity from the deep-penetrating RT90 log. 
That is, if wireline logs have been drill hole compensated, then the resistivity for RT10 will tend to be more 
representative of the formation resistivity close the hole (mud-invaded zone) while RT90 will tend to be more 
representative of ‘far’ resistivity indicative of true formation resistivity (beyond the mud invaded zone). If 
resistivity for RT90 is significantly greater than RT10 then it may be reasonable to suggest that the formation 
water resistivity is greater than 0.08 Ω m by at least the same proportion that RT90 is greater than RT10. For 
the lower interval (1462-1550) this places the water resistivity at between 40 and 100 percent greater than 
mud resistivity, which translates roughly to between 0.125 and 0.175 Ω m. After a bottom-hole temperature 
of above 50 °C is taken into consideration this approximates to a formation water salinity of between 25 and 
45 g/L for the upper most part of the Wonnerup Mbr. 

http://www.halliburton.com/public/lp/contents/Data_Sheets/web/H/Hostile-Array-Compensated-Resistivity-Tool-HACRt.pdf
http://www.halliburton.com/public/lp/contents/Data_Sheets/web/H/Hostile-Array-Compensated-Resistivity-Tool-HACRt.pdf
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Figure 36. Quad-combo wireline log header showing mud resistivity at bottom-hole temperatures. 
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Figure 37. Harvey 3, Compensated Resistivity Tool (HACRt™) wireline logs RT10, RT20, RT30, RT60 and RT90 for small 
diameter open-hole interval 1462 to 1550 m. The small diameter open hole and borehole compensation should 
provide accurate resistivity for different radial focus depths. RT10 is more likely to be dominated by mud invasion 
which RT90 should log should be approaching true formation resistivity. The RT90 value places should provide a lower 
bound on true formation resistivity. 
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Figure 38. Example of Compensated Resistivity Tool (HACRt™) wireline logs from the Harvey 3 drill hole at different 
radial focal depths RT10, RT20, RT30, RT60 and RT90 for the upper part of the Wonnerup Mb. A RT10 based apparent 
formation factor has been calculated. At end-of-hole temperature the mud resistivity is provided as 0.08 Ω m. The 
RT10 induction log is intended to be focused at 10 inches from the well and will likely be strongly influenced by mud 
invasion. This means that an apparent formation factor can be inferred as the ratio of RT10 apparent resistivity on 
mud resistivity. This apparent formation factor of shown on the left hand panel. So if the RT10 resistivity is indeed 
dominated by mud invaded formation sediments then the RT10 based apparent formation factor may approach a 
reasonable value. The RT10/mud resistivity log shows apparent formation factor values between 10 and 20 which is 
highly reasonable when compared to laboratory results.   

 

2.5.2 Harvey 1 

It is instructive to closely examine wireline logs immediately above and below the interface between the 
Yalgorup and the Wonnerup Mbrs in the Harvey 1 well compared to Harvey 3. Harvey 1 is located close to 5 
km NNW of Harvey 3. The interface between Yalgorup Mb. to Wonnerup Mb. interface exists at a similar 
depth in both holes.   

The gamma logs are a reasonable starting point for analysis. The gamma response in sandstones in the Harvey 
1 drill hole is exceedingly well matched to those immediately below (see Figure 38). This does not  

The second comparison is electrical resistivity (MLR4C deep Laterolog) immediately above and below the 
interface between the Yalgorup and the Wonnerup Mbrs (see Figure 39). The electrical resistivity are also 
well matched with resistivity in the the Wonnerup Mbr slightly higher which is possibly because of elevated 
levels of high CEC clays.  

Also, a comparison between resistivities measured in Harvey 1 and Harvey 3 indicate that they are reasonably 
matched. Figure 40 provides resistivity logs for Harvey 1 and Harvey 3 at comparable depth. Both are plotted 
for the deep penetrating logs. They average value is close to 1.8 Ω m. Also porosity and gamma appear to be 
reasonably well matched. Ideally this comparison would be supported by analysis of free, capillary and bound 
water from NMR logs, however these were not recorded in Harvey 3. 
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Figure 39. Harvey 1, gamma response for sandstones immediately above and below the interface between Yalgorup 
and Wonnerup Mbrs. The image provides three vertical strip logs including GR (total count gamma), KTHC (%) and 
ThC (ppm). The first clean section of sandstone (indicated by low gamma) above and below the contact between 
Yalgorup and Wonnerup Mbrs expanded one left. The image demonstrates that there is little difference between the 
radiometric (natural gamma) signatures of sandstone each side of the unconformity. While inferences about 
hydraulics, formation resistivity, or formation water resistivity cannot be made from natural gamma signature the 
similarity is certainly worth noting.     
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Figure 40. Harvey 1 MLR4C derived resistivity for sandstones immediately above and below the interface between 
Yalgorup and Wonnerup Mbrs. The image provides three vertical strip logs including GR (total count gamma), 
electrical conductivity (mS/m) and electrical resistivity (Ohm.m) to the right. The first clean section of sandstone 
(indicated by low gamma) above and below the contact between Yalgorup and Wonnerup Mbrs are expanded in the 
three strip logs to the right of the image. The three left hand side images demonstrates that there is little difference 
between the radiometric (natural gamma) signature or gross MLR4C resistivity of sandstones each side of the 
unconformity. Although MLR4C is intended to be a deep penetrating resistivity log it is certainly possible that mud 
invasion is playing a role in determining the MLR4C resistivity. Regardless of the pore water chemistry the MLR4C 
wireline sandstone resistivity are similar with first sandstone in the Wonnerup slightly higher resistivity.   
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Figure 41. Comparison of Harvey 3 resistivity (RT10 and RT90 resistivity), gamma and porosity logs with Harvey 1 
wireline logs in the Wonnerup Mbr sandstone interval between 1462m and 1494m depth in each hole. The 
comparison is included as one representation of the similarity of some aspect of the petrophysics of the upper section 
of the Wonnerup Mbr between Harvey 3 and Harvey 1. While these do not provide hard evidence for similar 
hydraulics or water chemistry between the drill holes they do provide some confidence that petrophysical properties 
do not differ significantly.   

 

2.5.3 Lake Preston 1 

The last log comparison is for gamma and resistivity from the Lake Preston 1 well. This well was completed 
in 1973. Here we consider the deep induction logs (see Figure 41). The Lake Preston 1 well is located to the 
NNW of Harvey 1 across the F1 fault. For the Lake Preston 1 well the interface Yalgorup to Wonnerup is 
displaced down across the F1 fault and is indicated by the well data to be between 2000 and 2100 m below 
ground level. For the South West Hub project, faults and fault block nomenclature are provide in Langhi et 
al. (2013). 

There is a striking difference with wire line logs from Harvey 1 and Harvey 3. The deep induction sandstone 
resistivity is, on average, considerably higher for the sandstones proximal to the interface between the 
Yalgorup and Wonnerup Mbrs from Harvey 1 or Harvey 3 drill holes. It is rarely less than 3 Ω m in the Yalgorup 
and Wonnerup sandstones in Lake Preston 1 which is close to double what is observed in Harvey 1 and Harvey 
3. There are caveats on any comparison or analysis of wireline logs between the three wells. Firstly, the 
resistivity logging tools used are significantly different for Lake Preston 1 (older type deep induction resistivity 
tool), Harvey 1 (MLR4C deep Laterolog) and Harvey 3 (Halliburton HACRt™ induction type resistivity logging). 
Also the mud weight and hole diameter are different on all three wells. Further there the Yalgorup Wonnerup 
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interface is considerably deeper in the Lake Preston well compared to the Harvey 1 or Harvey 3 wells. The 
greater depth of the interface in the Lake Preston well may be connected to greater compaction, lower 
porosity and higher resistivity although greater depth may also be accompanied by higher temperatures and 
lower resistivity. Even accounting for these differences it seems highly likely that the resistivity is higher for 
the Lake Preston drill hole, and given this, there is some prospect that the water salinity is lower in the Lake 
Preston well at comparable depths, lending weight to the augment for compartmentalisation across the F1 
fault. There are many uncertainties with interpretation of wireline logs resistivity.  Additional MT 
measurements west of the F1 fault would contribute to understanding of the large scale variability in 
formation resistivity across the major faults. The current MT transect along Riverdale Rd extends mostly 
between the F1 and F10 faults. For the south West Hub project, faults and fault block nomenclature are 
provide in Langhi et al. (2013) and extent of current MT data coverage is presented in Hortle et al. (2017). 

 

 

Figure 42. Direct comparison of Lake Preston 1 gamma and deep induction resistivity with Harvey 1 gamma and 
MLR4C electrical logs. Electrical Resistivity for Harvey 1 MLR4C and Harvey 3 RT90 are very similar. However there 
are significant differences between Harvey 1 and Lake Preston 1. While there are many uncertainties, such as 
differences in resistivity logging tools used for each hole and the greater depth to the Wonnerup formation in the 
Lake Preston well, it remains possible that formation water resistivity is less across the F1 fault at the Lake Preston 
well.    
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2.6 Interpretations 

Electrical resistivity is a fundamental petrophysical property of rocks. It is a measure of resistance to 
movement of electrical charge for a volume of rock. In the laboratory, electrical resistivity is often derived 
from the ratio of voltage to applied current between two electrodes set at each end of a cylinder of rock. It 
is recovered from the simple expression 𝜌𝜌 = 𝑅𝑅𝑅𝑅/𝑙𝑙 where 𝜌𝜌 is resistivity, 𝑅𝑅 is the resistance (or voltage 
divided by current across the sample), 𝑙𝑙 is the sample length and 𝑅𝑅 is the cross-sectional area of the sample. 

The distribution of electrical resistivity at many scales can provide valuable information about the subsurface. 
At the largest scale, magnetotelluric (MT) measurements can be converted to a conductivity distribution 
spanning many thousands of cubic kilometres to help build a picture of basin hydrodynamics. At the wireline 
logging scale, electrical resistivity around the well provides information about rock properties and formation 
water chemistry. The understanding gained from basic laboratory resistivity measurements builds the 
confidence to process and interpret both large-scale electromagnetic (EM) measurements and wireline logs. 
For the South West Hub CO2 project, understanding the distribution of electrical properties has become 
important because of: (i) uncertainties associated with large-scale distribution of water chemistry within 
major stratigraphic units, (ii) possible fault compartmentalisation of the proposed CO2 containment units, 
and (iii) the hydraulics/processes related to fluid movement. Of particular interest is the water chemistry and 
petrophysics of sandstones within the Yalgorup Mbr (upper Lesueur Sandstone) compared to the Wonnerup 
Mbr (lower Lesueur Sandstone) of the Lesueur Sandstone in the south and central Perth basin. The Wonnerup 
Mbr is the target containment unit for geological sequestration of CO2. The Yalgorup Mbr is the thick 
interbedded clay, sand and silt package above the Wonnerup Mbr. If it can be demonstrated that the 
formation water salinity changes appreciably across the Yalgorup-Wonnerup contact then this would adds 
weight to the prospect that the Yalgorup Mbr being hydraulically separated from the Wonnerup Mbr which 
would have implications geological sequestration of CO2 at the site.  

Three Yalgorup whole-core sandstone samples and three Wonnerup whole-core samples were selected from 
the Harvey 3 drill hole (H3). These samples were selected from within 200 m of the interface between the 
upper (Yalgorup Mbr) and lower (Wonnerup Mbr) Lesueur Sandstone.  

Experiments were designed to simultaneously measure: (i) high-accuracy electrical resistivity across the 
whole-core samples at several frequencies, (ii) electrical resistivity of effluent water (water flowed through 
the sample) and (iii) temperature of the effluent water, during flow-through tests with water of 50 g/L total 
dissolved solids (i.e. with an electrical conductivity (EC) of approximately 7000 mS/m). A high priority was to 
establish limits for the formation factor, which is simply the ratio of the formation resistivity to the formation 
water resistivity. This parameter can be used to infer water chemistry from wireline logs or MT-derived 
formation resistivity (assuming that the core sample is representative of the rocks with in situ wireline 
response). In the laboratory, the formation factor can be derived from voltage drop across the whole-core 
sample (formation resistivity) and electrical conductivity of the effluent water passing through the core 
holder containing the sample. Key findings are provided below: 

1. Selecting water salinity: Why select 50 g/L water to flow though samples? For the determination of the 
formation resistivity, and ultimately formation factor, we attempted to broadly match the salinity of water 
flowed through the samples to the water that is likely to have been resident in the subsurface. Drilling 
fluids were of the order of 50 g/L and the water chemistry from samples recovered from the formation 
appear to be less than 50 g/L. Given these two observations, we selected 50 g/L for all baseline 
measurements. Note that it is highly likely that that all samples were at some stage contaminated by heavy 
drilling fluids. Recovery of formation water by abstraction is likely to be completed in the next phase of 
research planned for Harvey 4.   

2. Impacts of heterogeneity and residual/trapped water - A challenging aspect of the laboratory 
experiments was clearing the samples of residual fluids. The 20 cm long, 10 cm diameter whole-core 
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samples have volumes of the order 1500 cm3. These large whole-core samples present a significant 
advantage when assessing the impacts of passing fluids through the rock. That is, heterogeneity that 
inevitably exists in the subsurface is better represented in these laboratory experiments compared to 
plugs. For several samples from Harvey 3, heterogeneity in permeability in the large samples could be 
observed by visual inspection. In this case water could preferentially pass through relatively high 
permeably pathways leaving residual water either trapped or slowly diffusing out of low permeability 
zones or patches. The team were able to identify this process by halving the injected water resistivity from 
50 g/L to 25 g/L and observing the rate-of-change of formation resistivity relative to the rate-of-change of 
the effluent water resistivity. Where a relatively high permeability pathways existed within the core 
holder, the resistivity of effluent water rapidly matched that of resistivity the injected water, but the 
formation resistivity measured across the sample changed considerably more slowly than expected. While 
some samples rapidly approached uniform constant formation electrical conductivity (i.e. within a few 
pore volumes), other extremely low permeability samples may not have a practical timeframe in which 
the full sample pore volume is entirely replaced by the introduced fluid. Analysing this process was not an 
objective of the project, however it could be exceedingly important, as it provided insight into potential 
effects of vertical heterogeneity on the vertical movement and distribution of introduced fluids in different 
sandstones. Certainly the relative timeframe to change water chemistry either by direct displacement, 
diffusion or by some other mechanism must impact on interpretation of any form of time-lapse 
electromagnetic methods (e.g. electrical wireline logging). Similarly for injection of CO2, extreme vertical 
heterogeneity in permeability must be a consideration.         

3. Flushing residual salts from heavy drilling fluids - Our detailed experiments revealed much about 
conducting electrical measurements on whole core from deep drillholes. Drilling of the Harvey 3 well was 
completed with a ‘heavy mud’. Solute concentration was above 50 g/L. These muds invaded the formation 
and the core. As the core dried during storage, dissolved salts precipitated onto, and in, the core. All 
samples were re-saturated in a vacuum chamber with water at 50 g/L. Samples tended to show initial 
elevated solute concentration (greater than 50 g/L) as water was flushed through during testing. In most 
cases the effluent water returned to 50 g/L (i.e. approximately 7000 mS/m or 0.14 Ω m) within a few pore 
volumes. In an extreme case for a low permeability sample (e.g. Sample 18 – at approximately 1375 m 
depth) effluent water from the core holder increased from close to 7300 mS/m to above 12,000 mS/m 
before returning to 7300 mS/m. We note that highly heterogeneous samples or exceedingly low 
permeability samples tended to take longer to stabilise to approximately 7000 mS/m. One conclusion is 
that simply saturating samples in a vacuum chamber and measuring resistivity may not translate into a 
valid formation factor.  

4. Wonnerup Sample 20 and Sample 23 - Two whole-core samples rapidly achieved constant formation 
factor for flow through with both 50 g/L and 25 g/L water. Harvey 3, Wonnerup whole-core Sample 20 
(depth 1441.1 m) and Sample 23 (depth 1460.5 m) were found to have formation factors of close to 22 
and 15, respectively. In particular, Sample 23 showed a highly consistent value of 14.8 for both 50 g/L and 
25 g/L confirming close to complete displacement of the 50 g/L water with the 25 g/L water. At 50 g/L and 
27°C, Sample 23 was measured to have formation resistivity of 2.01 Ω m and at 25 g/L formation resistivity 
was measured at 3.55 Ω m. The conclusion for these two samples is that the volume of water in the sample 
is readily displaced.   

5. Minimum formation factor is measured after flow through at 50 g/L - It can be reasonably assumed that 
the six samples contain some residual salts. All samples are vacuum-saturated. The mass of the sample 
before and after saturation is measured. This allows the amount of water that entered the sample at 50 
g/L to be established. Any residual salts would likely dissolve and elevate the solute concentration of the 
water. Indeed initial effluent flow during tests did show elevated electrical conductivity (EC). Generally 
effluent flows stabilised to the EC expected for 50 g/L water (approximately 7000 mS/m) after a few pore 
volumes. However because there remains some chance that a small fraction higher solute concentration 
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water remains trapped in the sample, the formation factor determined from the ratio of resistivity across 
the sample to effluent water resistivity should be considered a minimum.  

6. Measurement made across multiple frequencies - All electrical measurements across the sample were 
made with LCR meter (Stanford Research Systems, SR720) for frequencies: 100, 120, 103, 104 and 105 Hz. 
Measurements across these frequencies varied by less than a few percent. For this frequency range there 
is little indication of induced polarisation (IP) effects (frequency-dependence in electrical conductivity) 
which should expected for these quartz-dominated sandstones saturated with 50 g/L and 25 g/L water.   

7. Yalgorup Sample 18 – Extreme low permeability sandstone - Sample 18 appears to have exceedingly low 
vertical permeability. After injections at 50 g/L, the formation resistivity was close to 3.5 Ω m and after 
several pore volumes water resistivity stabilized at 0.14 Ω m giving a minimum formation factor of close 
to 25. Note conductivity is a tensor quantity (e.g. rock possess various forms of electrical anisotropy) so 
that the formation factor must also be referenced to the direction in which resistivity is measured.  For the 
Harvey 3 whole-core samples tested the direction must be vertical along the axis of the drill hole (i.e. 
orientation of the core).  

8. Experimental limitations - Certainly the most significant constraint on the experiment was the 
requirement to retain the sample unaltered. The potential problem is where the heat shrink sleeve applied 
to the whole core is wrapped around granular materials, and as a consequence presents a preferential 
pathway for fluid (i.e. between the heat shrink and sample). This problem is common to all experiments 
where heat shrink is applied directly over granular samples, regardless of whether the sample is a plug or 
whole core. Often it is assumed that the cutting, handling and preservation of the core leaves a clean 
unaltered surface with sample properties the same as the interior. However for very low permeability 
samples the rugosities of the surface against the heat shrink may create preferential pathways. While at 
very high confining pressures these may be closed off, for the experiments on low permeability whole-
core samples, these pathways may be material. For the whole-core sample, the only way to be sure that 
fluid passes relatively evenly through the sample is to bond the sample directly into the core holder (i.e. 
no heat shrink). Simultaneously measuring formation resistivity and effluent water resistivity is in fact one 
of the few methods for establishing that the introduced fluid has indeed completely saturated the sample.   

9. Type and quality of electrical wireline logs.  Electrical wireline logs have been collected Lake Preston 1 
(deep induction in 1973), Harvey 1, and Harvey 3. Mud invasion is a first-order consideration when 
assessing wireline electrical logs. Many electrical logs are acquired with parameters that have different 
depths of investigation. The intent is that parameters set for greatest depth of penetration will see beyond 
the mud invasion or at least permit calculations to be made to recover true formation resistivity. For the 
Harvey 3 well, there is strong evidence for mud invasion. From the HACRt™, five radial focus depths were 
available with 2 feet vertical resolution. In the small diameter lower open hole interval there was a 
significant difference between the RT10 and RT90 (90 inch radial focal depth) borehole compensated 
resistivity logs (e.g. differences of greater that 50%). We consider possible methods for estimating bounds 
on water and formation resistivity from these logs. 

10. Porosity estimates -Porosity is a strong driver for formation resistivity. In the Wonnerup Mbr, there is a 
clear reduction in porosity and associated increase in electrical resistivity. Formation factor must also 
increase as porosity decreases. The focus of the current analysis is on sandstones proximal to the interface 
between the Yalgorup and Wonnerup Mbrs. 

11. Formation factor – general - We determine formation factor from measurements. It is the ratio of 
measured whole core resistivity to effluent water resistivity. To some extent, effective pressure, fluid 
chemistry and temperature will impact on the formation factor for sandstones. For a water-saturated 
homogenous quartz sandstone with a grain supported matrix, formation factor is relatively uniform for 
changes in water chemistry, effective pressure and temperature. For shaly sands or carbonates an 
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apparent formation factor can be calculated. Here fluid chemistry and temperature may have a significant 
impact on the ratio of formation resistivity to water resistivity for the same rock. 

12. Formation factor from laboratory measurements - For laboratory measurements values for formation 
factor range from 10 to over 20. The highest formation factor was measured in what appear to be the 
lowest permeability sample (Sample 18) and a lower formation factor of close to 10 were recovered for 
Yalgorup Sample 16 and Wonnerup Sample 22.  A table is generated showing formation factor for all whole 
core samples tested. 

13. Fault compartmentalisation - Compartmentalisation refers to material differences in large-scale 
hydraulics and/or chemistry across stratigraphic boundaries and/or major faults.  A close comparison of 
natural gamma (total counts, Potassium, and Thorium) was made across the interface between Yalgorup 
and Wonnerup Mbrs for drillholes Harvey 1 and Harvey 3. In particular we compare the first clear interval 
of sandstone above and below this interface. We find that natural gamma in these sandstone intervals for 
Harvey 1 and Harvey 3 are similar. For Harvey 1 we also note that wireline resistivity (i.e. the MLRC4 deep 
Laterolog) in sandstones above and below the interface between Yalgorup and Wonnerup Mbrs is similar 
with resistivity slightly higher in the upper part of the Wonnerup Mbr. Mineralogical studies from Harvey 
3 suggest the presence of high cation exchange capacity (CEC) montmorillonite in the Yalgorup Mbr and 
this may explain slightly elevated conductivity rather than elevated solute concentration. Petrophysical 
differences (natural gamma and electrical resistivity) in the first sandstones each side of the Yalgorup-
Wonnerup interface in Harvey 1 and Harvey 3 appear to be relatively small. Here we must acknowledge 
the uncertainty and potential role of heavy KCl mud invasion when estimating formation resistivity from 
wire line logs in both Harvey 1 and Harvey 3.   

14. Formation factor estimates from Harvey 3 - Array induction logs - Formation invasion by high-salinity 
muds can occur during drilling. In this case, interpretation of resistivity logs is challenging. However, it may 
also present opportunities to speculate on electrical properties of the formation. For the depth interval 
1462 to 1550 m, drilling was completed with a relatively small 3.9 inch bit. For this interval, a comparison 
of Halliburton compensated array resistivity tool (HACRt™) RT10, RT20, RT30, RT60 and RT90 logs indicates 
a significant increase in resistivity from RT10 to RT90. Drilling details put mud resistivity at 0.08 Ω m at 
bottom-hole temperatures. Heavy KCl based muds are likely these have invaded the sandstone formation. 
If the near-well resistivity is dominated by drilling muds at 0.08 Ω m, then it may be possible to establish a 
lower limit on what the formation factor can be with the RT10 wireline log. Rather than providing a value 
for formation factor, this process yields a lower limit on what the formation factor might be. This is found 
to be between 10 and 20 which is within the range obtained from laboratory measurements for the three 
Wonnerup whole core samples. The lower limit on formation factor can inform estimates of formation 
water resistivity from the deep-penetrating RT90 log. That is, if wireline logs have been drill hole 
compensated, then the resistivity for RT10 will tend to be more representative of the formation resistivity 
close the hole (mud-invaded zone) while RT90 will tend to be more representative of ‘far’ resistivity 
indicative of true formation resistivity (beyond the mud invaded zone). If resistivity for RT90 is significantly 
greater than RT10 then it may be reasonable to suggest that the formation water resistivity is greater than 
0.08 Ω m by at least the same proportion that RT90 is greater than RT10. For the lower interval (1462 to 
1550 m) this places the water resistivity at between 40 and 100 percent greater than mud resistivity, which 
translates roughly to between 0.125 and 0.175 Ω m. After bottom-hole temperature of above 50 °C is 
taken into consideration this approximates to a formation water salinity of between 25 and 45 g/L for the 
upper most part of the Wonnerup Mbr.  

15. Comparison of resistivity across the F1 fault: It is worth noting that the deep induction log resistivity in 
upper part of the Wonnerup Mbr in the Lake Preston 1 drillhole are generally higher than those measured 
in the upper part of the Wonnerup in Harvey 3 (i.e. RT90 below 1462m). Assuming these deep induction 
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logs broadly represent true formation resistivity, this difference points toward compartmentalisation 
across the F1 fault.  

16. Comparison of salinity in Harvey 1, Harvey 3 and along Harvey line of hydrogeological wells The solute 
concentration from a transect of hydrogeological wells approximately 5 km to the north of Harvey 1 
indicate salinity of close to 25 g/L at approximately 700 m below ground level (see Deeney, 1989b). 
Measured salinity from the hydrogeological wells tend to be reliable as samples are collected over short 
screened intervals after hydraulic testing or after pumping at least 6 casing volumes out of the well 
(standard procedure). The above suggests that the salinity gradient with depth between 700 m to the top 
of the Wonnerup Mbr at Harvey 1 and Harvey 3 may not be great. Although many assumptions are 
required, analysis of resistivity logs points to salinities being less than 45g/L towards the higher 
permeability/porosity uppermost zone the Wonnerup Mbr. At this stage a negligible gradient or even a 
small reversal in the salinity gradient within sandstones from lower part of the Yalgorup and upper part of 
the Wonnerup Mbr seem possible. Only direct sampling of uncontaminated formation water from 
sandstones on each side of the interface between the Yalgorup and Wonnerup Mbrs can provide definitive 
answers to these questions. 

2.7 Conclusions 

For laboratory measurements values for formation factor of six whole cores from the Yalgorup and the 
Wonnerup Mbrs near the contact, range from 10 to over 20. The highest formation factor was measured in 
what appear to be the lowest permeability sample and a lower formation factor of close to 10 were recovered 
for Yalgorup Sample 16 and Wonnerup Sample 22.   

Compartmentalisation refers to material differences in large-scale hydraulics and/or chemistry across 
stratigraphic boundaries and/or major faults.  For Harvey 1 we saw that wireline resistivity logs above and 
below the Wonnerup-Yalgorup interface are similar, with the resistivity slightly higher in the upper part of 
the Wonnerup Mbr. Mineralogical studies from Harvey 3 suggest the presence of high cation exchange 
capacity (CEC) montmorillonite in the Yalgorup Mbr and this may explain the slightly elevated conductivity 
rather than elevated solute concentration.  

While petrophysical differences in sandstones across the Yalgorup-Wonnerup interface in Harvey 1 and 
Harvey 3 appear to be small, far more significant differences appear to exist between the wireline logs and 
those from the Lake Preston 1 well, 13 km away on the west of Harvey-1, separated by the F1 fault (Langhi 
et al., 2013). This large difference may point to more significant compartmentalisation across the F1 fault 
although it should be noted that logs for Lake Preston 1 were acquired in 1973.   

Formation invasion by high-salinity muds can occur during drilling. In this case, the interpretation of resistivity 
logs is challenging. However, it may also present opportunities to speculate on the electrical properties of 
the formation. For the depth interval 1462 to 1550 m, the compensated array resistivity tool indicates a 
significant increase in resistivity from RT10 to RT90. If the near-well resistivity is dominated by drilling muds 
at 0.08 Ω m, then it may be possible to establish a lower limit on what the formation factor can be with the 
RT10 wireline log. Rather than providing a value for the formation factor, this process yields a lower limit on 
what it might be. This is found to be between 10 and 20 which is within the range obtained from laboratory 
measurements for the three Wonnerup whole core samples. The lower limit on formation factor can inform 
estimates of formation water resistivity from the deep-penetrating RT90 log. That is, if wireline logs have 
been drill hole compensated, then the resistivity for RT10 will tend to be more representative of the 
formation resistivity close the hole (mud-invaded zone) while RT90 will tend to be more representative of 
‘far’ resistivity indicative of true formation resistivity (beyond the mud invaded zone). If resistivity for RT90 
is significantly greater than RT10 then it may be reasonable to suggest that the formation water resistivity is 
greater than 0.08 Ω m by at least the same proportion that RT90 is greater than RT10. For the lower interval 
(1462 to 1550 m) this places the water resistivity at between 40 and 100 percent greater than mud resistivity, 
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which translates roughly to between 0.125 and 0.175 Ω m. After bottom-hole temperature of above 50 °C is 
taken into consideration this indicates to a formation water salinity of between 25 and 45 g/L for the upper 
most part of the Wonnerup Mbr. 
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3 Fluid inclusion of sand bodies in the Yalgorup 
Mbr 

3.1 Methodologies and sample selection 

This part is based on an analytical approach aimed at deriving the paleo-salinity of the formation water 
experienced, as determined from sandstone samples from sand bodies present in the Yalgorup Mbr in the 
subsurface of the South West Hub Region. This part reports the methods used for deriving salinities and 
temperature of fluid inclusions and also of the microscopy techniques and microanalysis used to reach 
interpretations. 

3.1.1 Optical and scanning electron microscopy (SEM) 

Polished, resin impregnated thin sections were imaged in plane and cross polarised transmitted light using a 
Zeiss Axio Imager petrographic microscope. Automated stage movement allowed collecting mosaics of whole 
this sections at a pixel resolution of ∼ 2 µm using a 2.5X magnification objective. Whole section mosaics are 
then used to study microstructural features in the rocks and identify regions of interest for further analysis 
via SEM. 

A Philips XL 40 scanning electron microscope (SEM) fitted with a Bruker 30mm XFlash SDD (silicon drift 
detector) was used to visualize the microstructure and acquire elemental maps from the surface of polished, 
non-impregnated samples Images were collected in back scattered electron (BSE) mode where the bit depth 
of the images expressed in grey levels is related to the atomic number (Z) of the material such that minerals 
characterized by low Z appear dark and minerals with high Z are bright. Large areas were mapped at high 
resolution by collecting a matrix of images each having a size of 1600 by 1381 pixels with pixel size of 1.46 
µm. During acquisition, operating conditions of SEM were as follows: 30 KV acceleration voltage; 12.6 mm 
working distance; 100 X magnification; the energy dispersive detector was set to acquire X-ray with energy 
up to 20 KeV at a maximum rate of 130 Kcps. 

Thin sections were also analysed using a Tescan Integrated Mineral Analyser (TIMA) which is installed on a 
Tescan Mira3 Field Emission gun Scanning Electron Microscope. Data was collected at 25 kV and 6 nA using 
a high resolution mapping procedure to collect BSE and an energy-dispersive X-ray spectrum (EDS) from each 
pixel at spacing of about 6 micrometres. The resulting data was processed to produce (SEM-EDS) mineral 
maps and mineral abundance information.  

3.1.2 Fluid inclusions 

The diagenetic fluid inclusions trapped in cements (quartz, feldspar, carbonates) or in diagenetic fractures 
through grains represent mineral enclosed palaeo-fluids and can be observed using an optical microscope. 
Their chemical composition such as salinity and gas content are fingerprints of the palaeo-formation water 
and represent the physical conditions at entrapment (see Roedder, 1984; Goldstein and Reynolds, 1994). The 
fluid inclusion chambers are with fixed volumes and therefore their densities are constant, identical to the 
density of the ambient pore fluid at trapping. The microthermometry technique consists of observing fluid 
phases and measuring the temperatures of phase transitions (freezing, melting, homogenising…) in fluid 
inclusions. The phase arrangements within a fluid inclusion changes with temperature (Figure 43) and, 
crossing a phase boundary, an observable phase transition takes place and a temperature can be recorded.  
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In this work, the homogenisation temperature (Th) corresponds to the disappearance of a contraction bubble 
in the liquid water upon heating. During heating from room temperature, the bubble decreases in size and 
disappears completely at Th. Considering the initial entrapment of water as a homogeneous liquid phase, this 
temperature also corresponds to the minimum temperature of trapping. The pressure within the inclusions 
changes with changing temperature, following an isochore (or iso-density curve) (Figure 42, Figure 43). The 
path between homogenisation conditions and the trapping conditions consists of the isochore line and is 
calculated using the model of Zhang and Frantz (1987) based on the salinity and temperature data. Without 
a specific burial history curve, the pressure and temperature conditions of trapping are estimated at the cross 
point between the isochore and the geothermal gradient assuming hydrostatic conditions (Figure 42). 

 

 

Figure 43 Cycling method for measuring Tm ice and deriving salinity and homogenisation temperature of water 
inclusions. 

Upon cooling from the Th to laboratory conditions, the bubble usually nucleates at several degrees to some 
tens of degrees below the Th (Figure 44). This metastable behaviour is well described by Roedder (1984) 
and Qiu et al. (2016) as due to the ability of water to stretch. There is a critical size of the bubble to 
nucleate and the absence of the bubble is compensated by the stretching ability of water, creating negative 
pressure within the inclusion. 

When water inclusions are formed at shallow depths, the densities of the trapped fluids are high and this is 
expressed by low Th values of the water inclusions formed. At room temperature, those inclusions often 
present a metastable behaviour, they can be observed as only filled by super-stretched liquid water, and 
typically have no contraction bubble (Figure 45). A bubble may sometimes nucleate during cooling the 
inclusion (Figure 44C). If a bubble does not nucleate (Figure 44B and D), a Th cannot be recorded. In order to 
be able to derive a Th from those inclusions, we used ultrashort laser pulses (Krüger et al., 2007) at Bern 
University (Switzerland) to stimulate bubble nucleation in the metastable liquid, a precondition for 
subsequent measurements of the liquid-vapour homogenisation temperature. 
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Figure 44. Left: phase diagram of H2O in pressure-temperature (PT) space. Right: phase diagram of H2O showing the 
existence of metastablility state of liquid water in fluid inclusions (modified from Qiu et al., 2016). The superstretched 
water domain is the PT area limited by spontaneous bubble nucleation boundary (grey area) and the bubble point 
curve (liquid-vapour equilibrium, L-V). The supercooled water domain is the PT area limited by the ice nucleation 
(grey area) and the ice liquidus (L+S). The dotted lines represent the liquid-vapour and liquid-ice equilibrium curves 
extended into the supercooled and superstretched regions respectively. Liquid–vapour homogenisation into liquid (L 
+ V → L), final ice melting (L + V + S → L + V). 

 

Figure 45. A-D: Four conceptual cases of pressure-temperature paths of water inclusions during microthermometric 
treatment in a phase diagram of H2O showing the existence of the metastability state of liquid water (modified from 
Qiu et al., 2016). Red and blue arrows correspond to the PT path of the water within the inclusion during heating and 
cooling respectively. A: water inclusion behaviour showing both measurable Th and Tm ice. B and C: water inclusion 
with measurable Th and metastability behaviour at low temperature. In the B case the bubble nucleates when ice 
melts in the inclusion during the heating process. In C, the bubble nucleates spontaneously during cooling of the liquid 
water at temperatures above 0°C. D: water inclusion presenting metastability behaviour at low and high temperature 
preventing the measurements of Th and Tm ice. 
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Figure 46 Petrographic imaging from Harvey-3A at 1179.50 mRT. A. Back-scattered scanning electron microscopy 
(SEM-BSE) image showing quartz grains with quartz overgrowth cement (Qo) and kaolinite (Kaol); B. The same view 
than image A using cathodoluminescence scanning electron microscopy (SEM-CL); C-D: The same view than image A 
and B using transmission optical microscopy pictures showing monophasic water inclusions (yellow arrows) at the 
quartz-overgrowth boundary (Qo), the red rectangle on D represents the detail image C location. 

Due to the metastability issue of the water inclusions at low temperature, the microthermometry technique 
for deriving salinity was not providing results. Salinity of water inclusions were measured using Raman 
spectroscopy (Georgiev et al., 1984; Mernagh & Wilde, 1989; Dubessy et al., 2002; Baumgartner & Bakker, 
2009; Sun et al., 2010). Raman spectroscopy offers an alternative and non-destructive method to quantify 
the salinity of metastable water inclusions that do not provide reliable Tm ice using the microthermometric 
method. In quartz, the mineral changes the polarization state of the incident laser and of the Raman light 
(Dubessy et al., 2002; Baumgartner & Bakker, 2009; Sun et al., 2010) and to compensate for this the quartz 
host mineral must be optimally aligned relative to the polarization state of the laser (Dubessy et al., 2002; 
Baumgartner & Bakker). The salinity was derived from the raman spectrum of water using a calibration on 
saline solutions (Figure 46). A derivative function was fitted between 3360 and 3460 cm-1 to calculate the 
position (in cm-1) of the maximum Raman spectral intensity (ωmax). A first order function was also fitted 
between 3248 and 3280 cm-1 to calculate the intensity value at 3260 cm-1 and to derive a ratio (I3260/Imax) of 
the Raman signal intensity at 3260 cm-1 compared to the maximum Raman intensity. More details on the 
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calibration in given in Bourdet and Kempton (2014). The reproducibility using this technique on solutions is 
below 2000 ppm and is 5000 ppm (0.5 wt%) on synthetic inclusions in quartz. 

 

 

Figure 47 Calibration of saline solutions: (A) plots the band position of maximum intensity; (B) plots the ratios of the 
intensity at 3260 cm-1 to the maximum Raman band intensity of the solutions (I3260/Imax) and the corresponding 
salinity. The lines are the graphical representations of the equations. 

3.1.3 Sample preparation and equipment 

For fluid inclusion analysis, the samples were prepared as double polished 100 µm thick sections glued on a 
petrographic glass slide using acetone-dissolvable superglue. While still glued on the glass slides, the rock 
wafers were cut in 5 mm squares using a diamond saw fitted to a Dremel drill. Separation of the double 
polished sections from the glass was performed by a three hours acetone bath. Each wafer square surface 
was then carefully cleaned using methanol and optical tissues. 

The microthermometry technique is performed using a standard transmitted light petrographic microscope 
with Linkam MDS600 heating-freezing stage and T95 controller connected to a LNP95 cooling system. The 
stage was calibrated using final ice melting temperatures of H2O-NaCl synthetic inclusions in quartz of known 
salinities at 100 ppm and 30,000 ppm. The precision and accuracy on temperature measurements is ± 0.1°C. 

The Raman spectrometer is a Horiba LabRam HR Evolution using a 532 nm single frequency 100 mW diode 
laser, providing 12 mW at the focus point through a 100X objective. Grating settings were 600 groves/mm 
for salinity measurements and 1800 groves/mm for gas detection. The signal was collected using a 1024x256 
pixels Peltier cooled CCD Synapse detector, sensitive in the 300-1050 nm range. 
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An amplified femtosecond laser system (Coherent) at University of Bern (Switzerland) was used to stimulate 
vapour bubble nucleation in the metastable liquid state of the inclusions by means of single ultrashort laser 
pulses. For a detailed description of the setup we refer to Krüger et al. (2007). 

3.1.4 Sampling strategy and selection 

Six samples of sandstone were selected In the Yalgorup Mbr at Harvey 3. The choices of samples relied on 
the presence of reported quartz overgrowth or calcite in the petrographic core description using the SCAL 
report from CoreLab. Matrix-poor, medium and coarse grained sandstones were preferred for their ability to 
host both thick cement overgrowths and pervasive pore-filling cements. Another criteria was to test several 
sands that could possibly be part of different compartments. Figure 47 shows pictures of the cores and the 
location of the samples along the NPHI log that highlights in yellow the area with low NPHI value and in dark 
blue area with elevated NPHI value. Low NPHI are likely sands while high NPHI are barriers. 

 

 

Figure 48. Location of the samples used for fluid inclusion measurements in the Yalgorup Mbr on the neutron log and 
the clay zones (left) (see Part 1) and on the core pictures (right). The log shows for NPHI values >0.36 decp as a blue 
horizon that symbolise a floodplain claystone. The 3D seismic line (DMPWA 2013 Harvey-Waroona 3D seismic survey) 
is also displayed as a visual assessment of the relationship between highs and lows of the neutron and locations of 
the main seismic reflectors.  
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3.2 Results and interpretations 

3.2.1 Microscopy SEM and SEM-EDS mapping 

The sandstones have medium to coarse grain size containing primarily quartz and feldspar. The feldspar 
contents vary between samples and the deepest samples at 1337.9m and 1249.3 m are the richest, 
containing over 25 wt% of feldspar including 7 wt% of albite (Na-feldspar) and 18 wt% of microcline (K-
feldspar). Those two sandstones are classified as arkose (Folk, 1954). The samples from 919.12 m and 991.1 
m contain 14 wt% and 12 wt% of microcline respectively and are classified as subarkose (Folk, 1954) while 
the sample from 1179.5 m has only 2% of microcline and is classified as a quartzarenite. 

The SEM and SEM-CL inspection showed that the sample from 1179.70 m contains an abundant amount of 
quartz overgrowth around the grains. The samples from 919.12 m and 991.10 m contain low to negligible 
amounts of quartz overgrowth, respectively. However, the samples from 1249.30 m and 1337.90 m did not 
show any quartz overgrowth around the grains. Some rare fractures through quartz grains, either inherited 
from compaction stress or from other tectonic stress, are cemented with quartz. 

The SEM inspection also revealed the presence of clay coating, or cutanes, around the grains, especially at 
1249.30 m, 1337.90 m and 991.10 m. The SEM-EDS showed that their mineralogical nature is illitic, but are 
likely to be mixed layer illite/smectite clays. Kaolinite was found to be low, in the range of 0.2 to 2 wt%. Fe-
chlorite such as chamosite and berthierine were detected at trace content in 919.12m, 991.10 m and 1179.5 
m. 

Table 14 provides some of the petrophysical properties of the sandstones used for fluid inclusion 
measurements. The petrophyical properties are from the logs, shifted by -0.8 m relative to the core depth 
and from SCAL (828.8 m from core depth correspond to 828.0 m from logs). The fluid inclusion samples were 
taken near the samples used for SCAL. The lowest GR measured at 1179.70 m is consitent with the lowest 
feldspar content. SEM-EDS data presented in Part 1 shows potassium (K) bearing minerals such as microcline, 
biotite, muscovite and illite. Their contents are well corelated with the GR, apart from the sample at 919.12 
that has an elevated GR that cannot be explained by the K-bearing mineral only or other thorium and uranium 
bearing minerals. Organic matter content is possibly the cause of the elevated GR for this sample. 

The porosities of the sandstones are ranging from 29.3% and 21.6% while the permabilities vary more widely 
from 11 mD to more than 6D. The quartz grain size, compaction and clay content are generally similar 
between those samples and the large difference in permeability must have another origin. It is likely that the 
cutanes (clay coating) are playing a critical role in the permability properties. Cutanes have been reported as 
the product of early mechanical infiltration developed in an arid/semi-arid environment where the low water 
table allowed muddy waters of episodic runoff to infiltrate through the coarse alluvium, concentrating the 
clays in the upper phreatic zone (Moraes and De Ros, 1990). 
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Table 14. Petrophysic properties of the sandstones in Harvey 3 used for fluid inclusion analysis. The porosity, 
permeability (Kair under confining stress of 1250 psi) and grain density are SCAL data from DMP measured by 

Corelab. 

Depth 
(mRT) 

GR 
(API) 

RHOB 
density 
(g/cc) 

NPHI 
(decp) 

K 
(mD) 

air 

Φ 
(%) 

Grain 
density 
(g/cc) 

919.00 111 2.28 0.25 6610 28.3 2.63 

991.00 78 2.44 0.37 1890 29.3 2.66 

1179.70 52 2.38 0.33 928 27.5 2.65 

1250.50 83 2.25 0.28 183 21.6 2.70 

1337.00 81 2.36 0.27 11 22.9 2.61 

3.2.2 Fluid inclusions 

Water inclusions were observed in quartz cement either present as a rim of overgrowth around quartz grains 
(1179.5 m, 919.12 m and 991.1 m) or as fracture-fill cement. (1337.9 m). The sample from 1249.3 m did not 
show enough quartz cement as overgrowth or fracture-fill cement to provide exploitable diagenetic fluid 
inclusions. In relation with the quartz overgrowth cementation, the water inclusions petrographic positions 
are essentially at the quart-overgrowth boundary although some of them were trapped within the quartz 
overgrowth itself. At 1337.90 m, the water inclusions are trapped at the boundary between quartz grain and 
fracture-fill cement, or within fracture-fill cement. 

Salinities 

With marginal exceptions, in all samples, the water inclusions do not present contraction bubbles at room 
temperature which prevents the measurement of the salinity and temperature of homogenisation using the 
conventional microthermometric technique. The salinities were derived using Raman spectroscopy which 
provided values ranging from below 5000 ppm (fresh water) to over 160,000 ppm but most of the salinities 
were in a narrower range of 25,000-55,000 ppm (Figure 48). The salinity error using the spectroscopic method 
is below 2000 ppm on calibration solutions and 5000 ppm on calibration inclusions in quartz. The salinity 
range is different between samples, for instance the sands at 991.1 m have the widest range between 8,000 
ppm to over 160,000 ppm while the sands above and below have a narrow range of salinity values between 
34,000 and 52,000 ppm at 919.10 m and between 26,000 and 44,000 ppm at 1179.50. Salinity below 20,000 
ppm were measured in the samples from 991.10 m, 1313.00 m and 1337.90 m, while a salinity less than 5000 
ppm was measured in the sample from 1337.90 m only. 

Overall, comparing the paleo-salinity data between the Wonnerup Mbr and the Yalgorup Mbr, the paleo-
salinities in the Yalgorup Mbr seems to be slightly skewed towards the higher values. The error on the salinity 
derivation alone is not sufficient to explain the differences in salinity observed between the two Members of 
the Lesueur Sandstone. 
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Temperatures 

Temperature measurements were only acquired by stimulation of the bubble nucleation using a femto-
second laser to overcome the metastable state of the water in the inclusions. Temperature data were only 
acquired in samples at 919.12 m, 1179.50 m and 1313.00 m. The temperature measured are ranging from 
39°C to 107°C with most of the values below 55°C (Figure 48). 

The Th values should be considered as minimum trapping temperatures and the values need to be corrected 
to estimate the true trapping temperature. Raman spectroscopy indicated that no dissolved gas such as CH4, 
CO2 or H2S could be detected in the vapour phase of the water inclusions. Consequently, we calculated the 
isochores of the water inclusions for the system H2O-NaCl (Zhang and Frantz, 1987) and, considering the local 
geothermal gradient (Figure 49) based on Bottom Hole Temperatures of Harvey 1, Harvey 4, Lake Preston 1 
and Pinjarra 1, we estimate the following temperature corrections: 

For a Th of 50°C, the temperature correction is 9°C, the true trapping temperature is 59°C; 

For a Th of 80°C, the temperature correction is about 20°C, the true trapping temperature is 100°C. 

As shown in Figure 49, most of the Th of the water inclusions in quartz are compatible with current day 
conditions. Deeper burial conditions relative to the current depth can be interpreted from the fluid inclusions 
with Th around 60 °C corresponding to an additional 1300 m compared to the current depth, consistent with 
the results of the Wonnerup Mbr described in Delle Piane et al. (2017). Two water inclusions present high Th 
that would reflect even deeper burial. However, we suspect that those high Th values are generated by 
overheating the inclusions beyond their lower original Th (see discussion about re-equilibration of water 
inclusions in Roedder et al., 1984). By plotting the salinity and temperature data in a cross-plot (Figure 50), 
the water inclusion data from the Yalgorup Mbr sit tightly in a low temperature / high salinity area of the 
graph compared to the data from the Wonnerup Mbr which show a wider distribution of salinity and 
temperature. The distinction of the petrographic location of the fluid inclusions to constrain the relative 
timing of the water entrapment suggests that the salinities of the latest inclusions (WQO) at 919m and 1179 
m are in the range 40,000 to 45,000 pm. It also appears that the fluid entrapment in fractures-fill cement in 
the samples 1313 .00 and 1337.90 m enclosed paleo-waters of very variable salinities. Those inclusions have 
some similarities with the fluid inclusions measured in the Wonnerup Mbr samples and a possible 
interpretation is that some fluids moved from the Wonnerup Mbr into the deeper part of the Yalgorup Mbr, 
at Harvey 3. The petrographic location of those fluid inclusions in fracture-fill cement is consistent with a 
tectonic stress facilitating the ingression of palaeo-formation water from the Wonnerup Mbr in the Yalgorup 
Mbr sands. 

Comparing the data from the samples from the Wonnerup and the Yalgorup Mbrs (Figure 48), the 
temperatures histograms present an obvious shift to the lower values in the Yalgorup Mbr. It should be noted 
that the bubble nucleation treatment using femto-second laser stimulation was also applied to the samples 
from the Wonnerup Mbr. Lower temperatures in the Yalgorup Mbr sands is consistent with their shallower 
depth. However the general lower temperature range of the samples overall in the Yalgorup compared to 
the Wonnerup suggest small fluid convection cells in the Yalgorup compared to the Wonnerup sands. This 
broad result supports the hypothesis of some disconnection between sands in the Yalgorup Mbr and a better 
connectivity between the deeper and shallower sands within the Wonnerup. 
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Figure 49. Salinity and temperature histograms of water inclusions in quartz cement in sandstone from the Yalgorup 
Mbr (top, this work) and in the Wonnerup Mbr (bottom, previous work). 

 

 

Figure 50. Pressure temperature diagram showing series of isochores with 10°C interval, between 40 to 120°C. The 
salinity range has negligible impact on the isochore slop and the isochores here were calculated using 40,000ppm. 
The Th histogram of the water inclusions in quartz cements in sands in the Yalgorup Mbr is positioned on the 
temperature axis. The majority of the data are compatible with current day temperatures and at the exception of 
two data points, the higher temperature data are compatible with a deeper burial of about 1300 m.  
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Figure 51 Top: Salinity and temperature cross-plots of water inclusions in quartz cement in sandstone from the 
Yalgorup Mbr (solid points) showing the data from the previous work on the Wonnerup Mbr (greyed points) for 
comparison, with detail cross-plots for different petrographic locations. Bottom: Harvey 3 fluid inclusion salinity 
data along a depth profile, showing the NPHI log where the lows are sand horizons. 
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3.3 Conclusions 

Fluid inclusions 

The fluid inclusion data in the quartz cements from sandstone horizons at different depth in the Yalgorup 
Mbr at Harvey 3 indicate that the salinity of the paleo-formation water have not been always the same over 
the geological time. The fluid inclusion data generally showed low temperatures and high salinities compared 
to the data from the Wonnerup Mbr. In fact, a range of salinities have been derived in the Yalgorup sands, 
which are ranging from 5000 ppm to over 160,000ppm. While such a range seems at first glance surprising, 
we believe that high palaeo-salinities are inherited from salt concentrations due to evaporation that took 
place in the floodplain sedimentary palaeo-environment. 

The distinction of the petrographic location of the fluid inclusions to constrain the relative timing of the water 
entrapment suggests that the salinities of the latest inclusions at 919m and 1179 m are in the range 40,000 
to 45,000 pm. It also appears that the fluid entrapment in fractures-fill cement in the samples 1313.00 and 
1337.90 m enclosed paleo-waters of very variable salinity. Those inclusions have some similarities with the 
fluid inclusions measured in the Wonnerup Mbr samples and a possible interpretation is that those fluids 
migrated from the Wonnerup Mbr. Their petrographic location as fracture-fill cement is consistent with an 
episode of tectonic stress facilitating the ingression of Wonnerup palaeo-formation water into the Yalgorup 
Mbr sands. 

Compartmentalisation in the Yalgorup Mbr 

Overall the fluid inclusion data or the experimental resistivity data do not indicate a significant salinity 
contrast between the sandstones of the Wonnerup and the Yalgorup Mbrs. Interpretations of paleo-salinities 
of the formation waters trapped as fluid inclusion in quartz cements points towards an equilibration of the 
salinities measured at varied depth in the sandstones of the Wonnerup and the Yalgorup Mbrs. A salinity of 
45,000 ppm or 45g/L for the Yalgorup Mbr is considered as the best estimation for the current formation 
water. The interpreted most recent trapped paleo-formation waters are more elevated in the Yalgorup 
compared to the Wonnerup Mbrs and this can be inherited from evaporation of water in the floodplain at 
the time of the sediment deposition of the Yalgorup Mbr. The interpretation of resistivity logs and 
comparison with the experimental approach deliver an estimation of the formation water salinity of between 
25 and 45 g/L for the upper most part of the Wonnerup Mbr. This is consistent with recent fluid inclusion 
data acquired in sandstones from the Wonnerup Mbr (Delle Piane et al., 2017). Interpretation of the salinity 
contrast depends on the resolution of the method to derive salinity. For fluid inclusion data, considering 
twice the method error, a significant contrast between two adjacent points would of 10,000 ppm and above, 
assuming the fluid inclusions are contemporaneous. The Project 7-0115-0240 “The Lesueur: Deposition, 
Rocks, Facies, Properties” investigated fluid inclusions in quartz cement using the same technics in samples 
from the Wonnerup Mbr and generally those have salinities below 35,000 ppm. A salinity contrast of 10,000 
ppm seem reasonable to interpret between the sands in the two Lesueur Sandstone Members. This contrast 
has been reducing over geological time. 

The experimental resistivity data showed that at this stage a negligible gradient or even a small reversal in 
the salinity gradient within sandstones from lower part of the Yalgorup and upper part of the Wonnerup Mbr 
seem possible. As such, the data are not consistent with a ‘static seal’ between the sands of the Wonnerup 
Mbr and those of the Yalgorup Mbr, completely withholding fluid over geological time following the 
definition of Jolley et al. (2010). However, we believe in the existence of that a small salinity gradient from 
the Yalgorup to the Wonnerup, consistent with a ‘dynamic seals’ due to low to very low permeability flow 
baffles that reduce fluid cross-flow to infinitesimally slow rates. Only direct sampling of uncontaminated 
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formation water from sandstones on each side of the interface between the Yalgorup and Wonnerup Mbrs 
can provide definitive answers to the compartmentalisation questions. 
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A.5 Appendix: Harvey 3 well completion schematic and well 
correlations 
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A.6 Appendix: Detailed photographic images of all samples tested for 
Experimental electrical resistivity  

Detailed photographic images of all samples tested are included. These provide a record of the key 
features of each sandstone sample. All samples are approximately 20 cm in length and have a 
diameter of 10.2 cm. Scale divisions on magnified images represent 1 millimetre. Sample were 
selected to represent a range of sandstones within the Yalgorup and Wonnerup Mbrs. These 
samples are taken from close to the interface between Yalgorup and Wonnerup Mbrs. Note that 
properties of the Wonnerup Mbr, in particular, change considerably with depth.   
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Yalgorup Sample 19-2 (1320.88 to 1321.08 m) 

 

 

 
Photographic record of Yalgorup Sample 19-2 (1320.88 - 1321.08 m) from Harvey-3, the sample is poorly-sorted 
and relatively heterogeneous 
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Yalgorup Sample 18 (1375.59 to 1375.79 m) 

 

 
 

Photographic record of Yalgorup sample 18 (1375.59 to 1375.79 m) from Harvey-3, the sample is poorly-sorted, 
highly-cemented and likely to be exceedingly low permeability  
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Yalgorup Sample 16 (1396.49 to 1396.69 m) 

 

 

 
Photographic record of Yalgorup Sample 16 (1396.49 to 1396.69 m) from Harvey-3, compared to Samples 19-2 and 
18, Sample 16 grain size is smaller and more uniform  
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Wonnerup Sample 22 (1427.96 to 1428.16 m) 

 

 
Photographic record of Wonnerup Sample 22 (1427.96 to 1428.16 m) from Harvey-3 
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Wonnerup Sample 20 (1441.10 to 1441.30 m) 

 

 
 
Photographic record of Wonnerup Sample 20 (1441.10 to 1441.30 m) from Harvey-3 
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Wonnerup Sample 23 (1460.49 to 1460.69 m) 

 

 
  
Photographic record of Wonnerup Sample 23 (1460.49 to 1460.69 m) from Harvey-3 
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Part 3 Chemical and 
geomechanical 
reactivity to CO2 of 
samples from the 
Yalgorup Mbr at 
Harvey 3 
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4 Chemical reactivity of core samples from the 
Yalgorup Member and the basal Eneabba 
Formation to CO2 

Contributors: Julien Bourdet1, Claudio Delle Piane1, Stephanie Vialle2, Emad Al-Khdheeawi, Belinda Godel1, 
Ryan Noble1, Michael Verrall1, Lionel Esteban1, Ali Saeedi2 

1 CSIRO 

2 Curtin University 

Summary 

This study aimed at (1) investigating the effect of CO2 dissolved in the formation brine on the rocks composing 
the Yalgorup Mbr; and (2) assessing the impact of dry scCO2 on some properties of the clay-rich horizons 
composing the low-permeability baffles. Two types of laboratory static ageing of core samples were 
performed under in situ pressure and temperature conditions (60°C and 150 bar, respectively) for a duration 
of 45 days: (1) a scCO2-brine-rock and (2) a scCO2-rock. The experimental work showed that the fluid-rock 
interactions led to modification of the existing mineral phases, without significant precipitation of new 
mineral phases, necessary for the mineral trapping of CO2. 

It appears clearly that the most significant and systematic change associated with ageing is the illitisation of 
microcline (K-feldspar). The illitised K-feldspar were observed in all samples and homogeneously throughout 
the samples. Calcite, present in low abundance in a limited number of samples, was clearly dissolved in one 
case but seems to have been preserved in another. It was concluded that the dissolution of calcite played a 
key role in the increase of porosity and permeability in one sample. The experiments also clearly showed that 
the samples with abundant mixed layer illite/smectite experienced a partial or total loss of mechanical 
integrity after ageing. The evaluation of the effect of ageing on porosity and permeability was limited by this 
loss of integrity of the samples to be tested after CO2 ageing. On the other hand, small angle neutron 
scattering (SANS) turned out to be a suitable tool for the quantitative statistical analysis of the bulk pore 
structure of the intact clay-rich mudstones, and its changes with CO2-brine-rock interactions. Energy-
dispersive X-ray spectroscopy data of mixed layer I/S clays and the SANS data after ageing indicated a loss of 
hydrogen via a loss of hydroxide (OH) radicals in clays. 

A static geochemical model (PHREEQC 3.2.0) was developed and used to interpret the geochemical processes 
that occurred during the experiments ageing of the rock samples. The results showed a consistent general 
behaviour of the mineral assembly among the rock samples, irrespective of the facies: (1) a dissolution of the 
feldspar phases (microcline and albite) and of some clay phases, and (2) the precipitation of quartz and of 
more stable clay phases. The results were used to constrain a reactive transport model to test the evolution 
with time of two types of low-permeability baffles (paleosol and swamp facies) when interacting with CO2-
rich water. These numerical simulations showed that the changes with time predicted by the model were 
slower than the changes effectively measured in the experiments. The swamp facies showed decreasing 
porosity and permeability (improving sealing properties) while the paleosol facies showed increasing porosity 
and permeability (deteriorating sealing properties). A dry CO2-rock experiment was performed to test the 
effect of clays desiccation associated with the exposure of clay-rich samples to a dry and dense phase of 
scCO2 (testing for the injection within the Yalgorup Mbr). The nano-indentation technique showed that clay-
rich rock samples from different lithofacies became stiffer after ageing. We also found a systematic increase 
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in the water contact angle on clay-rich sample surfaces after ageing. This general loss of water affinity 
suggests that the CO2 breakthrough capillary pressures would decrease after the Yalgorup Mbr rock has been 
exposed to dry scCO2. This implies, based on this property, a reduced ability of the clay-rich rock to retain a 
CO2 column, and a reduced ability to residually trapped CO2. However, the presence of dry scCO2 in the 
Yalgorup Mbr seems only possible at first glance near an injection point of CO2, if CO2 were to be injected 
directly into the Yalgorup Mbr. 

4.1 Introduction 

The injection of a supercritical CO2 (scCO2) fluid phase in the sands of the Wonnerup Mbr will generate an 
increasing amount of CO2 dissolved in water. The clay-rich units of the Yalgorup Mbr may be in contact with 
of CO2-rich brine before being in contact with scCO2. This work aimed at investigating the effect of CO2 
dissolved in the brine on the rock of the Yalgorup Mbr and of dry scCO2 on some properties of clay-rich 
horizons constituting of low permeability baffles. Reciprocally of CO2 being dissolved in water, the water 
content of an initially dry phase of scCO2 injected into a water saturated formation will increase rapidly away 
from the injection well bore. Therefore, testing the effect of dry scCO2 on core samples is only relevant for 
understanding its effect on the rock in the near-well bore region and as an extreme case of large amount of 
dry scCO2 injection into a formation that is gradually being depleted of water. 

The changes of the rock samples induced by the presence of CO2 was tested by two types of experimental 
static ageing under in situ conditions of pressure and temperature of 60°C and 150 bar for a duration of 45 
days: (1) a scCO2-brine-rock and (2) a scCO2-rock. 

In the CO2-brine-rock experiment, core samples are placed in the pressure vessel in a synthetically prepared 
brine at equilibrium with scCO2. Through comparison of initial and final state, we expected to understand the 
effect on the mineralogy using X-ray diffraction (XRD) on powdered rock, titration of dissolved species and 
major element analysis from the solutions post ageing, and on the microstructure and petrophysical 
properties of the rocks tested using high resolution X-ray computed tomography (HRXCT), gas porosity and 
permeability and small-angle neutron scattering (SANS). SANS data were acquired on gently crushed rock 
and aimed at following the effect on pores at the micro and nanometre scale. We used numerical simulation 
to test the consistency of the interpretations acquired from the ageing experiments and the predictability of 
the transformation observed in the experiments. The aim is to constrain a conceptual geochemical model of 
the effect of the CO2 injection on the rocks constituting the Yalgorup Mbr. 

In the CO2-rock experiment, the samples are placed in the pressure vessel and equilibrated with dry scCO2. 
This type of ageing was design to test the effect of clays desiccation due to the exposure to dense phase of 
CO2 on the water contact angles, on different rock lithologies. Also, the effect of clays desiccation on 
mechanical properties of clay-rich samples from small piece of material was tested by the nano-indentation 
technique.  

A simple reactive transport model is then built to provide a schematic view of the geochemical evolution of 
the Yalgorup Mbr due to CO2-rich fluids and its consequence for CO2 containment. 

4.2 Experimental setup 

4.2.1 Static ageing of rock samples  

The ageing experiments were conducted using the facilities located in the Department of Petroleum 
Engineering, Curtin University. Two sets of experimental ageing process were performed: (1) a CO2-rock and 
(2) a CO2-brine-rock. In the CO2-rock experiment, the samples are placed in the pressure vessel and 
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equilibrated with scCO2. In the CO2-brine-rock experiment, core samples are placed in the pressure vessel in 
a synthetically prepared brine at equilibrium with scCO2. Both sets of experiments were conducted under in 
situ conditions of pressure and temperature of 60°C and 150 bar for a duration of 45 days (Table 15). 

Figure 52 presents a schematic of the experimental setup used in conducting the ageing experiments. This 
setup was assembled based on the recommended designs found in the literature (Farquhar et al., 2015; Wang 
et al., 2017; Rezaee et al., 2017; Adebayo et al., 2014) as well as the past relevant experiences learnt from 
similar projects.  

The samples, before being placed inside the ageing cell, were carefully packaged in either glass vials or very 
fine stainless steel mesh for protection. Once enclosed the cell was purged from air and filled with low 
pressure CO2 (0.5 MPa) then its pressure was increased gradually at a low rate (0.1 MPa/min) until the full in 
situ pressure was reached. The cell pressure was maintained using the ISCO pump charged with CO2. The cell 
was placed in a constant temperature convection oven. 

 

Figure 52. Schematic of the experimental setup 

In the CO2-brine-rock experiment, CO2-saturated brine was prepared using a stirred fluid reactor which 
mechanically mixes CO2 with water under in situ conditions until fully equilibrated. The core samples are 
placed in the pressure vessel in the oven. The pressure and temperature were gradually raised. The CO2 
contained in the cell was displaced by an appropriate amount of CO2-saturated brine at constant pressure 
leaving only a small cushion of CO2 at the top of the cell. During this process, the excess CO2 was removed 
from the cell through the bleed line connected to the cell as depicted in Figure 52. Finally, the cell pressure 
was maintained during the experiment using CO2 gas injected into the cell using an ISCO pump. Pressurization 
and maintenance of a CO2 cushion at the top of the ageing cell during the whole length of the experiment 
was achieved using an ISCO syringe pump. The cushion provided a constant CO2 saturation of the brine. 

Upon the conclusion of each experiment, initially the oven was turned off so the cell temperature would 
decrease slowly. This would induce a very gradual decrease in the cell pressure too. Subsequently, using the 
bleed line the cell, pressure was decreased at a low rate (0.1 MPa/min) until reaching the ambient pressure. 
The slow rate chosen for both increase and decrease of cell pressure was critical in maintaining the integrity 
of the rock samples placed in the cell. Preliminary tests with rapid depressurisation resulted in cracked 
samples preferentially following the sedimentary bedding of the rocks. Thus, we interpreted that slow 
pressure drops would help the CO2 to diffuse out of the sample without damages of the rock microstructure. 
Subsequently, the rock samples were unloaded and prepared for rock characterisation. Brine samples were 
also collected in glass jars for analyses. 
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Table 15. Summary of the experimental conditions (p, T, duration) 

 Fluids Samples Duration Temperature-pressure 

Batch 1 Brine, CO2 A, B, C, D 45 days 60°C -150 bar 

Batch 2 Brine, CO2 E, F, G, H, I 45 days 60°C -150 bar 

Batch 3 Brine, CO2 I, J 45 days 60°C -150 bar 

Batch 4 Brine, CO2 None 45 days 60°C -150 bar 

Batch 5 CO2 A, B, D, E, F, G, H, I, J 45 days 60°C -150 bar 

4.2.2 Synthetic brine 

Previous ANLEC funded research projects (Stalker et al., 2013; Saeedi et al., 2016) identified a limit with 
working with simplistic and unrepresentative synthetic brine (e.g. 30,000 ppm NaCl) to react with samples 
from the SW Hub storage site. The data gathered from the single water sample (Stalker et al., 2013b) together 
with existing data from the Harvey and Binningup Lines of research bores (Deeney, 1989a and 1989b) was 
used to generate a brine that has a more balanced and representative chemistry. 

Salinity was determined to be ~30000 mg/L and the end composition was calculated to be 30994 mg/L. Major 
cation composition was targeted to be 1200 Ca, 600 Mg, 60 K, 9600 Na all in mg/L. Major anion composition 
was targeted to be 17500 Cl, 2000 SO4, 125 HCO3, and 100 Br all in mg/L. The theoretical test solution is 
shown in Table 16. The solution was made using highly soluble salts of AR (analytical reagent) grade. The 
species were added using the following crystalline solid compounds CaCl2 2H2O, MgSO4 7H2O, KBr, NaCl and 
NaHCO3. 

Brines from the ageing cells were collected for analysis including a solution run in the aging cell without any 
rock materials. The produced brines were collected in volumes of approximately 200mL in glass vials. The 
samples filtered (0.45 µm mixed cellulose ester) into 50 mL polypropylene tubes. A split of the solution was 
acidified with 2% HNO3 to ensure metals remain in solution. The other split was not acidified. All samples 
were capped and stored in a refrigerator before undergoing a series of analyses. 

All solution preparation and analysis work was conducted in the National Geosequestration Laboratory (NGL 
CSIRO, Kensington). Analyses included titration for HCO3

-, major anions (Cl, SO4, Br, F and NO3) by Ion 
Chromatography (IC), major element analysis (Al, B, Ca, Cr, Cu, Fe, K, Li, Mg, Mn, Na, P, S, Si, Sr and Z) by 
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). Ion Chromatography was done using a 
Thermo Dionex ICS-4000 with KOH capillary eluent generation.  Samples were diluted 150x prior to analysis 
to reduce salinity. Alkalinity (HCO3) was determined by pH titration using a Metrohm Autotitrator. A set 
volume of 4 mL was diluted to 20 mL and titrated for HCO3

- with a known concentration of acid (e.g. 0.01 M 
HCl) to an endpoint of pH = 4.3. The solution was not under pressure. ICP-OES analysis was done using an 
Agilent 700. Samples were diluted 50x in 2% HNO3 to reduce the salinity to approximately 1000 mg/L to 
ensure accurate determination.  

Blanks and standards are included in all analyses and each sample collected was analysed in triplicate. 
Analyses were blank corrected. Reproducibility was very good for all analyses reported. 
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Table 16. Brine composition based on the estimated formation water composition in the Lesueur aquifer from 
Harvey 4 water samples. 

Dissolved 
species 

Concentration in 
water (mg/L) 

Ca2+ 1200 

Mg2+ 600 

K+ 60 

Na+ 9647 

Sr- 0 

Cu2+ 0 

HCO3- 125 

Br- 123 

Cl- 16932 

SO42- 2371 

Calc TDS 30994 

4.2.3 Samples 

Seven core plugs, mainly siltstone and claystone, were collected from different part of the Yalgorup Mbr and 
one core plug from the basal Eneabba Fm. Table 17 lists the sample information. Sample characterisations 
were detailed in Part1. The samples consisted of 7 core plugs or fragments of core extracted from the Harvey 
3 well and 3 core plugs or fragments of core extracted from preserved core sections from the Harvey 3 
(preserved in oil to keep them fully water saturated). The core plugs were cut into several pieces to suit the 
techniques used for the mineralogical, microstructural and petrophysical characterisation. Once the 
measurements were made the samples were individually wrapped in stainless steel mesh or contained in 
glass jar and sent for the experimental ageing. 

Table 17. Samples used for experimental ageing. *Following Facies classification of Olierook et al. (2014). 

Sample ID Depth (mRT) Rock type Paleo-environment Facies 
classification* 

Batch number 

A 717.50 Siltstone Overbank F 1 and 5 

B 778.35 Siltstone Paleosol D 1 and 5 

C 888.05 Claystone Swamp E 1 and 5 

D 1101.35 Siltstone Evaporative lake D 1 and 5 

E 1145.25 Sandstone River and overbank D 2 and 5 

F 1027.20 Siltstone Paleosol G 2 and 5 

G 1030.80 Sandstone In-fill in desiccation crack C 2 and 5 

H 1169.35 Siltstone Overbank E 2 and 5 

I 1386.12 Siltstone Anoxic lake G 2, 3 and 5 

J 1410.55 Claystone Swamp E 2 and 5 
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4.3 Methods 

4.3.1 Microscopy 

The principles and methodology of the Interfacial tensions and contact angles are available in Part 1. 

4.3.2 X-Ray Diffraction (XRD) 

The principles and methodology of the XRD technique are available in Part 1. 

4.3.3 HRXCT 

The principles and methodology of the HRXCT technique are available in Part 1. 

4.3.4 Small angle neutron scattering  

Small angle neutron scattering (SANS) is a powerful tool for quantitative analysis of porous rocks, providing 
bulk statistical information over a wide range of length scales (from < nm to a few microns) on the structural 
arrangements of the grain/pore boundaries and the statistical distribution of pores within the samples. Small 
angle scattering techniques have been applied for many years in chemistry, biology and materials science 
and more recently for the characterisation of porous rocks (see Melnichenko, 2006 for a comprehensive 
review of background theory and recent applications). Due to the high penetration of neutron, this non-
destructive technique can probe the interior of the material of interest and provide bulk statistical 
information for samples up to approximately 25 mm diameter. Scattering derives from the interaction 
between the incident radiation and structures within a sample, for example minerals-pores interfaces in 
rocks. The main parameters affecting the signal are the form (shape and size) of the structures giving rise to 
scattering, their number in a given volume and their ‘contrast’ with respect to the background medium. The 
multi-phase character of rocks complicate in the interpretation of their small-angle scattering data. Natural 
rocks are composed of various inorganic minerals, fluid (oil, gas, air or water) filled pores and possibly organic 
macerals. Nevertheless it has been shown that sedimentary rocks like those analysed in this study can be 
approximated as two-phase systems (solid matrix and air-filled porosity) for SANS interpretation, so that the 
net scattering is from the density contrast between the solid matrix and all of the pores (Radlinski, et al., 
2006). SANS from porous structures is typically characterised by (i) power-law dependent scattering, 
combined with (ii) a form factor for the pore shape and size. An approximate relationship between the 
scattering vector Q and the pore size R, (R ≅ 2.5/Q) is used to relate the length scales in the reciprocal and 
real space (Radlinski et al., 2000). 

For this study, SANS measurements were conducted on the Quokka instrument at the Australian Centre for 
Neutron Scattering, part of the Australian Nuclear Science and Technology Organization (Gilbert et al., 2006). 
Access to SANS beamline at ANSTO was awarded via Bragg Institute Neutron Beam Instrument Proposal 
P6168 “CO2 storage potential of fluvial claystones from the South West Hub Flagship project” by Delle Piane, 
Bourdet and Mata. SANS measurements were performed on dry powders from samples representing 
different litho-facies of the Jurassic Eneabba Formation and of the Upper Triassic Yalgorup Member of the 
Lesueur Sandstone. This experiment was intended to demonstrate proof of concept for applying neutron 
scattering as a tool to track nano- and micro-scale microstructural modifications occurring in clay-rich rocks 
after exposure to acidic brines at conditions of pressure and temperature replicating those found in situ at 
depth in the South West Hub area. We hoped to be able to detect the effect of ageing on the pore features 
at these small scales that complete the mineralogical and petrophysical data acquired at larger scales. To this 
end powdered samples were prepared by gently grinding the core plug material using an agate pestle and 
mortar. To test eventual microstructural modifications as a consequence of exposure to acidic brine and 
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supercritical CO2, the sample collection was made up of control, virgin specimens and equivalent ones aged 
for 6 weeks in a batch reactor at 60 °C and 15 MPa in presence of a CO2-saturated brine with salinity of 30,000 
ppm.  

4.3.5 Gas porosity-permeability 

The principles and methodology of the gas porosity-permeability are available in Part 1. 

4.3.6 Interfacial tensions and contact angles 

The principles and methodology of the Interfacial tensions and contact angles are available in Part 1. 

4.3.7 Nano-indentation 

Nano-indentation tests were used to obtain local (micro-meter scale) mechanical properties of clay-rich 
samples from a small piece of material (typically 2 cm * 2 cm and 0.5 cm height), before and after the ageing 
experiments.  

This technique consists in recording the depth of penetration of an indenter of known geometry and 
mechanical properties along with the loading/unloading force-displacement response (P-h curves) of the 
probed material. This method is well established in material sciences (e.g. Fischer-Cripps, 2004; 2006; Oliver 
& Phar, 2004). Recently, it has been successfully used in geosciences to measure and map the elastic 
properties of natural materials such as shales (Ulm & Abousleiman, 2006), kerogen (Zeszotarski et al., 2004; 
Ahmadov et al., 2008), and clays (Zargari et al., 2013). 

Typically, the extraction of the mechanical properties is achieved by using the P-h curves and by applying a 
continuum scale mechanical model to obtain the indentation modulus M: 

    (1) 

where S the is unloading indentation stiffness and Ac the contact area, extrapolated from the maximum 
penetration depth hmax: 

   (2) 

    (3) 

From indentation modulus, one can then get Young’s modulus E and hardness H from: 

    (4) 

and 

     (5) 

where  ν is Poisson’s ratio and indices i refer to the indentation tip. 

We performed indentation tests on 7 paleosol samples before ageing and X samples after ageing with scCO2. 
Samples were room dry and consisted of discs or fragments of discs 2 to 3 mm in height and with a surface 
of a few cm2.  The roughness of the polished surface is indicated in Table 1. For each of them, we acquired P-
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h curves on a 31*31 grid (961 measurements), with 10-µm spacing between measurements, an initial contact 
force of 0.15mN and a maximum loading force of 10mN. We used an IBIS nanoindentation system, from 
Fischer-Cripps Laboratories Pty. Ltd. with a Berkovitch type indenter (triangular indent) made of diamond. 
Typically, with the setting parameters used, the indentation modulus is measured on a three-sided pyramid 
geometry area with sides of about 5 to 10 um length.  

Corrections for compliance of the loading column and for the departure of the ideal shape of the indenter 
(i.e. function area correction) were made based on calibration with a SiO2 standard. Initial penetration depths 
were also corrected by extrapolation of the 6 first measurements of the loading curve with a power function. 

4.4 Results and interpretations 

4.4.1 CO2-Brine-Rock experiment 

Synthetic brines chemistry 

Experimental brines were collected after the rock ageing process and analysed for HCO3
-, major anions (Cl, 

SO4, Br, F and NO3) by Ion Chromatography, major element analysis (Al, B, Ca, Cr, Cu, Fe, K, Li, Mg, Mn, Na, 
P, S, Si, Sr and Z) by Inductively Coupled Plasma Optical Emission Spectroscopy.  

The concentrations in the brines after rock ageing were subtracted from the blank solution analyses to 
highlight the changes induced by rock-water interactions (Figure 53). It appears that calcium (Ca2+), 
potassium (K+), chloride (Cl-) and bicarbonate (HCO3

-) ions increased in the solutions after reacting with the 
rock. These releases of ions are due to mineral dissolution in the rock, not counterbalanced by mineral 
precipitation. Chloride dissolution is related to the presence of residual salts in the pores of the initial core 
plug samples originating from the evaporation of the formation water (dominated by NaCl) or drilling fluid 
(dominated by KCl) within the samples as halite and sylvite crystals before the experiments. Therefore, part 
of the excess of sodium in batch 2 and potassium in batch 1 and 2 could be related to the presence of residual 
salts. Sodium was detected in mixed layer I/S clay using the SEM-EDS and the depletion of sodium in batch 1 
and 3 solutions could be linked with changes in the mixed layer illite/smectite increasing the smectite part. 
Potassium excess in batch 1 and calcium and bicarbonate in batch 1, 2 and 3 seem to be genuine mineral 
dissolution from the rock. In the samples, according to previous SEM-EDS measurements acquired for the 
milestone report 1, potassium is dominantly contained in microcline (K-Feldspar) and mixed layer 
illite/smectite, more marginally in muscovite and illite. Calcium is found in calcite, clinozoisite, plagioclase 
and apatite. 

Iron is surprisingly lacking even though the solutions often presented a red-coloration after a few hours in 
the glass vial after collection. Before the chemistry analysis, sediment was present at the bottom of the vial 
with a pronounced red coloration (batch 1), a slight red coloration (batch 2) or a green coloration (in batch 
3, most likely due to chlorite in suspension as a remobilisation from the rock). The lack of iron in the result 
suggests that iron oxide precipitated and was removed from the solution. Iron should be showing in batch 1 
and 2 a positive abundance indicating mineral dissolution from the rock.  

Sodium in batches 1 and 3 decreases indicating that sodium from the synthetic brine was consumed by 
mineral precipitation. Magnesium abundance also indicates a precipitation in batches 1 and 3. Sulfate ions 
slightly increase in batches 1 and 3, due to mineral dissolution but with an arguable significance, but strongly 
decrease in batch 2 due to mineral precipitation. Sulphur was only detected as low amount of pyrite in sample 
C (batch 1). 
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The blank solution that was aged in a same cell but without rock samples showed increases of Mn, Cu and Si. 
This is related to contamination from the cell alloy used in the experimental apparatus and a similar 
observation was reported in previous work (Stalker et al., 2013b; Saeedi et al., 2016). 

Chemistry and mineralogy comparison of samples before and after ageing 

Mineralogy of the samples before and after the experimental ageing were obtained via an XRD of crushed 
samples and SEM-EDS mapping of thin sections. The results are reported in Table 18 and Table 19. XRD 
measurements give information about the bulk mineralogy of the dominant phase, however, the samples 
used for XRD were not exactly the same for the measurements before and after ageing. This is equally true 
for the SEM-EDS mapping of thin sections. The differences between the mineralogy derived from those 
techniques before and after ageing can be then attributed to either to sample heterogeneity or mineralogy 
changes due to the sample reactivity. In order to determine meaningful results on the changes due to the 
reactivity to the rocks to CO2-saturated brine, we looked for systematic changes across the samples and 
differences or features visible in SEM-EDS imaging. 

Quartz, K-feldspar (microcline) and Na-Feldspar (albite) are generally the most abundant detrital grains, 
constituting between 20 to 80 % of the samples mass. With one exception, all the feldspar, microcline or 
albite were less abundant after ageing. This suggest that these minerals were partly dissolved. The SEM-EDS 
imaging showed that microcline grains were generally very well preserved before ageing while in aged 
samples the microcline grains are partly dissolved and replaced by illite. This feature was observed in all 
samples and homogeneously in the samples. Albite grains however do not show significant difference in SEM-
EDS images before and after the ageing process. Quartz abundance differences are not systematic. 

 

Figure 53. Analysis Synthetic brine after ageing subtracted to the solution aged with no rock sample. 
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In the clay fraction the most consistent change is the increase in illite. The SEM-EDS imaging shows that the 
distribution of illite in aged samples is strongly correlated with the location of K-feldspar grains (Figure 56). 
The SEM-EDS mineral quantification also confirms this relationship (Figure 57). However this is not true for 
sample I that is the only chlorite-rich sample. 

The mixed layer I/S showed increases in the XRD results in only sample. However, the precision of the 
quantification of the mixed layer I/S abundance is poor. A specific mineral composition to attribute to mixed 
layer I/S using SEM-EDS data is difficult due to the nature of this clay type having a wide range of possible 
compositions. We measured the EDS spectrum of the unclassified clay matrix (not illite, chlorite, or kaolinite) 
and differentiated 3 compositions: 

- mixed layer I/S; 

- iron-rich mixed layer I/S; 

- clay dominated by kaolinite with iron. 

The SEM-EDS data indicate that part of the mixed layer I/S gained some iron and lost oxygen and is classified 
after ageing into iron-rich mixed layer I/S. However, this is not systematic and could result from samples 
heterogeneity. 

Kaolinite amount generally shows minor decreases except in two samples (F and G) where it increased only 
slightly. Fe-Chlorite quantification in samples before and after ageing shows opposite results.  

Calcite abundance presents non-systematic changes based on XRD and SEM-EDS. Gypsum has only been 
detected using XRD in sample after the ageing process and is interpreted as a new formed mineral phase. 
Gypsum was not detected in SEM-EDS in thin sections. 
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Figure 54. Differences in mineralogy measured by XRD of aged and non-aged samples in CO2-saturated brine. 
Sample I was removed due to an identified sample preparation issue for XRD analysis compromising the 
significance of the results. 
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Table 18. Mineralogy from X-Ray diffraction data before and after experimental ageing 
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A_Before 33.4 16.6 0.0 0.0 0.0 37.8 12.2 0.0 0.0 0.0 0.0 

A_After 38.7 13.6 0.0 0.0 0.0 38.9 8.1 0.0 0.0 0.6 0.0 

Δ_A 5.3 -3.0 0.0 0.0 0.0 1.1 -4.1 0.0 0.0 0.6 0.0 

  
           

B_Before 25.1 10.3 0.0 0.0 0.0 53.6 7.1 0.0 0.0 0.6 3.3 

B_After 20.5 9.2 0.0 0.0 0.0 59.0 6.3 0.0 0.0 1.3 3.7 

Δ_B -4.6 -1.1 0.0 0.0 0.0 5.4 -0.8 0.0 0.0 0.7 0.4 
            

C_Before 20.4 11.1 0.0 0.0 12.8 21.4 34.2 0.0 0.1 0.0 0.0 

C_After 23.2 9.6 0.0 0.0 14.6 18.6 34.0 0.0 0.0 0.0 0.0 

Δ_C 2.9 -1.5 0.0 0.0 1.8 -2.8 -0.2 0.0 -0.1 0.0 0.0 
            

D_Before 25.0 7.0 11.9 0.0 1.8 45.0 8.7 0.0 0.7 0.0 0.0 

D_After 23.4 5.9 11.8 0.0 2.2 47.2 6.2 0.0 0.9 2.5 0.0 

Δ_D -1.6 -1.1 -0.1 0.0 0.4 2.2 -2.5 0.0 0.2 2.5 0.0 
            

E_Before 48.8 28.0 0.0 0.6 0.0 19.5 2.7 0.0 0.4 0.0 0.0 

E_After 48.4 27.5 0.0 0.7 0.0 20.8 1.6 0.0 0.3 0.7 0.0 

Δ_E -0.4 -0.4 0.0 0.1 0.0 1.2 -1.1 0.0 -0.1 0.7 0.0 
            

F_Before 30.9 11.6 21.1 0.0 1.0 28.4 2.8 0.0 0.6 0.0 3.6 

F_After 28.9 10.8 19.3 0.0 1.2 32.0 3.4 0.0 0.3 0.2 3.9 

Δ_F -2.0 -0.8 -1.8 0.0 0.2 3.6 0.6 0.0 -0.3 0.2 0.3 
            

G_Before 45.3 18.1 16.5 0.0 1.4 7.3 3.7 0.0 7.6 0.0 0.0 

G_After 48.5 13.5 16.3 0.0 1.7 9.7 4.2 0.0 4.7 1.4 0.0 

Δ_G 3.2 -4.5 -0.3 0.0 0.3 2.3 0.5 0.0 -2.9 1.4 0.0 
            

H_Before 34.3 7.2 0.0 0.0 6.2 35.7 16.6 0.0 0.0 0.0 0.0 

H_After 30.4 10.8 0.0 0.0 6.7 35.6 14.6 0.0 0.4 1.5 0.0 

Δ_H -3.9 3.5 0.0 0.0 0.5 0.0 -2.0 0.0 0.4 1.5 0.0 
            

I_Before 45.2 17.5 0.0 0.0 3.7 7.5 11.6 12.4 2.0 0.0 0.0 

I_After 54.1 19.9 0.0 0.0 2.9 9.4 5.9 7.5 0.3 0.0 0.0 

Δ_I 8.9 2.4 0.0 0.0 -0.8 1.9 -5.7 -4.9 -1.7 0.0 0.0 
            

J_Before 15.9 5.1 0.0 0.0 2.0 37.3 39.6 0.0 0.1 0.0 0.0 

J_After 13.8 4.9 0.0 0.0 2.6 38.8 39.6 0.0 0.3 0.0 0.0 

Δ_J -2.1 -0.2 0.0 0.0 0.6 1.5 0.0 0.0 0.2 0.0 0.0 

  



150   |  Assessment of multi-barrier systems for CO2 containment in the Yalgorup Member of the Lesueur Sandstone, South West Hub 

Table 19. Mineralogy from SEM-EDS data before and after experimental ageing 

Sample 
ID 

Q
ua

rt
z 

M
ic

ro
cl

in
e 

Al
bi

te
 

Bi
ot

ite
 

M
us

co
vi

te
 

Ill
ite

 

I/
S 

Fe
-r

ic
h 

I/
S 

Cl
ay

 
do

m
in

at
ed

 
by

 K
ao

lin
ite

 

Ka
ol

in
ite

 

Fe
-c

hl
or

ite
 

Ca
lc

ite
 

A_Before 27.8 5.9 0.0 0.1 0.0 1.3 20.3 5.9 0.0 0.7 1.6 0.0 

A_After 30.7 4.1 0.0 0.0 0.0 2.3 13.6 11.8 1.2 0.6 0.2 0.0 

Δ_A 2.9 -1.8 0.0 -0.1 0.0 1.0 -6.8 5.9 1.2 -0.1 -1.4 0.0 

              

B_Before 10.6 1.5 0.0 0.1 0.0 1.1 38.4 11.3 0.0 0.0 0.2 0.0 

B_After 11.0 0.7 0.0 0.0 0.0 1.1 22.3 45.3 0.4 0.0 0.2 0.0 

Δ_B 0.4 -0.8 0.0 0.0 0.0 0.1 -16.1 34.0 0.4 0.0 -0.1 0.0 
 

            

C_Before 13.9 4.9 0.0 1.3 1.2 0.6 14.9 10.8 0.3 0.9 2.0 0.0 

C_After 12.8 1.9 0.0 0.2 0.8 1.7 12.9 21.4 9.6 0.8 2.2 0.0 

Δ_C -1.1 -3.0 0.0 -1.1 -0.4 1.1 -2.0 10.6 9.2 -0.1 0.2 0.0 
 

            

D_Before 23.3 10.8 11.1 0.2 0.3 0.7 7.8 15.4 0.0 0.1 0.5 0.0 

D_After 29.9 5.9 12.0 0.1 0.3 3.2 10.7 12.0 1.0 0.1 0.1 0.0 

Δ_D 6.6 -4.9 0.9 -0.1 0.0 2.5 2.9 -3.4 1.0 0.0 -0.4 0.0 
 

            

E_Before 58.1 22.5 0.3 0.0 0.3 0.6 9.7 0.4 0.0 0.1 0.0 0.0 

E_After 47.2 16.4 0.6 0.0 0.3 4.2 4.7 0.2 0.2 0.0 0.0 0.0 

Δ_E -10.9 -6.2 0.3 0.0 -0.1 3.6 -4.9 -0.2 0.2 0.0 0.0 0.0 
 

            

F_Before 17.3 5.2 4.8 0.2 0.4 1.4 44.5 4.4 0.0 0.1 0.2 0.0 

F_After             

Δ_F             
 

            

G_Before 33.1 14.1 7.5 0.1 0.2 1.0 23.9 5.3 0.0 0.0 0.0 0.0 

G_After 47.8 10.3 10.3 0.0 0.3 3.0 9.0 0.2 0.2 0.7 0.0 0.6 

Δ_G 14.7 -3.8 2.8 0.0 0.1 2.1 -14.9 -5.1 0.2 0.7 0.0 0.6 
 

            

H_Before 27.8 5.6 0.0 0.8 1.1 1.0 23.3 2.8 0.4 4.0 1.2 0.0 

H_After             

Δ_H             
 

            

I_Before 48.2 16.4 0.0 0.3 0.4 0.8 2.1 1.2 0.0 0.6 7.7 1.1 

I_After 44.9 7.2 0.0 0.1 0.3 2.6 1.1 1.9 0.5 0.5 11.9 0.0 

Δ_I -3.3 -9.2 0.0 -0.2 -0.1 1.8 -1.0 0.7 0.5 -0.1 4.2 -1.1 
 

            

J_Before             

J_After             

Δ_J             
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Figure 55. Differences in mineralogy measured by SEM-EDS mapping of aged and non-aged samples in CO2-
saturated brine. 
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Figure 56. SEM-EDS images of thin sections from samples G and A before and after ageing, showing the mineral 
phases. After ageing microcline grains are partly dissolved and replaced by illite. The clay matrix after is modified 
into a mixed layer I/S with higher iron content. 

 

 

Figure 57. Relationship of mineral abundance differences due to aging for microcline and illite. Letters are sample ID 
presented in Error! Reference source not found.. A clear relationship of K-feldspar dissolution and illite precipitation 
can be established from the SEM-EDS data. Sample I that is the only chlorite-rich sample does not follow the same 

mineral transformation path. 
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Comparison of samples before and after ageing 

The ageing procedure resulted in the loss of cohesion of most samples rendering impossible the SEM and 
HRXCT imaging comparison of the pre-aged and post-aged samples. For the SEM comparison, only two 
samples (D and I) were retrieved after ageing in conditions that allowed the acquisition and registration of 
SEM images for comparison with the pre-ageing state.  

Sample D, Evaporative lake, depth 1101.35 m 

X-ray diffraction (XRD) results reported in a previous milestone report indicate that the bulk mineralogy of 
the sample is composed of quartz (25 %), albite (12%), mixed layer illite/smectite and sepiolite (23%), K-
feldspar (7%) and minor kaolinite and illite (9 and 2%, respectively). The rock microstructure imaged by 
optical and electron microscopy shows poorly sorted, angular clasts of detrital quartz, albite and feldspar 
embedded in a clay-rich matrix. SEM imaging also shows bright patches of fine-grained iron-rich minerals 
(iron oxides and chlorite) not detected by XRD (see Figure 58). At low magnification, comparison of the same 
sample surface before and after ageing shows the occurrence of variably oriented dilation fissures (Figure 
59A-B) possibly due to volumetric changes in the clay matrix induced by the exposure to CO2-saturated brine 
during ageing. Published studies show that CO2 sorption to clays can result in swelling stresses of up to 30 
MPa and consequent volumetric changes in the rock matrix (e.g. Busch et al., 2016). 

 

 

Figure 58 Scanning electron microscope (SEM) images of the surface of sample 2581 before (A) and after (B) ageing 
procedure. Images are taken from the same region of interest and spatially registered for comparison purposes (see 
text for details). 

More detailed imaging also reveals that after ageing the sample surface is peppered with crystals of neo-
precipitated Ca-sulphate with gypsum morphology (Figure 59D-F). This implies a mobilization of Ca and 
sulphate ions as a consequence of carbonated brine-rock interaction during ageing, with minerals as the 
possible sources of Ca and S. Calcium in samples from batch 1 were found in calcite, plagioclase and 
clinozoisite (plagioclase weathering mineral). Sulphur was only reported in samples from batch 1 as traces of  
pyrite in sample C. However, the sulphate ion was present in the initial composition of the synthetic brine 
and is the likely source of the sulphate required to precipitate gypsum. 
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Previous studies (e.g. Krumhansl et al., 2002; Korsnes et al., 2008) demonstrated that increase the 
concentration of Ca2+ in the pore-water can cause precipitation of Ca-sulphate 𝐶𝐶𝑎𝑎2+ + 𝑆𝑆𝑆𝑆42− = 𝐶𝐶𝑎𝑎𝑆𝑆𝑆𝑆4. Ca-
sulphate (gypsum) precipitation has also been observed in recent experimental studies detailing reactions 
between caprock samples and carbonated brines at elevated pressures and temperatures and linked to 
decreased permeability (Dávila, et al., 2016; Pearce et al., 2018). Moreover, it was argued that precipitation 
of sulphates such as gypsum and oxide minerals at reservoir - reactive seal rock interfaces have the potential 
to seal porosity and sequester mobilized metals (Pearce et al., 2016). 

 

 

Figure 59 Scanning electron microscope (SEM) images of the surface of sample 2581 before (A, C) and after (B, D, E, 
F) ageing procedure showing the occurrence of dilation fissures (red arrows in B) and precipitated Ca-sulphate crystals 
(red arrows in D) after ageing. (E, F) Morphology of the Ca-sulphate crystals. 
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Image comparison at the scale chosen for working on large sample pieces does not reveal much difference 
in the K-feldspar appearance after ageing. SEM-EDS imaging however clearly indicates that the illite formed 
by dissolution of K-feldspar grains. 

 

 

Figure 60. A and B: 3D iso-surface showing the distribution of porosity in sample D before (A) and after ageing (B). 
Red: largest interconnected pore/crack network; Blue: remaining porosity. C and D: histograms of number of pores 
and cracks by size classes expressed as equivalent sphere diameter (ESD). E and F: histogram of volume percentage 
of pores and cracks by size classes. 
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The porosity visible by HRXCT in the sample before ageing occurs as inter-particular pores, numerous micro-
cracks and a few large micro-cracks through the sample (Figure 60a). Detailed image analysis of the HRXCT 
data acquired before and after ageing indicated that the cracks open-up during the ageing process (Figure 
61), increasing their volume percentage. The smaller pore size histograms before and after ageing do not 
change, indicating that mineral dissolution or precipitation, opening or occluding pores is not a significant 
process in this sample. However, this is not necessary true for the rock under stress. The HRXCT imaging also 
showed that gypsum crystals were recrystallized on the surface of the sample only and were not seen filling 
cracks. 

 

 

Figure 61. Evolution of crack thicknesses before and after ageing. 

Sample I, acidic lake, depth 1386.12 m 

X-ray diffraction (XRD) results reported in a previous milestone report indicate that the bulk mineralogy of 
the sample is composed of quartz (45 %), chlorite (12%), K-feldspar (18%), kaolinite (12%), illite and mixed 
layers illite-smectite (11%) and minor calcite (2%). Semi-quantitative clay mineralogy as measured on the fine 
separates of the samples further shows that the chlorite is the dominant clay mineral. The rock 
microstructure imaged by optical and electron microscopy shows an almost equal proportion of clay and silt 
grains, consistent with the XRD mineralogy, and a lack of primary sedimentary stratification. At the thin 
section scale, the rock fabric appears homogeneous. Comparison of the same sample surface imaged before 
and after ageing is illustrated in Figure 62A and B. The most striking feature is that after ageing the surface is 
decorated with dissolution pits (black patches in Figure 62B). Registration of the same regions of interest 
before and after ageing (Figure 62A, B) and the use energy dispersive x-ray elemental mapping (Figure 62C) 
indicate that dissolution was limited to regions of the virgin sample where calcite was present. 
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Figure 62 Scanning electron microscope (SEM) images of the surface of sample 2617. Comparison of the same region 
of interest befor (A) and after (B) ageing procedure showing the dissolution pits (red arrows in B) corresponding to 
location where calcite was present as confirmed by the phase map acquired before ageing (C). 

Table 20 and Figure 63 present the gas porosity and permeability measurements from 500 to 2000 psi (i.e. 
3.44 to 13.8 MPa) before and after the ageing experiments by CO2-saturated brine exposure. The original 
plug records a porosity of about 7.2% and a tight permeability of 0.009 mD under room conditions that 
drastically decrease with pressure to reach a porosity of 2.62% and a permeability of 0.002 mD at 2000 psi. 
Both porosity and permeability increased after CO2 ageing by about 12% and 116% (relatively to the original 
state) respectively at 500 psi or 49% and 51% respectively at 2000 psi (Figure 63). The general stress effect 
observed on porosity decreases after ageing by about 30%, while it is unchanged on the permeability. 

It was observed from XRD that only calcite was dissolved after ageing. Since the permeability is unchanged 
under high pressure while the porosity is still increasing though it is less sensitive to stress after CO2 exposure, 
we could speculate that flow properties are controlled by the arrangement of clays in the rock, while its 
storage capacity is enhanced by CO2 by calcite dissolution only. 
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Table 20. Summary of gas porosity and permeability measurements under different confining pressures on the 
sample I before and after ageing in CO2-saturated brine. 

Confining 

Pressure (psi) 

Gas 
porosity 
before 
ageing 

(%) 

Gas 
porosity 

after 
ageing 

(%) 

Gas porosity 
relative 

change (%) 

Gas 
permeability 

before 
ageing (mD) 

Gas 
permeability 
after ageing 

(mD) 

 

Exponential extrapolation to 0 7.21 7.33 2 0.009 0.019 111 

500 5.55 6.20 12 0.006 0.013 117 

750 4.83 5.68 18 0.004 0.007 75 

1000 4.37 5.50 26 0.003 0.006 100 

1500 3.22 4.61 43 0.002 0.004 100 

2000 2.62 3.90 49 0.002 0.002 0 

 

Table 21. Effect of CO2 ageing on porosity and permeability values and stress sensitivity for the plug 2618. 

 
Before 
ageing 

(%) 

After 
ageing 

(%) 

Relative 
change 

(%) 

Stress effect on porosity 500-2000 psi (%) 53 37 30 

Stress effect on permeability 500-2000 psi (%) 80 80 0 

750 4.83 5.68 18 

1000 4.37 5.50 26 

1500 3.22 4.61 43 

2000 2.62 3.90 49 
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Figure 63. Gas porosity (a) and gas permeability (b) measured on sample I (1386.12 mRT) under different confining 
pressures before (blue symbols) and after (red symbols) ageing in CO2-saturated brine. 

SANS data 

The experimental results from all powdered samples before and after ageing are summarised in Figure 64. 
The scattered intensity, I(Q) is reported as a function of the scattering vector Q, (Q = 4πsinθ/λ), where 2θ is 
the scattering angle and λ is the neutron wavelength. The units of Q are inverse length and are normally 
reported in Å-1 (1Å = 0.1nm). I(Q) is reported in absolute intensity units, again an inverse length, 
conventionally reported in cm-1. The experimental data span the Q range from 7 × 10−4 to 5× 10−1 Å−1, which 
corresponds to a wide range of pore sizes (R ≈ 2.5/Q) between Rmax ∼ 0.36 μm and Rmin ∼ 0.45nm. 

Scattering intensity varies by about 8 orders of magnitude within this Q range. It is noted that although the 
experimental results generally follow a similar distribution in the I-Q space, for each sample, intensity is 
systematically higher after ageing over the whole Q range (Figure 64). This can be related to: i) loss of H+ 
ions as a consequence of the ageing procedure and/or ii) increase in the amount of scattering pores in the 
samples after ageing. In the former case the loss of hydrogen is possibly due to loss of structural water (H2O), 
or loss of hydroxide radicals (–OH) from clays after interaction with the CO2-saturated brine. 
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Figure 64 SANS data from the dry powders before (left) and after (right) ageing. The vertical dashed line shows the 
approximate breakdown of the power law relationship at Q ∼ 0.2 Å−1. 

 

It was observed that data in the range 0.00068 < Q < 0.2 A-1 show power law scattering behaviour: the 
scattering intensity varies as ~Q−p. In all samples, the data show a deviation from power law scattering in the 
large-Q region (Q < 0.2 A-1) representing pores (<2 nm) that are non-fractal in nature. The power law 
exponent (p) can be correlated with the surface or mass fractal of the studied samples. When the power-law 
exponent is greater than 3, it reflects the surface fractal characteristic of the pore space in the investigated 
material and the surface fractal dimension (Ds) is equal to 6 − p. Ds equals 2 when a surface is non-fractal 
and completely smooth. If the roughness of the surface increases, Ds will increase such that for a very rough 
surface the fractal dimension is close to 3. If the power-law exponent is less than 3, it represents the mass 
(aggregates) fractal behaviour of shale and the mass fractal dimension (Dm) is equal to the value of p. The 
power law exponent obtained from fitting the data for each sample is summarised in Table 8 comparing the 
values for the dry powder before and after ageing. 

 

Table 22. Summary of power law exponent for the sample collection analysed using SANS. 

Sample Power law 
exponent before 
ageing 

Power law 
exponent after 
ageing 

Lithology Paleo-
environement 

A 3.02 (Ds = 2.98) 2.92 Siltstone Overbank 

B 2.77 2.70 Siltstone Paleosol 

C 2.96 2.87 Claystone Swamp 

D 3.15 (Ds = 2.85) 2.96 Siltstone Evaporative lake 

E 3.44 (Ds = 2.56) 3.16 (Ds = 2.84) Sandstone River and overbank 

F 2.76 2.67 Siltstone Paleosol 

G 3.53 (Ds = 2.47) 3.28 (Ds = 2.72) Sandstone In-fill in desiccation 
crack 

H 2.91 2.76 Siltstone Overbank 

I 3.40 (Ds = 2.60) Not measured Siltstone Anoxic lake 

J 2.90 Not measured Claystone Swamp 
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In the virgin state, half of the samples can be described as having porosity with surface fractal nature 
characterised by Ds values ranging between 2.47 (sample G) and 2.98 (sample A). The rest of the samples has 
porosity with mass fractal characteristics and Dm values ranging between 2.76 (sample F) and 2.96 (sample 
C). The relation between a scattering spectrum and the features responsible for the scattering is shown 
schematically in Figure 65. For mass fractal aggregates, the scattering response provides information about 
the correlation between network branches present in the aggregates. For surface aggregates the scattering 
response gives information about the pore surface roughness. 

 

Figure 65 Schematic representation of the relation between a scattering spectrum and the features species 
responsible for the scattering shown as two-dimensional projections of three-dimensional aggregates of different 
fractal dimension. Redrawn from de Moor et al., 1997 and Thouy and Jullien, 1996.  

 

Comparing the scattering response of the samples before and after ageing, we note a systematic decrease in 
the power law exponent in each sample following the ageing procedure. This may be indicative of variations 
in the samples pore space characteristics after ageing: specifically, the increase in surface fractal dimension 
indicates a roughening of the pore surfaces across the length scale fitted by the power law (∼ 2nm < R < ∼ 
0.36 μm). On the other hand, a decrease in mass fractal dimension can be attributed to variations in the 
correlation length of the pore network of the samples with p < 3. This is related to the density of porous 
pathways within a given volume, and Dm describes the compactness of the scatterer. In the limiting case of 
a linear, unbranched porous path p equals 1. In contrast, as the porous paths become more densely packed, 
Dm approaches 3 (Figure 65). 

A negative correlation is observed between the power law exponent derived from the SANS data and the 
clay content (cc = sum of mass % of individual clay minerals) of the samples obtained from XRD (Figure 66). 
In particular, a transition is observed in characteristics of the pore space changing from surface fractal (p > 3) 
to mass fractal (p <3) for a clay content higher than about 35 %. This indicates that for aclay content lower 
than 35 % the pore space is dominated by more or less smooth surfaces between solid particles. On the other 
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hand, in samples with a clay content higher than 35 % porosity is doinated by a densely packed porous 
network. Notably, the mass fractal decreases after ageing, and this can be interpreted as a “simplification” 
of the porous network branching or, in other words, the co-alescence of smaller branches into a larger 
branch. 

 

 

Figure 66 Cross plot between the power law exponent p derived from fitting of the SANS data and clay content of 
each sample determined from XRD mineralogy. 

 

Figure 67 SANS data from selected samples (before and after ageing) in the high Q region. Note the presence of a 
small peak centred at Q ∼ 0.4 Å-1 in the after ageing SANS data. 

 

Few samples (A, E and G) show after ageing modification in the high Q region (Q > 0.06 (Å-1)), specifically the 
appearance of a small peak at Q ∼ 0.4 Å-1 that could be interpreted as the occurrence of newly formed pores 
with length scale R ∼ 6.25 nm (Figure 86).  
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4.4.2 CO2-Rock experiment 

HRXCT 

Micro-plugs were imaged before and after ageing in dry scCO2. A siltstone from paleosol (sample B, Figure 
68), a siltstone from evaporitic lake (sample D) and river sandstone (sample E) did not show significant 
differences based on HRXCT imaging, even in the micro-fracture. No widening or propagation was observed 
at the spatial resolution of the technique.  

 

 

Figure 68. HRXCT slices (cut along XY plane) of sample B showing the texture before (a) and after (b). The micro-
fractures appear in dark grey whereas the light grey of variable shade correspond to clay matrix and quartz and 
feldspar grains. The white particles consist of high-density phase such as zircon, rutile and Ti-Fe oxides. The variation 
in the matrix greyscale is interpreted to reflect variable amounts of Fe (red colour the macroscopic specimen). HRXCT 
slices (cut along XY plane) showing the lack of textural change during the ageing process are provided in c, d, e and f. 
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Sample E consisting of a sandstone with clay coating and clay occluded pores, dominated by mixed layer I/S 
provided limited difference between the imaging before and after the ageing of the sample in dry scCO2. All 
the changes occurs at the clay coating (Figure 69) while the grains are unchanged. 

 

 

Figure 69. A: 2D slices of the river sandstone, sample E, showing the location of changes due to ageing obtain using 
image processing of the state before and after ageing. B-D: Detail views showing that most of the changes are 
located within the clay coating of the grains. 

Contact angles 

The effect of scCO2-rock interaction on the water contact angle of clay-rich siltstone and claystone was 
determined by measuring the water contact angles before and after an ageing process of samples in scCO2. 
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The advancing and receding water contact angles measured before and after the experimental ageing are 
listed in Table 9. 

As expected the contact angles increased significantly with increasing pressure, consistent with literature 
data (e.g. Iglauer et al., 2015; Kaveh et al., 2016; Broseta, 2012). This is caused by the increased CO2-rock 
surface intermolecular interactions which get stronger with increased CO2 density. 

The rock ageing in scCO2 for 45 days at reservoir conditions is clearly affecting the water contact angle for 
every rock type tested. Both the advancing and receding water angle are affected and increase at low CO2 
density and at scCO2 density. The rock samples have less affinity to water after the ageing process. We 
interpret that the ageing process desiccate the clays by removing some of the water bound on the clay 
surfaces. The rocks lose affinity to water and the water contact angles increase. 

Consequently, if the angle of contact of water increases in rocks after exposure to scCO2, including clay-rich 
facies, their capillary pressures would decrease. This implies, based on this property alone, a reduced ability 
of the clay-rich rock to retain a CO2 column. 

 

Table 23. Condition of measurements and results of the advancing (θa) and receding (θr) water contact angles 

     Before ageing After ageing 

Sample Lithology Facies P (MPa) T (ºC) θa (º) θr (º) θa (º) θr (º) 

B Siltstone Paleosol 7.78 50 38.6 36.2 58.3 52.2 

B Siltstone Paleosol 0.1 23 18.7 14.2 39.6 33.4 

D Siltstone shallow lake 11 50 56.6 52.6 93.7 86.4 

D Siltstone shallow lake 0.1 23 12.8 9.0 51.6 47.8 

G Sandstone In-fill in desiccation crack 10.3 50 74.9 71.2 98.2 92.6 

G Sandstone In-fill in desiccation crack 0.1 23 57.8 48.4 83.3 77.6 

 

Nano-indentation 

Samples from the core plug A, B, C, D and I were analysed by nano-indentation tests. Some samples were 
duplicated. Figure 70 displays the histograms of the 961 measurements made for each of the 7 tested 
samples in term of indentation moduli and Figure 71 displays these same results as probability density 
functions. In Table 24 are reported the mean of the different measured and computed elastic moduli (i.e. 
indentation modulus, Young’s modulus, bulk modulus and shear modulus). We used νi = 0.02 and Ei= 1220 
GPa (Klein & Cardinale, 1992) for the properties of the indenter, and ν = 0.25 for the samples Poisson’s ratio. 
This latest value might be locally variable and can be measured according to Zorzi and Perottoni (2013) or Jin 
and Lewis (2004). We have assumed here a typical value for claystones (e.g. Meng and Xian, 2013).  

We also gave an estimate of P- wave and S-wave velocities based on the mean (arithmetic average) of the 
indentation moduli values. Note that this way of upscaling the elastic parameters is quite rough and assume 
statistical homogeneity of the samples. More robust methods are under development (e.g., Vialle et al., 
2018). 
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Figure 70. Histograms of the indentation moduli (M), in GPa, obtained for each of the 7 studied samples, as described 
in the text, and before ageing experiments. 
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Figure 71. Probability Density Functions (PDFs) of the indentation moduli (M), in GPa, obtained for each of the 7 
studied samples, as described in the text, and before ageing experiments. 

 

A comparison between the wireline acoustic measurements collected along the Harvey 3 borehole and the 
values of Vp deduced from the nano-indentation tests is given in Figure 72. The values deduced from the 
nano-indentation technique are generally lower than that of the log by 200 to 300 m/s, though the general 
trend is respected. The technique to upscale nano-indentation values is still in development and the first 
attempts made have shown that the values deduced from nano-indentation are generally underestimated 
(Vialle et al., 2018). 
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Figure 72. Comparison between acoustic wireline log (blue line) and upscaled Vp values deduced from the nano-
indentation tests (red dots) as function of depth in Harvey 3. 

 

Table 24. Elastic moduli derived from nano-indentation tests performed on each of the 7 studied samples, before 
ageing. M: indentation modulus; E: Young’s modulus; K: bulk modulus; G: shear modulus. Vp and Vs: estimate of P- 
and S-wave velocities. 

Sample  
Main Peak Mean 

M 
(GPa) 

E 
(GPa) 

K 
(GPa) 

G 
(GPa) 

M 
(GPa) 

E 
(GPa) 

K 
(GPa) 

G 
(GPa) 

Vp 
(km/s) 

Vs 
(km/s) 

A 7.8 7.1 6.0 2.7 8.6 7.9 6.6 3.0 2.3 1.3 

B (1) 7.0 6.4 5.3 2.5 9.9 9.1 7.6 3.5 2.4 1.4 

B (2) 8.3 7.6 6.3 2.9 10.5 9.6 8.0 3.7 2.5 1.4 

C 4.8 4.4 3.7 1.7 5.1 4.7 3.9 1.8 1.7 1.0 

D (1) 2.7 2.5 2.1 0.9 13.1 12.1 10.0 4.6 2.7 1.6 

D (2) 2.9 2.6 2.2 1.0 13.0 12.0 10.0 4.6 2.7 1.6 

I 7.0 6.4 5.3 2.5 22.0 20.4 17.0 7.8 3.4 2.0 
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The same nano-indentation tests were repeated after the samples had been exposed to dry scCO2 at in situ 
conditions. Figure 73 reports histograms of 961 measured indentation moduli made for each of the 5 tested 
samples and the Figure 74 presents the corresponding probability density functions. Table 25 reports the 
mean of the different measured and computed elastic moduli (i.e. indentation modulus, Young’s modulus, 
bulk modulus and shear modulus) as well as an estimate of P- and S-wave velocities. 

 

 

Figure 73. Histograms of the indentation moduli (M), in GPa, obtained for each of the 5 studied samples, as described 
in the text, and and after scCO2 exposure. 

 

 

Figure 74. Probability Density Functions (PDFs) of the indentation moduli (M), in GPa, obtained for each of the 5 
studied samples, as described in the text, and after scCO2 exposure. 
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Table 25. Elastic moduli derived from nano-indentation tests performed on each of the 5 studied samples, and after 
scCO2 exposure. M is indentation modulus, E Young’s modulus, K bulk modulus and G shear modulus. An estimate 
of P- and S-wave velocities, Vp and Vs, respectively, is also given, based on the mean values of indentation moduli, 
and using bulk densities reported in Table 5 of Milestone report 1. 

Sample  
Main Peak Mean 

M 
(GPa) 

E 
(GPa) 

K 
(GPa) 

G 
(GPa) 

M 
(GPa) 

E 
(GPa) 

K 
(GPa) 

G 
(GPa) 

Vp 
(km/s) 

Vs 
(km/s) 

B(1) 20.1 19.2 12.8 7.7 25.9 24.1 16.1 9.6 3.9 2.3 

B (2) 8.8 8.3 5.5 3.3 11.8 10.8 7.2 4.3 2.6 1.5 

C (1) 13.8 13.1 8.7 5.2 18.6 17.2 11.5 6.9 3.2 1.9 

C (2) 13.5 12.8 8.5 5.1 18.4 17.0 11.3 6.8 3.2 1.8 

D 4.6 4.3 2.9 1.7 9.5 8.7 5.8 3.5 2.3 1.3 

 

Figure 75 graphs the PDFs of the indentation moduli before and after exposure to scCO2. We can see that for 
all lithofacies, the curves are shifting towards higher values of indentation moduli after exposure to scCO2, 
implying a stiffening of the samples. 

 

 

Figure 75. Comparison of the Probability Density Functions (PDFs) of the indentation moduli (M), in GPa, before (in 
black) and after (in red) ageing experiments, by type of facies. 
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4.5 Geochemical modelling 

The ageing process is used as a simulation in laboratory of the effect of the CO2 saturation as a dissolved 
species in the formation water on the minerals and the properties of the rocks. In this section, we used a 
modelling tool in order to test the consistency of the interpretations acquired from the ageing experiments 
and the predictability of the transformation observed in the experiments. The aim is to constrain a conceptual 
geochemical model of the effect of the CO2 injection on the rocks constituting the Yalgorup Mbr. 

A simple reactive transport model is then built to provide a schematic view of the geochemical evolution of 
the Yalgorup Mbr due to CO2-rich fluids and its consequence for CO2 containment. We constrained the model 
using the results of the ageing experiments, the rock characterization and geochemical modelling. 

4.5.1 Methodology 

4.5.1.1 Static geochemical modelling 

In order to interpret and understand the geochemical processes happening during the ageing experiments 
of the rock samples, we used the computer program PHREEQC 3.2.0 (Parkhurst and Appelo, 2013) written in 
the C and C++ programming languages. This program is design to perform a wide variety of geochemical 
calculations; more details about the different types of implemented aqueous models (two ion-association 
aqueous models (the Lawrence Livermore National Laboratory model and WATEQ4F), Pitzer specific-ion-
interaction aqueous model, and the SIT (Specific ion Interaction Theory) aqueous model), and the different 
capabilities (batch-reaction, 1D transport, inverse modelling) can be found in the manual. For the purpose of 
this study, we used the batch reaction module with the two ion-association model of the Lawrence Livermore 
National Laboratory. We used the thermodynamic dataset THERMODEM Version V1.10 (Blanc et al., 2010). 
This dataset has been developed by the French Geological Survey (BRGM) for the long-term behaviour 
assessment of waste materials in the environment (including radioactive waste management in shale 
environments) and is currently the most exhaustive database for aluminosilicate minerals. However, because 
aluminosilicates are such a diverse group and can form some mixed-layer clays (e.g. illite-smectite or chlorite-
smectite), we added several phases for the illite-smectite system in the thermodynamic database based on 
the SEM-EDS data performed on the rock samples under investigation.  

The chemistry of the brine replicated the composition given in Table 16, representing the estimated 
formation water composition in the Lesueur aquifer from Harvey 4 water samples. Temperature and pressure 
were kept constant at 60°C and 15 MPa (150 bar). Mineralogy of each of the simulated samples was taken 
from the results of the SEM-EDS mapping of thin sections Table 19 and renormalised to have the sum of all 
detected minerals equal to 100% for each of the rock samples, which allows for a better comparison between 
samples. The list and the corresponding thermodynamic data of the different minerals used in the simulation 
are given in Table 26 and Table 27. The clay dominated by kaolinite and kaolinite were considered as one 
single mineral. Table 28 reports the weight percentages of the different elements in each of the phases of 
the illite-smectite identified with SEM-EDS technique. These phases were identified as illite, a iron-rich mixed 
layer of illite and smectite (labelled Fe-I/S) and a mixed layer of illite and smectite (labelled I/S). The 
procedure we followed to go from the weight % of the different elements to the chemical formula of the clay 
is the following: 

1. Add the weight % of H, assuming a mole ratio O/H of 12/2 (aluminosilicate with a formula O10(OH)2). Note 
that when this assumption led to a system of equations that could not be solved, a different assumption was 
made by adding one or several H2O molecules in the formula; 

2. Normalize the weight % to have the sum equal to 100% 

3. Transform the weight % in mole % 
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4. Recalculate all the element in mole % assuming 12 for the element O. (Or the appropriate number when 
one or several molecules of H2O had been added in the formula) 

 

Table 26. Molecular weight (in g.mol-1), molar volume (in cm3.mol-1) and chemical formula of the minerals used in 
the geochemical simulations. 

Minerals M V Formula 

Quartz 60.10 22.688 SiO2 

Microcline  278.33 108.87 K(AlSi3)O8 

Albite 263.02 100.25 NaAlSi3O8 

Biotite 433.53 154.32 KFe3(AlSi3)O10(OH)2 

Muscovite 398.71 140.71 KAl2(AlSi3)O10(OH)2 

Illite 407.14 138.94 K0.63Fe0.11Mg0.31Al1.36Si4.09O10(OH)2 

Fe_I/S 379.99 132.51 K0.251Mg0.131Fe0.824Ca0.005Na0.132Ti0.172Al1.474Si3j.535O10(OH)2:5.5H2O 

I/S 491.93 132.51 K0.339Mg0.168Fe0.298Ca0.024Na0.043Ti0.047Al1.632Si3.886O10(OH)2 

Kaolinite 258.16 99.52 Al2Si2O5(OH)4 

Chlorite 664.18 210.26 (Mg2.964Fe1.927Al1.116Ca0.011)(Si2.633Al1.367)O10(OH)8 

Calcite 100.09 36.934 CaCO3 

 

Table 27. Log10(k) at 25°C and regression coefficients a, b, c, d, and e to calculate log10(K) as a function of 
temperature (at the reference pressure P0=1 bar) with log10(K)T,P0  = a*ln(Tk) + b + c*Tk +d/Tk +e/Tk 2 , where Tk is 
absolute temperature (K), and ln stands for natural logarithm. 

Minerals Logk25 Analytics 

a b c d e 

Quartz -3.737 -7.590E+1 -1.542E-2 1.562E+3 2.909E+1 -4.051E+4 

Microcline  0.004 -7.368E+2 -1.290E-1 3.686E+4 -2.704E+2 -1.548E+6 

Albite 2.996 -7.952E+2 -1.356E-1 4.136E+4 2.906E+2 -1.700E+6 

Biotite 32.755 -1.642E+3 -2.706E-1 9.678E+4 5.966E+2 -4.057E+6 

Muscovite 14.000 -1.595E+3 -2.732E-1 9.061E+4 5.777E+2 -3.827E+6 

Illite 11.011 -1.468E+3 -2.426E-1 8.318E+4 5.305E+2 -3.618E+6 

Fe_I/S 4.223 -1.200E+3 -2.006E-1 6.597E+4 4.340E+2 -2.780E+6 

I/S 9.455 -1.595E+3 -2.732E-1  8.982E+4 5.777E+2 -3.827E+6 

Kaolinite 6.471 -9.859E+2 -1.694E-1 5.509E+4 3.570E+2 -2.245E+6 

Chlorite 61.315 -2.912E+3 -4.672E-1 1.775E+5 1.051E+3 -7.432E+6 

Calcite 1.847 -8.501E+2 -1.395E-1 4.688E+4 3.097E+2 -2.659E+6 
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Table 28. Element weight % in the different types of aluminosilicates identified with SEM-EDS 

Mineral O  Si  Al  K  Na  Mg  Fe  Ti  Ca  

Illite 55.8 25.59 9.13 6.11 - 1.9 - - - 

Fe I/S 59.0 18.37 8.24 2.02 0.63 0.66 9.53 1.71 0.04 

I/S 50.79 25.79 11.65 3.51 0.26 1.08 4.4 2.26 0.25 

 

The chemical formula we found for each of the 3 clay phases investigated are: 

- K0.63Fe0.11Mg0.31Al1.36Si4.09O10(OH)2:2H2O for illite, 
- K0.251Mg0.131Fe0.824Ca0.005Na0.132Ti0.172Al1.474Si3.535O10(OH)2:5.5H2O for Fe-I/S 
- K0.339Mg0.168Fe0.298Ca0.024Na0.043Ti0.047Al1.632Si3.886O10(OH)2 for I/S. 

Note that the Si/Al ratio determined from the SEM-EDS analysis does not agree with the structure of Illite (a 
2:1 sandwich of silica tetrahedron (T) – alumina octahedron (O) – silica tetrahedron (T) layers), for which the 
Si/Al ratio is between 2 and 1.3 (compared to a ratio of 3 obtained above). This is likely due to the small 
quantity of illite present in the analysed rock sample: the electron beam has likely captured elements from 
adjacent phases. As a result we used instead one of the illite species from the THERMODEM dataset, even 
though the amount of cations (Ca2+, Mg2+, Fe3+, Fe2+, etc.) substituted for K+ is not representative of the in 
situ illite clay. 

We equilibrated the reactions of dissolution-precipitation associated with each of the two mixed layers, 
starting with the element O, then the element H and then the charge balance is used to distribute the 
element Fe into Fe(II) and Fe(III). This is at this stage that the assumption made on the O/H ratio is validated 
or not. If no solution is found to honor both the charge balance and the Fe mass balance, then a different 
O/H ratio has to be tested. 

Below are given the two balanced dissolution equations for the phases Fe-I/S and I/S, respectively: 

- K0.251Mg0.131Fe0.824Ca0.005Na0.132Ti0.172Al1.474Si3.535O10(OH)2 + 5.5H2O + 7.172H+ = 1.474Al+3 + 
0.251K+ + 0.131Mg2+ + 0.447Fe3+ + 0.377Fe2+ + 0.005Ca2+ +0.132Na+ + 3.535H4SiO4  + 
2.672H2O + 0.172Ti(OH)4 

- K0.339Mg0.168Fe0.298Ca0.024Na0.043Ti0.047Al1.632Si3.886O10(OH)2 + 6.268H+ +3.732H2O = 1.632Al3+ + 
0.339K+ + 0.168Mg2+ + 0.01Fe3+ + 0.288Fe2+ + 0.024Ca2+ +0.043Na+ + 3.886H4SiO4 + 
0.047Ti(OH)4 

4.5.1.2 Conceptual Reactive Transport Modelling  

The goal of this modelling is to provide a schematic view of the geochemical evolution of the Yalgorup Mbr 
due to CO2-rich fluids migration and its consequence for CO2 containment. We constrain the model the results 
of the ageing experiments, rock characterization and geochemical modelling. 

We developed a simplified and conceptual 3D reservoir/caprock system model to simulate the geochemical 
evolution of the Yalgorup Mbr at Harvey 3 due to CO2 sequestration process. We used the multicomponent, 
chemically reactive, non-isothermal and multiphase flow numerical simulation program TOUGHREACT (Xu et 
al., 2006) with the graphical interface PetraSim. The model length is 1500 m, model width 1500 m and model 
thickness 1500 m (ranging from a top depth of 1000 m and bottom depth of 2500).  The grid is irregularly 
spaced with a total of 31 × 31 × 15 grids (14415 gridblocks). The developed Harvey structure model consists 
of two main regions that are reservoir rock region (sandstone) and cap rock region. We simplified the caprock 
as made of layers of 2 different facies: a sand layer, and a low permeability layer that is either a swamp-type 
facies or a paleosol-type facies. For each of the facies, we inferred a simplified and typical mineralogical 
composition based on the XRD results and provided in Table 1. Because we do not know the solubility and 
kinetics constants of the in situ clay phases (mixed layer and Fe-mixed layer), we took another set of clay 
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phases that shows a similar behavior (i.e. dissolution of one phase and precipitation of the other, as shown 
in the geochemical modeling). Note that if stoichiometry, thermodynamical and kinetics data are known, new 
minerals can be added in the software. We further simply the caprock by represented it by 3 layers only of 
low permeability facies embedded in a sand facies. One scenario uses paleosol/sand facies and one 
swamp/sand facies. The goal here is to get insights on the feedbacks between dissolution/precipitation 
reactions in the different facies and how it can affect porosity (and permeability) and thus containment of 
CO2, while keeping computation times reasonable. Each scenario could be run overnight. A 3D view of this 
model is given in Figure 76. 

 

Table 29. Initial mineral composition of the three different rock types used in the model 

Minerals Minerals from 
TOUGHREACT 

Volume fraction of solid rock 

Sandstone Paleosol Swamp 

Quartz Quartz 0.6 0.3 0.2 

Microcline K-feldspar 0.3 0.1 0 

Fe-I/S Smectite-Ca 0.1 0.5 0.3 

Kaolinite Kaolinite 0 0.1 0.5 

I/S Smectite-Na 0 0 0 

 

 

 

Figure 76. 3D view for the developed model with a enlarged view of the caprock showing the details of the three 
layers of low permeability facies (i.e. swamp or paleosol) for two different cases tested, one for the sand/paleosol 
facies and the other for sand/swamp facies. Blue represents sand zones and red represents low permeability zones.  
Note that the middle low permeability layer only extends over 600m on each side of the center of the model. 

 

Porosity and permeability values are set to be constant throughout the model in each of the facies zones. 
The horizontal permeability is 1000 mD for the sandstone, 10 mD for the paleosols and 1 mD for the swamp 
rocks. The vertical-to-horizontal permeability ratio is 10% for the whole model. The initial pressure is 10 MPa 
at the top depth of the model (1000 m) and 25 MPa at the bottom depth of model (2500 m). Isothermal 
conditions are applied with a reservoir temperature of 60 °C. A constant boundary pressure condition is 
applied on the outer boundary of the model by multiplying the outer boundary cell volume by multiplier of 
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108 (Nghiem et al., 2010). The initial water saturation is 100% with a brine salinity of 30,000 ppm and a 
chemical composition taken from Table 16.  

The amount of injected CO2 in all simulations is 10 Mton at a depth of 2170 m during a 10 years injection 
period (i.e. a CO2 injection rate of 1 Mton/yr). These 10 years of CO2 injection period is followed by a 100 
years CO2 storage period. 

We used the recently developed capability of wettability modeling in TOUGHREACT code (Al-Khdheeawi et 
al., 2017a, 2017b). Wettability is incorporated in the simulation by the choice of pairs of capillary pressure 
and relative permeability curves using for Genuchten - Mualem model (Mualem, 1976; Van Genuchten, 
1980). Based on the contact angle measurements (see 0) we used an intermediate-wet rock to simulate the 
wettability of sand and swamp facies and a weakly water-wet to simulate the wettability of paleosol facies. 
These curves are displayed in Figures 2 and 3 for these facies. 

 

 

Figure 77 The used CO2 and water capillary pressure curves for Paleosols, Swamp, and Sandstone rocks, taken from 
(Al-Khdheeawi et al., 2017a, Al-Khdheeawi et al., 2017b, Al-Khdheeawi et al., 2018) 

 

 

Figure 78 The used CO2 and water relative permeability curves for Paleosols, Swamp, and Sandstone rocks, taken 
from (Al-Khdheeawi et al., 2017a, 2017b, 2018) 

 

We run two simulations, one with the low permeability layer being a paleosol facies, and the other with the 
low permeability layer being a swamp facies. 
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4.5.2 Results and discussion 

4.5.2.1 Static geochemical model 

Mineralogy in weight percentage (wt%) of the rock samples before and after reaction with CO2-rich brine is 
given in Table 30. Note that, compared to the data provided in Table 19, the weight percentages of the 
sample before reaction have been normalized to 100% (for better comparison between samples), but not 
the ones after reaction, in order to represent the absolute change in mass in minerals. These absolute 
changes in minerals are displayed in Figure 79, with a positive change indicated a precipitation and a negative 
change a dissolution.   

The results showed a consistent general behaviour of the mineral assembly among the rock samples, 
irrespective of the facies. The calculations predicted the dissolution of the feldspar phases (microcline and 
albite), of the clay phases that are less stable in acidic environment (illite, muscovite and I/S) and the 
precipitation of quartz and of more stable clay phases (Fe-I/S and kaolinite). For sample I the Fe-I/S clay did 
not precipitate which suggests that the initial presence of Fe-chlorite change the overall reactivity and led to 
preferential quartz and kaolinite precipitation. 

When comparing the modelling results (Figure 79) with the experimental results (Figure 55), we can conclude 
that the geochemical modelling was able to reproduce and explain the main features experimentally 
observed such as the dissolution of feldspar and of some clay phases and precipitation of other clays. Note 
that SEM-EDS data (as well as XRD data) can be challenging to interpret when changes are low. In fact, the 
rock samples analysed before and after the experimental ageing are not the very same and the results can 
be due to heterogeneous material and not to actual changes due to dissolution or precipitation. This is for 
example the case of quartz which has extremely low solubility at low pH and is unlikely to dissolve at the 
experimental conditions, yet experimental results for some samples indicated dissolution of quartz. 

The case of illite is however ambiguous. Both SEM-EDS data and XRD data showed experimentally a small 
(less than 3.6%) but consistent positive change (i.e. precipitation), whereas the modelling shows a negative 
change (dissolution). This could be again due to a sampling heterogeneity but the consistency between 
samples and methods (XRD and SEM-EDS) argue against that possibility. This difference between 
experimental and modelling approach may come to an input parameters issue in the geochemical modelling. 
Indeed the SEM-EDS mapping data could not give the stoichiometry of the mineral due to its low amount and 
thus the illite mineral from the dataset used may not have the same stoichiometry (and/or solubility 
constants) and thus may not behave as the native clay. The illite detected experimentally may be an 
intermediate state that would ultimately lead to the formation of kaolinite as suggested by the model. 

Therefore the geochemical modelling helped us understand some processes involved when CO2-rich 
water interacts with the rocks from Yalogorup Mbr and Eneabba Fm. The proposed geochemical 
model is the dissolution of feldspar phases, that provides Si, Al and cations (K+, Na+), the dissolution 
of the clay phases soluble in acidic environments (releasing Si, Al and various cations such as K+, 
Ca2+, Mg2+, etc.), the precipitation of quartz and more stable clay phases (in this case, kaolinite and 
an iron-rich mixed layer). This geochemical model has to be seen as a qualitative interpretation as 
some of the input data are not well constrained, such as stoichiometry and solubility of the clay 
phases, which would require a more detailed analysis of the minerals. Other limitations came from 
the underlying assumptions of the modelling compared to the experiment. 
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Figure 79. Difference in mineralogy of aged and non-aged rock samples in CO2 saturated brine simulated using the 
geochemical software PHREEQC. 
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Table 30 Mineralogy (in weight %) of the rock samples before and after ageing with CO2-saturated brine, computed 
by the software PHREEQC. 

Sample 
ID 
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ite
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te
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ite
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Fe
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A_before 43.7 9.3 0.0 0.2 0.0 2.0 31.9 9.3 1.1 2.5 0.0 

A_after 58.8 0.0 0.0 0.0 0.0 0.0 0.0 11.7 23.5 0.0 0.0 

∆_A 15.1 -9.3 0.0 -0.2 0.0 -2.0 -31.9 2.4 22.4 -2.5 0.0 

            

B_before 16.8 2.4 0.0 0.2 0.0 1.7 60.8 17.9 0.0 0.3 0.0 

B_after 39.6 0.0 0.0 0.0 0.0 0.0 0.0 20.0 34.9 0.0 0.0 

∆_B 22.9 -2.4 0.0 -0.2 0.0 -1.7 -60.8 2.2 34.9 -0.3 0.0 

            

C_before 27.4 9.6 0.0 2.6 2.4 1.2 29.4 21.3 2.4 3.9 0.0 

C_after 42.5 0.0 0.0 0.0 0.0 0.0 0.0 23.8 27.6 0.0 0.0 

∆_C 15.2 -9.6 0.0 -2.6 -2.4 -1.2 -29.4 2.5 25.2 -3.9 0.0 

            

D_before 33.2 15.4 15.8 0.3 0.4 1.0 11.1 21.9 0.1 0.7 0.0 

D_after 51.3 0.0 0.0 0.0 0.0 0.0 0.0 22.7 22.2 0.0 0.0 

∆_D 18.1 -15.4 -15.8 -0.3 -0.4 -1.0 -11.1 0.8 22.1 -0.7 0.0 

            

E_before 63.2 24.5 0.3 0.0 0.3 0.7 10.5 0.4 0.1 0.0 0.0 

E_after 77.7 0.0 0.0 0.0 0.0 0.0 0.0 22.5 18.4 0.0 0.0 

∆_E 14.5 -24.5 -0.3 0.0 -0.3 -0.7 -10.5 22.1 18.3 0.0 0.0 

            

G_before 38.8 16.5 8.8 0.1 0.2 1.2 28.1 6.2 0.0 0.0 0.0 

G_after 60.2 0.0 0.0 0.0 0.0 0.0 0.0 7.3 27.9 0.0 0.0 

∆_G 21.4 -16.5 -8.8 -0.1 -0.2 -1.2 -28.1 1.1 27.9 0.0 0.0 

            

I_before 61.2 20.8 0.0 0.4 0.5 1.0 2.7 1.5 0.8 9.8 1.4 

I_after 72.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.2 0.0 0.0 

∆_I 10.9 -20.8 0.0 -0.4 -0.5 -1.0 -2.7 -1.5 17.4 -9.8 -1.4 
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4.5.2.2 Reactive transport model 

Figure 80 displays the evolution with time of the CO2 plume for the two different scenarios.  As expected, the 
scenario with lower permeability layers is more effective for preventing the CO2 to propagate upwards 
through the caprock.  

Figure 81, Figure 82, Figure 83 and Figure 84 display the evolution of the mineral volume fraction changes 
and pH changes across the modelled area (at its center) as a function of time during the storage period and 
for the first low permeability layer (bottom of the caprock) for each of the two scenarios (paleosol/sand and 
swamp/sand).  

This model reproduced the geochemical behaviour simulated by the geochemical model such as the 
dissolution of feldspar and of the clay phases instable in acidic conditions (here Ca-smectite) and precipitation 
of quartz, kaolinite and other stable clay phases (here Na-smectite). Note that the amount of changes across 
the model at a given time will depend on the local mineralogy, pH and pCO2 but also on the flow velocities. 
We observed bigger changes in mineral volumes for the case of paleosol, for which the permeability is 10 
times higher than that of the swamp rocks. These changes were however very small, even after 100 years of 
simulated storage period. 

Figure 85 and Figure 86 present the evolution of porosity in three different representative cells of the model: 

- the first low permeability layer, a few meters away from the hole,  

- the cell constituting the hole between the two parts of the first low permeability layer  (sand facies), 

- the cell just above this previous cell (sand facies).  

This porosity value was calculated by mass change of mineral changes though time, with an increase of 
porosity indicating a volume loss of minerals (more dissolution than precipitation) and a decrease in porosity 
a volume gain. In the paleosol simulation, we observed an increase of porosity in the paleosol cell but a 
decrease in both sand cells, which suggests that mineral dissolution took place in the low permeability rock 
that caused precipitation in the sands. The baffle properties of the paleosol would degrade over time. In the 
swamp facies simulation, we observed a decrease of porosity in the swamp lithofacies cell but an increase in 
both sand cells, which suggests mineral dissolution took place in the sand and a baffle properties that would 
improve over time. 

However, the values obtained both for mineral changes and porosity changes are very small. The values are 
though in agreement with previous studies (e.g. Xu et al., 2014). Hence, if these numbers are accurate, no 
noticeable changes in porosity (and permeability) (due to geochemical processes only) would be detectable 
at the human time scale. However there are more and more evidence that the kinetics used in the models, 
are wrong and that geochemical reactions (and mineral changes) are much faster but episodic (Matter et al. 
2016). 
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Figure 80. 2D views through the center of the model showing the CO2 plume migration for the two different caprock 
scenarios (i.e. paleosol/sand and swamp/sand) as function of CO2 storage time (i.e after 10 years of injection). 
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Figure 81. Changes in mineral feldspar, quartz and kaolinite (negative values indicate dissolution and positive 
precipitation) after different storage times for the swamp layer 1 (depth 1397.5 m, y = 750 m (center) and for different 
distances in x directions). 
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Figure 82. Changes in mineral smectite-Na and smectite-Ca, (negative values indicate dissolution and positive 
precipitation) and changes in pH after different storage times for the swamp layer 1 (depth 1397.5 m, y = 750 m 
(center) and for different distances in x directions). 
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Figure 83. Changes in mineral feldspar, quartz and kaolinite (negative values indicate dissolution and positive 
precipitation) after different storage times for the paleosol layer 1 (depth 1397.5 m, y = 750 m (center) and for 
different distances in x directions). 
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Figure 84. Changes in mineral smectite-Na and smectite-Ca, (negative values indicate dissolution and positive 
precipitation) and changes in pH after different storage times for the paleosol layer 1 (depth 1397.5 m, y = 750 m 
(center) and for different distances in x directions). 
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Figure 85. Porosity evolution in one cell of the model as a function of storage time; top: within the first paleosol layer, 
middle: in the sand hole of the first paleosol layer; bottom: just above the sand hole, in the sand layer. 
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Figure 86. Porosity evolution in one cell of the model as a function of storage time; top: within the first swamp layer, 
middle: in the sand hole of the first swamp layer; bottom: just above the sand hole, in the sand layer. 
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4.6 Conclusions and perspectives 

The experimental ageing of rock samples in CO2-saturated brine was performed to simulate the effect of 
dissolved CO2 on the sandstones and claystones present in the Yalgorup Mbr. Dissolution of CO2 in formation 
waters causes an acidification of the brine which may induce mineralogical changes. Those changes were 
monitored using a panel of techniques comparing mineralogy before and after an experimental ageing of 
rock samples. The results were compared to calculations using a static geochemical modelling tool 
(PHREEQC). It appears clear that the most significant and systematic change consisted into the illitisation of 
microcline (K-feldspar). The illitised K-feldspar were observed in all samples imaged using SEM-EDS technique 
after the static ageing and homogeneously throughout the samples. These observations supported by 
quantitative mineral approaches showed that this illitisation of one of the major constituent of the rocks in 
the Yalgorup Mbr is significant and would affect generally the rocks exposed to high amount of dissolved CO2 
in the formation water. The illitisation of the K-feldspar did not translate into changes of the microstructure 
of the rocks at the time scale of the experiments. The geochemical modelling confirmed that K-feldspar would 
dissolve and be replaced by clay at equilibration of the fluid-rock reaction. However, the model predicted 
kaolinite instead of illite as the precipitated clay. It appears probable that illite, detected after the 
experimentation might be an intermediate clay at the limited time scale of our experimentation that would 
lead to the formation of kaolinite over longer period of time. This transformation of the K-feldspar has a 
potential to impact the containment properties of the sands if the K-feldspar were to be totally replaced by 
kaolinite. The reactive transport models showed that at long timescale the sandstones would see their 
porosity (and permeability) decrease in the case of proximity to paleosols baffles while they would increase 
near swamp facies baffles. 

The ageing experiments were not performed under triaxial stress and this effect on the geomechanical and 
petrophysical properties could not be tested. We would recommend performing similar ageing experiments 
under stress allowing to derive porosity and permeability properties in situ and to quantify its implication on 
the stress threshold for rock failure. 

Calcite, present in low abundance in a limited number of samples, was clearly dissolved in one case but seem 
to have remained in another. Most of the reviewed geochemical studies report carbonate and feldspar 
dissolution, along with clay and secondary carbonate precipitation as a response to CO2 dissolving in 
formation waters (Alemu et al., 2011; Credoz et al., 2009; Kaszuba et al., 2005; Kohler et al., 2009; Navarre-
Sitchler et al., 2011; Szabo et al., 2016). Our geochemical modelling also confirmed that calcite would dissolve 
at equilibration of the fluid-rock reaction. The dissolution of calcite in one sample (I) was interpreted to 
control the increase of porosity as measured by the gas technique. The permeability also increased and that 
could also have resulted from the calcite dissolution but it could also be due to clay alteration.  

Microstructural analysis show modifications on surface of the samples aged in carbonated brines, these can 
be summarised as: 

• Volumetric variations resulting in dilation cracks in the clay matrix; 

• Precipitation of Ca-sulphate with gypsum morphology; 

• Dissolution of calcite. 

The HRXCT imaging also showed aperture of the micro-fractures over a wide range of scale. However, this 
phenomenon could not be predicted to also occur in confined environment under stress. The neo-formation 
of gypsum was identified at the sample surface and were not observed to seal micro-cracks as hypothesised 
by Dávila et al. (2016). However, this sealing of micro-fractures by gypsum could take place in the subsurface 
if CO2-rich brines are using those pathways preferentially to interact with the rock. 
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The experiments also clearly showed that the samples with abundant mixed layer illite/smectite did not 
remain fully consolidated after ageing. This is explained by the high swelling property of this type of clay. 
Therefore, limited data were measured after the ageing and this included XRD and SANS on crushed samples, 
SEM-EDS on thin section from resin impregnated blocks and HRXCT on micro plug on one sample. The effect 
of ageing on the porosity and permeability and visualisation using the HRXCT mostly failed due to the loss of 
sample consolidation.  

Small angle neutron scattering (SANS) revealed to be a suitable tool for quantitative analysis investigating 
clay-rich rocks, providing bulk statistical information over a wide range of length scales from nanometre to 
micrometre. It provided information on pore structures in clay aggregates and bulk modifications due to CO2-
brine-rock interaction were discernible in powdered samples which indicated that: 

• Following ageing, scattering intensity over the whole probed Q range (corresponding to length scale 
0.45nm < R < 0.36 μm) is higher than in the virgin state. This could possibly indicate a decrease of 
neutron attenuating hydrogen nuclei associated with dissolution of clay minerals and/or an increase 
in porosity over the whole Q range due to chemical and physical interactions between the rock 
samples and the carbonated brine; 

• Porosity in samples with clay content lower than approximately 35 wt% had a surface fractal 
structure over more than  2.3 orders of magnitude in length scale (0.00068 < Q < 0.2 A-1); 

• Surface fractal dimension increased after ageing indicating a roughening of the pore surfaces; 

• Porosity in samples with clay content higher than approximately 35 wt% had a mass fractal structure 
over more 2.3 orders of magnitude in length scale (0.00068 < Q < 0.2 A-1); 

• Mass fractal dimension decreased after ageing indicating a modification of the correlation length in 
the pore network. These could be correlated with the fracture aperture observed with other imaging 
techniques. 

The SEM-EDS experimental data indicated a change of the mixed layer I/S clay mineralogy which gained iron 
and lost oxygen. The general increase in neutron scattering intensity measured by SANS after ageing could 
then indeed indicate a loss of hydrogen via a loss of hydroxide (OH) radicals in clays. The reactivity of mixed 
layer I/S clays, even if taking place at a nano-meter scale is likely to affect the petrophysical properties of the 
rock at larger scale and the sealing efficiency of the low permeability baffles of the Yalgorup Mbr. The 
geochemical modelling showed that at equilibrium, the I/S clay would dissolve and quartz and kaolinite would 
precipitate as a consequence. Reactive transport model indicated that low permeability baffles containing 
I/S clay would degrade relative to their efficacy to act as baffles over time due to this clay transformation. 
Low permeability facies that contain dominantly kaolinite, such as swamp, are therefore less prone to 
geochemical reactivity to CO2 that impact negatively the baffle efficacy. 

Overall these results indicate that the representative lithofacies in the Eneabba Formation and Yalgorup Mbr 
are affected by interactions with CO2-rich brines. The pores in the clay aggregates change at the nano- to 
micrometer scale, as highlighted by SANS, in a way that was not perceived by other analytical technique. It 
appears clear that this type of ageing experiment is challenging on clay-rich samples, especially for fluvial 
facies where mixed layer I/S clays are abundant. We recommend that, for this type of rock material, 
performing ageing experiment in equipment that allows the ageing in brine and remains under stress for the 
measurement of the porosity and permeability for investigating the effect of CO2-rich brine on the sealing 
efficiency of the baffles. 

The CO2-rock experiment was performed to test the effect of clay desiccation due to the exposure of clay-
rich samples to dry and dense phase of scCO2. The nano-indentation technique allowed obtaining the 
geomechanical data on clay-rich rock that are fragile and challenging to investigate, before and after ageing 
in dry scCO2. The data generally shows that clay-rich rock samples from different lithofacies became stiffer. 
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This could prove to be a useful effect to visualise the displacement of the CO2 plume using geophysical 
monitoring techniques. We were also interested in investigating the evolution of the water contact angle at 
in situ P-T conditions on clay-rich samples before and after scCO2 exposure. We found a systematic increase 
in the water contact angle on clay-rich sample surfaces after ageing. This general loss of water affinity suggest 
that the CO2 breakthrough capillary pressures would decrease after the Yalgorup Mbr rock being exposed to 
dry scCO2. This implies, based on this property alone, a reduced ability of the clay-rich rock to retain a CO2 
column. The existence of dry scCO2 away from an injection wellbore interacting with claystone geobodies in 
the Yalgorup Mbr may however not be realistic if injection is taking place significantly deeper in the 
Wonnerup Mbr. 

Overall, the reactivity of the low permeability rocks present in the Yalgorup Mbr to CO2 was tested. CO2 
dissolved in brine or present as a separate dense phase affects the properties of the rock samples, however, 
the effects are small and do not allow to draw clear conclusions on the effect of the sealing capacity of the 
claystones. Static geochemical modelling and reactive transport modelling however allowed to extrapolate 
our result to highlight opposite behaviour between swamp facies and paleosol facies. The swamp facies 
where clays are dominated by kaolinite seemed to be less prone to reactivity which suggests more 
predictable baffle properties. Extreme conditions where the scCO2 is dry have the potential to reduce their 
sealing capacity but these conditions may not be geologically realistic.  

We built a conceptual reactive transport model to simulate the geochemical evolution of the multi-barrier 
system in the Yalgorup Mbr, using data from rock characterization and ageing experiments. With kinetics 
parameters traditionally using in such modelling, these processes happens at the geological scale. However, 
experimental observations, including this study, indicate that geochemical processes are likely to happen 
much faster. As often for this type of modelling, a much detailed rock characterization (e.g. stoichiometry of 
the in situ clays) and a kinetic study would be required to increase confidence in the accuracy of long term 
predictions of the geochemical evolution of the system.  
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5 Impact of stress and rock faulting on 
supercritical CO2 transmissivity through the 
mud-rich facies of the Yalgorup Member and 
the basal Eneabba Formation 

Contributors: Joel Sarout1, Jeremie Dautriat1, David Nguyen1, Lionel Esteban1, Shane Kager1 

1 CSIRO 

Summary 

The transmissivity of CO2 through a clay-rich facies of the Yalgorup member (two samples) and through a 
clay-rich siltstone from basal Eneabba Formation (one sample) has been evaluated during triaxial 
deformation at in situ stress and temperature conditions. Three cylindrical samples from the Harvey 3 well 
in their native preserved state were exposed to long-term coupled geomechanical and CO2 transmissivity 
tests. Prior to testing, these three samples were characterised relative to petrophysical and structural 
properties. For each geomechanical-CO2 transmissivity test a given rock sample is first equilibrated at the in 
situ conditions for several days (using a simulated pore brine to achieve full saturation and the in situ pore 
pressure). Then, each end face of the sample (upstream and downstream) is exposed to pressurised CO2. A 
different pressure is set and regulated at each end so that a CO2 pressure difference of 2 MPa is maintained 
by two separate pumps. After equilibration of all testing parameters, the sample is subsequently subjected 
to an increase of the differential (shear) stress up to and beyond mechanical failure into the faulting regime. 
The variations of the upstream and downstream volumes of CO2 were monitored during this stress loading. 
Finally, after each geomechanical-CO2 transmissivity test, the internal structure of each failed sample 
(fractures/faults) was imaged by X-ray Computed Tomography (XRCT) at a resolution of 100 µm (voxel size: 
100 x 100 x 100 µm3). 

Under the testing conditions and protocol described in this study, it was expected that the failure and faulting 
of the rock under increasing differential stress would lead to a breakthrough of the pressurized upstream CO2 
into the downstream CO2 reservoir, through the faulted rock. Rather unexpectedly, it turned out that for the 
three samples tested: 

• No CO2 breakthrough occurred, even beyond the nominal failure point (peak differential stress), and 
into the early stages of faulting (slip). 

• During faulting, significantly beyond the peak stress point, the rock was suddenly invaded by the 
pressurised CO2 located at both ends of the sample, suggesting that the faulted rock was suddenly 
invaded by CO2 from both upstream and downstream pressurised reservoirs. This CO2 invasion lasts 
about 5 to 8 hours. The amounts of CO2 invading the faulted rock reached a total of 1.7% (Eneabba) 
to 3.8% (Yalgorup) of the original mass of the preserved sample; and were approximately equally split 
between the upstream and downstream reservoirs. 

• After 1.5% (Eneabba) to 2% (Yalgorup) shortening of the rock sample, the axial loading was halted, 
while the upstream and downstream CO2 volumes were monitored. After several hours to days of 
axial stress relaxation, no breakthrough occurred from the upstream to the downstream reservoirs 
through the faulted rock. 
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This suggests that: 

• The CO2 storage capacity of the rock increased suddenly and by a finite amount during faulting 
significantly beyond the peak stress (nominal failure) point. 

The CO2 sealing capacity of the faulted rock did not fail even after CO2 invasion and a significant shortening 
(1.5% for the Eneabba, and 2% for the Yalgorup). 

5.1 Introduction 

The research program aiming to determine the CO2 storage potential of the Lesueur Sandstone Formation in 
the southern Perth Basin explores the feasibility of injecting CO2 within the sand-rich Lower Lesueur, or 
Wonnerup Mbr. The CO2 containment strategy largely relies on the ability of the Upper Lesueur, or Yalgorup 
Member Mbr and the Basal Eneabba Formation to act as a barrier to CO2 upward migration. The Yalgorup 
Mbr, as observed in the cores recovered from Harvey 1 to 4 wells, consists of continental clastic sections 
(sandstones) between paleosol horizons (claystones). 

Paleosols are unusual sedimentary bodies which are highly heterogeneous with facies featuring low 
permeability claystones, siltstones, organic-rich layer, sand in-fills and desiccation cracks, interbedded with 
fluvial sandy beds. In the South West Hub area, the thickness of the low permeability claystones is below 
classic 3D-seismic imaging resolution, therefore, the horizontal extent and the stacking pattern of the low 
permeability facies is difficult to assess and predict. The salinity data of the formation water within the sand 
beds is not well constrained, limiting the interpretation regarding their potential to be isolated 
compartments. Furthermore, paleosols, as shown in previous ANLEC R&D supported project 7-1111-0199, 
are rich in clays, feldspar and contain carbonates and opaque minerals, which can be highly reactive with 
CO2. This chemical reactivity might result in selective dissolution or precipitation of mineral phases within 
the paleosol facies or the surrounding sand beds. CO2-induced chemical and mineralogical changes can 
impact the containment ability of the different facies present in the Yalgorup Mbr, and modify their 
mechanical and sealing properties. 

This study aims at evaluating in the laboratory the impact of triaxial stress and failure/faulting on the storage 
and sealing capacity of rock samples originating from the Yalgorup and basal Eneabba formations. This is 
done by quantifying the evolution of the CO2 transmissivity of the rock when it is failing/faulting. The Harvey 
3 cores used in this study originate from preserved sections; sample plugs were drilled form these core 
sections in CSIRO's Geomechanics and Geophysics Laboratory (GGL). Sample preparation was conducted 
while the hydration state of the rock was preserved. The pilot study proposed here aims at exploring the 
impact of stress changes on the transmissivity of CO2 at the in situ conditions (CO2 is supercritical at the 
relevant depth). In the field, this protocol simulates the interaction of the injected supercritical CO2 (scCO2) 
with the rock formation either (i) in the near wellbore region; or (ii) at the top of the CO2 plume at large times 
(once dissolution of the injected CO2 in the formation water is complete, while more CO2 is being injected). 
At intermediate distances or times, the injected CO2 will dissolve in the formation water, and a CO2-rich brine 
would interact with the rock formation. For the purpose of this study, we focus here on the short-length scale 
(injectivity at the wellbore) and large-time scale (plume interaction with the cap rock). 

The transmissivity of CO2 through samples of paleosols from the Yalgorup member, and the basal Eneabba 
formation has been evaluated during triaxial deformation at in situ stress and temperature conditions. Based 
on available preserved core sections from the Harvey wells, and their state of physical integrity, adequate 
samples were obtained from these formations: two pairs of samples from the Yalgorup member, and one 
pair from the Eneabba formation. A total of six samples from these preserved core sections were successfully 
prepared into cylindrical shape (L = 80 mm, D = 38 mm) for coupled geomechanical-transmissivity testing, 
i.e., three samples in their native preserved state, and three twin samples after ageing in supercritical CO2. 
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Unfortunately, the ageing of the latter samples led to their destruction (loss of physical integrity), which 
prevented any further testing under stress. Eventually, a total of three samples in their native preserved state 
were subjected to long-term coupled geomechanical-transmissivity tests. Prior to testing, these three 
samples were subjected to a preliminary petrophysical and structural characterisation, i.e., (i) Nuclear 
Magnetic Resonance (NMR) spectroscopy to assess the pore size distribution and saturation in the preserved 
state; (ii) X-ray Computed Tomography (XRCT) to image the internal structure of the rock and assess its 
homogeneity/heterogeneity at a resolution of 100 µm (voxel size: 100 x 100 x 100 µm3); and (iii) ultrasonic P 
and S wave speeds along the sample axis at room conditions. Each triaxial-transmissivity test was conducted 
using a novel protocol at the stress, pressure and temperature conditions corresponding to the depth of 
recovery of the rock sample. A simulated pore brine was used to achieve the in situ pore pressure. Each rock 
sample is first equilibrated at these conditions for several days. Then, each end face of the sample (upstream 
and downstream) is put in contact with CO2. A different pressure was set and regulated at each end so that 
a CO2 pressure differential of 2 MPa was maintained by two separate pumps. After equilibration of all testing 
parameters, the sample is subsequently subjected to an increase of the shear/differential stress way beyond 
mechanical failure (faulting). The variations of the upstream and downstream volumes of CO2 were 
monitored during this stress loading, through to the failure and faulting of the rock, while the pumps were 
regulating and maintaining a constant CO2 pressure difference of 2 MPa between the two end faces of the 
rock sample. Finally, after a geomechanical-transmissivity test, the internal structure of each failed sample 
(fractures/faults) was imaged by X-ray Computed Tomography (XRCT) at a resolution of 100 µm (voxel size: 
100 x 100 x 100 µm3). The workflow developed in this study and described above is illustrated in Figure 87. 

 

 
Figure 87. Characterisation and testing workflow; b: geomechanical and CO2 transmissivity test protocol for samples 
ANLC-17-01-2626, ANLC-17-01-2546, and ANLC-17-01-2543. 
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5.2 Material and methods 

5.2.1 Rock material 

The three samples tested originate from the Yalgorup Mbr of the Lesueur Sandstone and the basal Eneabba 
Formation. The sample numbers and their specific characteristics are summarized in Table 31. In addition, 
Figure 88 shows photographs of the three samples tested in this study. The samples ANLC-17-01-2626, ANLC-
17-01-2546 and ANLC-17-01-2543 correspond to samples A, C and C in Table 3, respectively. After 
geomechanical and CO2 transmissivity testing, each sample is again imaged with the X-ray CT scanner using 
the same equipment, method and acquisition parameters as for scanning prior to testing (see Section 2.3). 
After geomechanical and CO2 transmissivity tests, and during XRCT scanning, the samples are kept into the 
testing sleeves (aluminium + Teflon + Viton) to avoid loss of cohesion of the faulted sample, and preserve the 
macroscopic damage patterns induced during the test. 

 

Table 31. Characteristics of the samples used for the coupled geomechanical and CO2 transmissivity testing. 

Sample ANLC-17-01-2626 ANLC-17-01-2546 ANLC-17-01-2543 

Well Harvey 3 Harvey 3 Harvey 3 

Core A#8 A#17 A#17 

Depth (mRT) 717.6 888.3 888.15 

Formation Eneabba Yalgorup Yalgorup 

Facies Crevasse Splay Swamp Swamp 

Sample orientation Vertical Horizontal Vertical 

Length (mm) 83.31 82.66 81.23 

Diameter (mm) 37.95 37.72 37.94 

Preserved state density (g/cc) 2.352 2.459 2.444 

 

5.2.2 Preliminary characterisation 

5.2.2.1 X-Ray Computed Tomography (XRCT) 

The internal structures of the rock samples were imaged using an X-ray Computed Tomography (XRCT) 
scanner Siemens SOMATOM Definition AS 64 Channels. The X-ray tube energizes at 140 kV-500mAs and the 
projections can be reconstructed using two different algorithms: (i) CTA for soft materials, and (ii) BONE for 
hard materials. The field of view used during image acquisition covers the whole sample diameter, leading 
to a voxel size of approximately 100 x 100 x 100 µm3. The CTA reconstruction technique is more suitable for 
outlining slight variations in the density of the background signal (clays); whereas the BONE reconstruction 
algorithm is more sensitive to denser materials. The image acquisition time is minimized in order to limit the 
exposure of the rock samples to air and prevent their desiccation by water loss to the atmosphere. 

5.2.2.2 Ultrasonic wave velocities at room conditions (Vp and Vs) 

A pair of ultrasonic piezo-ceramic transducers (P or S) are coupled with the end faces of the preserved rock 
sample at room conditions. One transducer acts as a source and is fed with a high voltage electrical pulse 
with a central frequency of 1 MHz (resonant frequency of the transducers). The other transducer acts as a 
receiver and the mechanical pulse transmitted through the rock is recorded on an oscilloscope. The flight 
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time of the transmitted P or S wave is determined from the recorded waveform. Knowing the length of the 
rock sample, which corresponds to the propagation distance between the source and the receiver, the 
vertical P and S wave velocities, Vp and Vs, are calculated. 

5.2.2.3 Nuclear Magnetic Resonance (NMR) and water saturation 

The principles and methodology of the Nuclear Magnetic Resonance (NMR) spectroscopy are available in 
detail in Part 1 and will not be repeated here. In short, beyond estimating the water content (or water-filled 
porosity) within a rock sample, NMR spectroscopy provides quantitative information about the relative size 
distribution of fluid-filled pores (T2 relaxation times), and the profile of water content along the sample. 

 

5.2.3 Coupled geomechanical and CO2 transmissivity testing 

The in situ conditions at the depth of recovery of the samples were determined from Rasouli et al. (2013) 
and are summarized in Table 32. The in situ mean stress reported in Table 32 is used to estimate the confining 
pressure at which each sample must be tested. The detailed testing conditions for each of the samples are 
summarized in Table 33. Each of the samples 2626, 2546, and 2543 is placed in a triaxial stress vessel after 
its lateral surface is covered with a 3-layer sleeve, i.e., aluminium foil, Teflon heat shrink tube, and Viton 
sleeve. This arrangement (i) prevents the confining medium (oil) from invading the sample, (ii) prevents the 
injected CO2 from migrating out of the rock sample into the confining oil, and (iii) allows us to control the 
pore pressure independently from the confining pressure and differential stress. Upstream and downstream 
pore fluid lines are connected to the rock sample through top and bottom stainless steel platens. The injected 
fluids (brine or CO2) are controlled with separate volumetric pumps attached to the upstream and 
downstream pore fluid lines and connected to the bottom and top platens, respectively. A third pump 
controls the confining pressure, while a fourth pump controls the axial actuator. The axial displacement 
between the top and bottom platens (monitoring the overall shortening of the cylindrical rock sample) is 
measured with two diametrically-opposed Linear Variable Differential Transducers (LVDTs). The radial 
deformation is measured with two orthogonal sets of brass cantilevers fitted with strain gages and attached 
to the lateral surface of the sample. 

 

Table 32. Samples in situ conditions determined from Rasouli et al. (2013). 

Sample ANLC-17-01-2626 ANLC-17-01-2546 ANLC-17-01-2543 

Pore pressure pp (MPa) 7 9 9 

Vertical stress σv (MPa) 17 20 20 

Maximum horizontal stress σH (MPa) 20 28 28 

Minimum horizontal stress σh (MPa) 17 20 20 

Mean stress σm (MPa) 18 22.7 22.7 

Temperature (°C) 43 46 46 

Table 33. Detailed testing conditions. 

Sample ANLC-17-01-2626 ANLC-17-01-2546 ANLC-17-01-2543 

Confining pressure pc (MPa) 18 23 23 

Upstream CO2 pressure pup (MPa) 7 9 9 
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Upstream CO2 physical state Gas Supercritical Supercritical 

Downstream CO2 pressure pdwn (MPa) 5 7 7 

Downstream CO2 physical state Gas Gas Gas 

Temperature (°C) 43 46 46 

 

The specific protocol developed for the coupled geomechanical and CO2 transmissivity testing is illustrated 
in Figure 52b, and consists in three key phases: 

- PHASE 1: Equilibration of the sample at the in situ conditions of pore pressure (using the SW Hub’s 
simulated pore brine), confining pressure and temperature (see Table 32). 

- PHASE 2: Apply a CO2 differential pressure of 2 MPa between the top and bottom ends of the sample 
(see Table 33). 

- PHASE 3: Apply a continuously increasing axial stress until rock failure and faulting with a constant 
axial displacement rate of 0.25 mm/hour, while maintaining the CO2 pressure difference constant at 
Δpp  = pup - pdwn = 2 MPa throughout the loading. 

 

The key parameters monitored during the experiment are: 

- The average axial and radial strains; 
- The changes in pore fluid volumes at the two ends of the rock sample, i.e., ΔVup (upstream), and 

ΔVdwn (downstream). 
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Figure 88. Photographs of the samples tested in this study, i.e., ANLC-17-01-2626, ANLC-17-01-2546, and ANLC-17-
01-2543. 
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5.3 Results 

5.3.1 Preliminary characterisation 

5.3.1.1 X-Ray Computed Tomography (XRCT) 

Figure 89 reports slices and 3D rendering of the three preserved samples originating from preserved sections 
of the Eneabba and Yalgorup formations before geomechanical testing. On these images, the dark greys are 
associated with pore space, whereas the light greys are associated with the clay-rich matrix. The denser 
features appear in white. The Samples ANLC-17-01-2626 (crevasse splay facies) shows evidence of pre-
existing cracks probably induced by stress relief during core retrieval and subsequent sample preparation. 
The sample is overall poorly consolidated and friable as clearly indicated by the roughness of the lateral 
surfaces. According to the XRD analysis (Table 3), the rock matrix is mainly composed of quartz, K-Feldspar 
and clay minerals (illite, mixed layer illite/smectite and kaolinite). The denser material is most probably pyrite 
randomly distributed in the quartz-clay matrix. Samples ANLC-17-01-2543 and ANLC-17-01-2546 (Swamp 
facies) show some pre-existing interconnected cracks, also visible in Figure 88. The crack aperture is however 
less pronounced compared to the crevasse splay facies, and the samples are more consolidated. These 
samples appear homogenous with no obvious bedding. The matrix is mainly composed of quartz, K-feldspar 
and clays (illite/smectite and kaolinite). Patches of dense material are also clearly identified and can be 
associated with chamosite (Fe-chlorite) and iron oxides as reported by XRD and through SEM observations 
(Part 1). 

 

5.3.1.2 Ultrasonic wave velocities at room conditions (Vp and Vs) 

The ultrasonic P- and S-wave velocities at room conditions for each of the preserved samples were measured 
prior to geomechanical and CO2 transmissivity testing. The corresponding approximate dynamic elastic 
parameters in this preserved state (assuming elastic isotropy) were calculated according to the well-
established equations below. These results are summarized in Table 34. 
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Figure 89. 3D reconstructed X-ray Computed Tomography (XRCT) images of the preserved samples prior to 
geomechanical and CO2 transmissivity testing. Orthogonal projections along the main reconstruction axis and 3D 
volume rendering are reported. 

 

Table 34. Ultrasonic wave velocities and approximate dynamic elastic parameters (assuming isotropy). 

Sample ANLC-17-01-
2626 

ANLC-17-01-2546 ANLC-17-01-2543 

Well Harvey 3 Harvey 3 Harvey 3 

Core A#8 A#17 A#17 

Depth (mRT) 717.6 888.3 888.15 

Formation Eneabba Yalgorup Yalgorup 

Sample orientation Vertical Horizontal Vertical 

P-wave velocity Vp (m/s) 3009.8 3390.5 3079.2 

S-wave velocity Vs (m/s) 1730.2 2100.6 1964.5 

Preserved state density (g/cc) 2.352 2.459 2.444 

Dynamic Young’s modulus* (GPa) 17.7 25.8 21.8 

Dynamic Poisson’s ratio* (-) 0.25 0.19 0.16 

* Calculated assuming isotropy. 
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5.3.1.3 Nuclear Magnetic Resonance (NMR) 

Table 35 and Figure 90summarize the results of the bulk NMR characterisation. The NMR porosity, grain 
density and bulk density are calculated assuming the preserved rock sample is fully water-saturated. The 
total water content (or water-filled porosity) of each sample is quantified from the intensity of the NMR 
signal relative to a calibrated volume of water. Assuming that the preserved rock sample is fully water-
saturated yields the so-called NMR porosity, from which the grain density and the bulk density of the sample 
can be calculated (see Table 35). 

The distribution profile of water content (or fluid-filled porosity) along the sample can also be estimated (see 
Figure 90b). Samples 2543 and 2546 exhibit similarly flat profiles of water content, despite a slight tapering 
(< 0.5%) toward the end faces of the sample. This suggests a relatively homogeneous water distribution 
within the rock. In contrast, sample 2626 exhibits a more heterogeneous water distribution (variations up to 
± 30% along the profile), although with a similar tapering toward the sample ends. 

The relative size distribution of fluid-filled pores is proportional to the NMR T2 relaxation time. However, the 
coefficient of proportionality is related to the surface relaxivity of the mineral assemblage in µm.s-1, and is 
unknown for these rocks. It is qualitatively similar in the three samples though (see Figure 90a), and is 
characterized by: 

- A larger contribution to the total water content from relatively smaller pores with a relatively smaller 
T2 relaxation time in the range 0.1 to 1 ms; 

- A significantly smaller contribution from relatively larger pores with a relatively larger T2 in the range 
10 to 100 ms. 

 

Table 35 NMR results. 

Sample ANLC-17-01-2626 ANLC-17-01-2546 ANLC-17-01-2543 

Well Harvey 3 Harvey 3 Harvey 3 

Core A#8 A#17 A#17 

Depth (mRT) 717.6 888.3 888.15 

Formation Eneabba Yalgorup Yalgorup 

Sample orientation Vertical Horizontal Vertical 

Length (mm) 83.31 82.66 81.23 

Diameter (mm) 37.95 37.72 37.94 

Preserved state density (g/cc) 2.352 2.459 2.444 

NMR water content (mL) 22.25 19.03 19.30 

NMR porosity* (%) 23.61 20.60 21.02 

Grain density* (g/cc) 2.770 2.838 2.830 

Dry state density* (g/cc) 2.116 2.253 2.235 

* Calculated assuming full water saturation of the preserved sample and a density of the pore water of 1 g/cc. 
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Figure 90. a: distribution of T2 relaxation time as a proxy for relative pore size distribution; b: saturation profile for 
samples ANLC-17-01-2626, ANLC-17-01-2546, and ANLC-17-01-2543. 

 

5.3.2 Coupled geomechanical and CO2 transmissivity testing 

Figure 91, Figure 92 and Figure 93 report the key results of the geomechanical and CO2 transmissivity tests 
for samples ANLC-17-01-2626, ANLC-17-01-2546, and ANLC-17-01-2543, respectively. These results are 
summarized in Table 36. Figure 91, Figure 92 and Figure 93 illustrate: 

-  in a) the evolution of the axial and radial strains during the triaxial loading beyond rock failure and 
into the faulting regime (slip along fractures); 

- In b) the static Young’s modulus for each sample determined from the axial strain and axial stress 
data;  

- In c) the static Poisson’s ratio determined from the axial and radial strains 
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Table 36. Approximate static mechanical parameters (assuming isotropy). 

Sample ANLC-17-01-
2626 

ANLC-17-01-2546 ANLC-17-01-2543 

Well Harvey 3 Harvey 3 Harvey 3 

Core A#8 A#17 A#17 

Depth (mRT) 717.6 888.3 888.15 

Formation Eneabba Yalgorup Yalgorup 

Sample orientation Vertical Horizontal Vertical 

Static Young’s modulus* (GPa) 2.9 3.4 3.2 

Static Poisson’s ratio* (-) 0.35 0.38 0.37 

* Calculated assuming isotropy. 

 

Figure 91d, Figure 92d and Figure 93d show that during the whole experiment, the upstream and 
downstream CO2 pressures, as well as the confining pressures remain constant, while the axial displacement 
is increased at a constant rate of 0.25 mm/hour. The axial stress versus axial strain curve exhibits a classical 
increase up to a peak value, then a smooth post-peak decrease toward a residual strength value, i.e., typical 
failure and faulting in the brittle to semi-brittle regime. The late post-peak curves are however peculiar and 
exhibit a sudden increase then stabilization (see point A in Figure 91, Figure 92 and Figure 93, a, d, e and f). 
Before this peculiar point, the volumes of the upstream and downstream pumps regulating the CO2 pressure 
difference between the two ends of the rock sample remain virtually constant (see Figure 91e, Figure 92e 
and Figure 93e). From this point A onward, in order for the pore fluid pumps to maintain the constant CO2 
pressure difference between the upstream and downstream ends of the sample, they BOTH start to inject 
CO2 into the faulting rock sample (∆Vup and ∆Vdwn in Figure 87 and Table 36), i.e., the faulted sample is invaded 
by CO2 from its two ends. While faulting develops, the volumes of CO2 injected at each end of the sample 
reach a plateau after 5 to 8 hours. 

After allowing for faulting to develop until a total shortening of 1.2% (Eneabba) or 2 % (Yalgorup) is achieved 
(until point B in Figure 91, Figure 92 and Figure 93, a, d, e and f), the loading is halted and the axial actuator 
is locked in place (no additional axial shortening is allowed). The axial stress acting on the failed rock is then 
left to relax for several hours, while the volumes of the upstream and downstream CO2 reservoirs (pore fluid 
lines) are monitored. No additional CO2 injection is required to maintain the constant CO2 pressure difference 
between the upstream and downstream ends of the sample. 

From the moment CO2 invades the faulted rock (point A), a slight drop in the temperature of the sample (~ 
0.5°C, see Figure 91f, Figure 92f and Figure 93f) is recorded. This is consistent with the fact that the slightly 
cooler CO2 contained in the upstream and downstream pore fluid lines is indeed moving closer and into the 
faulted rock sample, leading to the observed cooling of the sample. 

The characteristics of points A and B, as well as the amounts of CO2 injected (volume and mass) by the 
upstream and downstream pumps are reported in Table 37. 

The key observations can therefore be summarized as follows: 

- The failure and faulting of the rock does not induce a breakthrough of the CO2 from the upstream 
end of the sample into the downstream end, despite the CO2 pressure difference maintained by the 
upstream and downstream pore fluid pumps. 

- After a finite amount of faulting is allowed to take place beyond the peak stress, the upstream and 
downstream pumps start suddenly injecting CO2 into the faulted rock sample to maintain their 
regulated upstream and downstream pressure target values (see Table 33). This indicates 
unambiguously that the faulted sample, from point A onward, is invaded by CO2 from both of its ends 
connected to the upstream and downstream reservoirs (pore fluid lines). 
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- This CO2 invasion lasts about 5 to 8 hours. In total, sample 2626 was invaded by a mass of CO2 
equivalent to approximately 1.72% of its original preserved mass during faulting. In contrast, samples 
2546 and 2543 were invaded by a mass of CO2 equivalent to approximately 3.8% of their original 
preserved mass during faulting. 

- At point B the axial loading is halted, i.e., the axial shortening of the faulted rock is stopped. Beyond 
this point B, the axial stress decreases smoothly (typical stress relaxation behaviour), yet no CO2 
breakthrough between the upstream and downstream ends of the faulted rock is observed, even 
after several hours to days. 

 

Table 37. Characteristics of the interactions between the CO2 and the faulting rock. 

Sample ANLC-17-01-2626 ANLC-17-01-2546 ANLC-17-01-2543 

Well Harvey 3 Harvey 3 Harvey 3 

Core A#8 A#17 A#17 

Depth (mRT) 717.6 888.3 888.15 

Formation Eneabba Yalgorup Yalgorup 

Sample orientation Vertical Horizontal Vertical 

Point A: triggering of CO2 invasion    

Axial shortening (%) 1.22 2.36 1.93 

Differential stress (MPa) 10.4 11.3 11.2 

Point B: Faulting halted    

Axial shortening (%) 1.36 2.48 2.08 

Differential stress (MPa) 10.9 11.6 11.7 

Sample original volume (cc) 94.25 92.38 91.84 

CO2 injected into faulted sample (cc): 26.4 (28%) 34.2 (37%) 34.9 (38%) 

Upstream ∆Vup (cc) 11.3 15.7 16.5 

Downstream ∆Vdwn (cc) 15.1 18.5 18.4 

Temperature (°C) 43 46 46 

CO2 pressure:    

Upstream pup (MPa) 7 

(gas) 

9 

(supercritical) 

9 

(supercritical) 

Downstream pdwn (MPa) 5 

(gas) 

7 

(gas) 

7 

(gas) 

CO2 density:    

Upstream ρup (g/cc) 0.189 0.324 0.324 

Downstream ρdwn (g/cc) 0.110 0.181 0.181 

Sample preserved mass (g) 221.58 227.13 224.48 

CO2 injected into faulted sample (g): 3.80 (1.72%) 8.44 (3.71%) 8.68 (3.87%) 

Upstream ∆mup (g) 2.14 5.09 5.35 

Downstream ∆mdwn (g) 1.66 3.35 3.33 

Duration of CO2 invasion (hours) 8.4 4.8 7.2 
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Figure 91. Summary of the results of the coupled geomechanical and CO2 transmissivity. 
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Figure 92. Summary of the results of the coupled geomechanical and CO2 transmissivity testing for sample ANLC-17-
01-2546. 
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Figure 93. Summary of the results of the coupled geomechanical and CO2 transmissivity testing for sample ANLC-17-
01-2543. 

 

5.3.3  Post-test XRCT imaging 

Figure 94 reports the XRCT images obtained on the three samples after the geomechanical and CO2 

transmissivity tests. The samples are imaged in the testing sleeves to avoid loss of physical integrity of the 
faulted samples. The Yalgorup samples (ANLC-17-01-2543 and ANLC-17-01-2546) show the development of 
a clear fracture/fault inclined at 45° to the axial stress direction. As illustrated by the red arrows, the slip 
along the main failure plane induces the aperture of a dead volume between the sample and the heat inner 
Teflon sleeve. Pre-existing cracks are also clearly visible, although they might have contributed only a little 
to the overall shortening of the rock, i.e., most of the shortening is accommodated by slip along the major 
fracture/fault associated with the failure under triaxial stress loading. 

The Eneabba sample show similar patterns, but the main failure plane is less obvious from the images 
(highlighted by the red arrow). 
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Figure 94. 3D reconstructed X-ray Computed Tomography (XRCT) images of the faulted samples after 
geomechanical and CO2 transmissivity testing. Cross-sectional slice orthogonal to the main failure plane and 3D 
rendering to remove the core sleeve. 

 

5.4 Interpretation and discussion 

It was established in a previous project (Delle Piane et al., 2017, Section 5, project ANLEC R&D – 7-0115-0240) 
that in non-fractured Eneabba shale samples, CO2 dissolves into the natural pore brine and diffuses through 
the rock at a rate 2 to 5 times slower than the natural brine itself. However, shale mechanical failure and 
faulting could potentially lead to a CO2 breakthrough. In fact, under the testing conditions and novel protocol 
reported in this study, it was expected that the failure and faulting of the rock under increasing differential 
stress would lead to a breakthrough of the upstream CO2 into the downstream CO2 reservoir, through the 
faulted rock. Rather unexpectedly, it turned out that: 

- No CO2 breakthrough occurred, even beyond the nominal failure point (peak differential stress), and 
into the early stages of faulting (slip). 

- During faulting, significantly beyond the peak stress point, the rock was suddenly invaded by the 
pressurized CO2 located at both ends of the sample, suggesting that the faulted rock was suddenly 
invaded by CO2 from both upstream and downstream pressurized reservoirs it was connected to 
(pore fluid lines). This CO2 invasion lasts about 5 to 8 hours. The amounts of CO2 invading the faulted 
rock reached a total of 1.7% (Eneabba) to 3.8% (Yalgorup) of the original mass of the preserved 
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sample; and were approximately equally split between the upstream and downstream reservoirs 
(see Table 37). 

- After 1.5% (Eneabba) to 2% (Yalgorup) shortening of the rock sample, the axial loading was halted, 
while the upstream and downstream CO2 volumes were monitored. After several hours to days of 
axial stress relaxation, no breakthrough occurred from the upstream to the downstream reservoirs 
through the faulted rock. 

This suggests that: 

- The CO2 storage capacity of the rock increased suddenly but by a finite amount during faulting, 
significantly beyond the peak stress point. 

- The CO2 sealing capacity of the faulted rock did not fail even after CO2 invasion and a significant 
shortening (1.5% for the Eneabba, and 2% for the Yalgorup). 

 

These are important observations that have far-reaching consequences on the assessment of the stability 
and safety of underground CO2 storage reservoirs. The impact of “absorption” of the CO2 by the sealing layer 
is not accounted for in current scenarios and models. Due to the importance of these results, we evaluated 
all possible sources of experimental artifacts that could explain the observations aside from the intrinsic 
behaviour of the rock itself. 

As can be seen in Figure 94, when the rock fails under triaxial stress, and the faulting develops, the geometry 
of the sample no longer matches that of the sleeves, and as a consequence, some dead volumes appear 
between the sleeve and the rock (highlighted in blue in Figure 95). This dead volume could be responsible for 
the observed increase in the CO2 storage capacity of the rock. This dead volume was estimated on the 
samples originating from the Yalgorup formation, i.e. ANLC-17-01-2546 and ANLC-17-01-2543. As illustrated 
in Figure 95, the estimation of these dead volumes is conducted using the AVISO software from the 3D XRCT 
images, and yield a value of Vdead = 0.6 cc and Vdead = 0.8 cc, for sample ANLC-17-01-2543 and ANLC-17-01-
2546, respectively. 

It is worth noting here that these 3D images of the rock samples were obtained after the geomechanical and 
CO2 transmissivity test was completed and the sample unloaded. The dead volumes highlighted in these 
images constitute therefore an upper limit of the actual dead volume within the triaxial stress vessel, under 
pressure, during the test. 

 

 

Figure 95. Segmentation and quantification of the dead volumes induced by the failure of the Yalgorup samples based 
on 3D reconstructed X-ray Computed Tomography (XRCT) images reported in Figure 94. 
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The question that arises then is: could this volume of 0.8 cc (worst case scenario) be sufficient to 
accommodate the mass or volume of CO2 invading the faulted rock? 

To answer this question, let’s consider two extreme cases: 

- Let’s assume that the CO2 remains in a gaseous state within the faulted and jacketed sample (e.g., 
sample 2626). In this case, a dead volume of Vdead = 0.8 cc can only accommodate a mass of mdead < 
0.16 g (i.e., worst case scenario for which the CO2 pressure is the maximum possible pdwn = 7 MPa at 
43°C), which is approximately 24 times less than the total mass of CO2 which invaded the faulted 
Eneabba rock (~ 3.8 g for sample 2626, see Table 37). 

- Let’s assume that the CO2 remains in a supercritical state within the faulted and jacketed sample 
(e.g., samples 2546 and 2543). In this case, a dead volume of Vdead = 0.8 cc can only accommodate a 
mass of mdead < 0.28 g (i.e., worst case scenario for which the CO2 pressure the maximum possible 
pdwn = 9 MPa at 46°C), which is also approximately 30 times less than the total mass of CO2 which 
invaded the faulted rock (~ 8.5 g for samples 2546 and 2546, see Table 37). 

This analysis of the experimental setup allows us to conclude reliably that most of the CO2 invading the 
faulted rock during the geomechanical and CO2 transmissivity tests is stored within the faulted rock, and not 
in dead volumes located between the rock and the sleeves. 

In view of the available data, and beyond the possible experimental artefact analysed above, one can 
speculate on the possible causes of this unexpected invasion of the faulted rock by the surrounding CO2 (gas 
or supercritical). Three plausible mechanisms can be invoked: 

 - Due to its extremely low permeability, the pore space of clay-rich samples might have not been in 
a state of fully equilibrated brine pressure at the end of PHASE 1, and prior to the CO2 and triaxial 
loadings (PHASES 2 and 3). In this scenario, the pore pressure within the rock sample (pore space) 
could have been lower than the CO2 pressures applied upstream and downstream (see Table 33). 
Upon shear fracturing/faulting, a pressure gradient could have driven the CO2 from the boundary to 
the inside of the rock sample. 

 - A similar explanation is plausible if the sample was not fully water-saturated prior to PHASES 1 and 
2. 

 - Dissolution of the CO2 into the pore water, promoted by the fracturing/faulting of the rock sample 
could also be possible in view of the extended time taken by the CO2 to invade the fractured/faulted 
rock sample (several hours, see Table 37) 

Either one, two, or a combination of these three mechanisms could also be envisaged as a possible 
explanation of the observed phenomenon. 

 

5.5 Conclusion and perspectives 

Three rock samples in a preserved state, ANLC-17-01-2626 (basal Eneabba Formation), ANLC-17-01-2546, 
and ANLC-17-01-2543 (Yalgorup Member) were subjected to a characterisation and testing workflow. The 
characterisation involved: (i) X-ray CT imaging of the samples before and after testing; (ii) measurement of 
the ultrasonic P- and S-wave velocities at room conditions in the preserved state; and (iii) Nuclear Magnetic 
Resonance spectroscopy also in the preserved state. The Geomechanical and CO2 transmissivity testing 
shows that upon failure and faulting, the rock maintains its sealing capacity, although after some amount of 
faulting, the sample is invaded by a finite volume of pressurized CO2 located at its boundaries (1.72% of the 
original mass of the Eneabba sample 2626, and 3.8% for the Yalgorup 2546 and 2543). Despite faulting no 
CO2 breakthrough from the pressurized CO2 located upstream into the downstream CO2 reservoirs occurs, 
even after several hours to days. 

In view of the potential impact of such results on the stability and safety assessment of CO2 storage reservoirs, 
a more systematic study of this mechanism is necessary to reach definite and general conclusions. This 
mechanism is inherently related to the triaxial stress applied and to the faulting of the rock, which, to the 
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authors’ knowledge, was never studied and reported in the literature. We therefore recommend conducting 
additional tests of similar nature to evaluate the generality of this mechanism in the Yalgorup/Eneabba 
formations. 

In particular, the authors recommend to conduct similar experiments with: 

 - A non-porous sample plug (e.g., aluminium), in which a saw cut is implemented to simulate a pre-
existing shear fracture/fault. This would advantageously complement the analysis of the possible 
"dead volumes artefact" reported in the previous section, and would give confidence in the results 
obtained for the actual clay-rich rocks of interest. 

 - Shorter sampels of actual rock to evaluate the impact of the orientation of the final fracture/fault 
and its connectivity to the upstream and downstream CO2 reservoirs. 

A complementary detailed microstructural and mineralogical analysis of the free surfaces generated by the 
shear failure of the rock (post-test) would also be necessary to detect the possible geochemical footprints of 
the CO2 in the vicinity of these surfaces. 

More generally, and if this CO2 invasion phenomenon, with no breakthrough, and an increased storage 
capacity, are confirmed (i.e.,  the whereabouts of the invading CO2 are ascertained), one should explore the 
below aspects in order to reach general conclusions applicable to clay-rich rocks acting as caps for CO2 geo-
sequestration: 

- The impact of the normal stress (effective confining pressure) on the sealing capacity of the faulted 
rocks should be investigated to determine whether the brittleness/ductility of the rock has an impact 
on the observed invasion phenomenon (with no breakthrough, and an increased storage capacity). 

- The impact of the nature of the fluid used should be investigated to determine whether the 
behaviour reported here is due to the nature and specific properties of the CO2 itself, or if it can be 
reproduced for other fluids (brine, inert gases etc.). 

To help in the above for future research projects, an optimal preservation of the rock cores after retrieval (in 
sufficient quantity) is of upmost importance. The saturation/pore-pressure equilibration time (PHASE 1) of 
the protocol should also be extended beyond the capacity available for this project. 
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Summary 

This fourth part aims at imaging the distribution of multi-barrier systems for CO2 containment in the Yalgorup 
Mbr. It consists of four concurrent activities that inform on the presence, distribution and characteristics of 
stratigraphic elements and especially clay-rich bodies forming potential barriers in the Yalgorup fluvial 
environment. 

Spectral gamma ray combined with wellbore imaging from the Harvey 1 and the Harvey 4 boreholes and 
cores at Harvey 1 revealed indications of environmental trends. The thorium/potassium ratio shows good 
correlation for discriminating between point bar facies and clay-rich floodplain facies. The thorium/uranium 
ratio is an indicator of a general move from reductive conditions more prevalent at the base of the Yalgorup 
Mbr towards an arid, oxidising environment. The intervals indicative of reductive conditions are more likely 
to contain lacustrine and swamp floodplain facies that have been reported to have the lowest permeabilities. 

A semi-supervised machine learning technique is applied to organise Harvey 3 log data into electro-facies, 
resulting in a hierarchical partitioning of the Yalgorup Mbr and a rapid differentiation of sandstone and baffle. 
The workflow was improved by accounting for depositional depth-trends, resulting in better identification of 
four key electro-facies. Two electro-facies have been clearly identified for the clay-rich baffles which are in 
good agreement with low permeability electro-facies described by an expert petrophysicist and core 
observations, and which can be ascribed to paleosol and swampy facies. It also allows the recognition of 
“hot” sandstone which is often erroneously mistaken for low permeability shale layers. Mismatch between 
electrofacies and cores in 1250 and 1400 m interval suggest that logging through chromium casing may have 
reduced the ability of the petrophysical logs to represent the formation. It is expected that integration of well 
log and image data could improve the correlation between clusters and sedimentary facies and can be 
applied with confidence to future wells in this areas or elsewhere. The machine learning facies partitioning 
of the Yalgorup Mbr can provide information on the net-to-gross and facies distribution at well locations for 
inversion of seismic data as well as for the conditioning of 3D stochastic models.  

A Joint Impedance-Facies Inversion (JIFI) approach is applied to characterise seismic facies in the Yalgorup 
Mbr. The JIFI algorithm is used to convert seismic amplitudes into seismic properties and classify the 
subsurface facies types simultaneously. As the large Harvey 3D seismic survey lacks quality and resolution for 
the quantitative interpretation, the inversion process relies on the pre-stack migrated seismic images of two 
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nested 3D seismic surveys around the Harvey 3 and Harvey 4 wells. Due mostly to the quality of the well data 
and the seismic to log correlations only the two key facies types (sandstone and baffle) could be discriminated 
at the well locations with sufficient accuracy to perform the facies inversion. This results in a high uncertainty 
for the seismic mapping of permeable and impermeable facies in the Yalgorup Mbr. The limited seismic 
resolution that precludes characterisation of isolated clay-rich lenses that may act as fluid flow barriers or 
baffles. Nevertheless, the JIFI inversion yields a local prediction of thicker vertical stacks of the baffles that 
can be used to condition larger 3D stochastic models. 

Post-stack seismic attributes from the large Harvey 3D seismic survey were used in an attempt to visualise 
the stratigraphic elements in the Yalgorup Mbr. The imaging of fluvial system elements whose size is close or 
below seismic resolution is extremely challenging mainly due to the overall low signal-to-noise ratio. Stratal 
slicing was used to extract seismic attributes over a relatively undeformed structural compartment to the 
west of the 3D survey. Despite an elevated level of noise volumetric curvature, energy and fault likelihood 
attributes allow partial imaging of stratigraphic elements at various depths within the Yalgorup Mbr. These 
suggest a meandering river system with channels up to few hundreds of meters wide with associated point 
bars and crevasse splays; lakes and/or swamps are interpreted and expected to form the most prospective 
baffles in this type of environment. Specific intervals with reported good quality baffles from swampy 
deposits facies or acidic lake deposits facies claystones in cores were investigated to assess the lateral 
continuity of those geobodies. The occurrence of meandering channels cutting through those floodplain 
facies limit their lateral continuity below 1 km. Based on the coherent 3D distribution and the similarities 
with present-day fluvial analogues (Murray River, Australia), such interpretations could be used to inform on 
the density, distribution, geometry, size and orientation of stratigraphic elements for local 3D stochastic 
models.  

Geomodelling as composite (object) modelling is the most effective way to replicate a realistic facies stacking 
architecture to represent the point bar dominated Yalgorup Mbr. Avoiding a standard channel modelling 
approach for this environment is strongly recommended. Point bar sands comprise at least half of the 
modelled output, are significantly interconnected and should dominate flow through the system. 
Observation of the Murray River analogue and modelling indicate that the due to the preponderance, 
geometry and interconnectivity of point bar units in the system floodplain facies such as crevasse splay and 
paleosols and occasional, low permeability lacustrine deposits are probably not be preserved as particularly 
laterally continuous geobodies. 

Introduction 

This report is the fourth module of the project that aims at reducing uncertainty on the distribution and 
dimensions of barriers. It consists of four concurrent activities that inform on the presence, distribution and 
characteristics of stratigraphic elements and especially clay-rich bodies forming potential baffles in the 
Yalgorup fluvial environment. Existing NGS and FMI data acquired in Harvey 1 and Harvey 4 were investigated 
to underpin relationships between facies, baffle distribution, paleo-environments and correlations between 
wells. A semi-supervised machine learning technique was applied to organise Harvey 3 log data into electro-
facies, resulting in a hierarchical partitioning of the Yalgorup Mbr and a proposed differentiation of 
sandstones and baffles. A Joint Impedance-Facies Inversion (JIFI) approach was applied to characterise 
seismic facies in the Yalgorup Mbr. The JIFI algorithm is used to convert seismic amplitudes into the seismic 
properties and classify the subsurface facies types simultaneously. Post-stack seismic attributes from the 
large Harvey 3D seismic survey were used to attempt to visualise the stratigraphic elements in the Yalgorup 
Mbr. The imaging of fluvial system elements whose size is close or below seismic resolution is extremely 
challenging mainly due to the overall low signal-to-noise ratio. Stratal slicing was used to extract seismic 
attributes over a relatively undeformed structural area perforated by the Harvey 3 borehole, and where 
facies were identified from cores. Lastly, we propose a natural contemporaneous analogue to the Triassic 
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fluvial system that serves as a basis for replicating a realistic facies stacking architecture to represent the 
point bar dominated Yalgorup Mbr. 
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6 Spectral gamma ray 

The wireline log suite for Harvey 1 and Harvey 4 boreholes both include spectral gamma logs, though Harvey 
2 and Harvey 3 do not. Natural gamma ray spectrometry (NGS) tools, or spectral gamma ray, provide insight 
into the mineral composition of formations. The total gamma ray spectra measured is resolved into the three 
most common components of naturally occurring radiation in sands and shales—potassium, thorium, and 
uranium (K, Th, and U, respectively). These data are used to distinguish important features of the clay or sand 
around the wellbore. The clay type can be determined, and sand can be identified as radioactive. The thorium 
potassium ratio is generally used for clay typing. Uranium is an indicator of organic matter, as such the 
thorium uranium ratio is an indication of wetness / aridity of the environment. This section aims at gathering 
characteristics of the different lithofacies interpreted using the NGS and FMI tools, comparing the NGS data 
against cores at Harvey 1 and how those integration of data provide new information about the baffle in the 
Yalgorup Mbr. 

6.1 Harvey 1 and Harvey 4 Spectral gamma data 

There are significant inadequacies with the spectral gamma data, principally in Harvey 4. The raw numbers 
in the Harvey 1 and Harvey 4 data just do not look right for two wells in the same formation with the same 
reported lithologies which are < 10 km from each other (Figure 96). The main issues affecting the quality of 
spectral gamma logs are tool calibration and drilling mud composition. There is a tendency to assume that 
logs delivered have been rigorously quality checked, which is not necessarily the case.  

 

Figure 96. Spread of Harvey 1 (blue) and Harvey 4 (orange) spectral gamma illustrating that Harvey 4 potassium 
data plots significantly higher for K than Harvey 1. Interestingly the mean of the potassium data in Harvey 4 is 

approximately twice that in Harvey 1. Drilling mud containing KCl, added to improve borehole stability, is believed 
to have increased the apparent potassium content of the formation. 

 

Calibration is critical. The measurement device in the tool consists of a thallium-laced NaI crystal and a 
photomultiplier. Both of these components are sensitive to temperature, so calibration is especially 
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important when the temperature of the tool is often changing. Drilling mud containing KCl (to improve 
borehole stability) increases the apparent potassium content of the formation, while barite acts as a gamma-
ray absorber and reduces the count rates, especially in the low energies, i.e. potassium (Agile Scientific, 
2018). 

There is no Yalgorup Mbr to core comparison in Harvey 4 (the limited coring in Harvey 4 was restricted to the 
Wonnerup Mbr). In addition to the other logs both Harvey 1 and Harvey 4 have FMI data with interpretations 
of the image logs. Subsurface image data (or virtual cores) are derived from numerous circumferential 
electrical (or sonic signals) currents sent into the borehole walls from a specialized tools and are processed 
using specialized software to correct for tool angle, orientation, current scatter and instantaneous speed. 
Image data is a visual representation of the borehole wall used to develop a detailed subsurface 
understanding of a range of geological parameters, processes and depositional energy – which established 
geobody orientation and an estimation of depositional extent and context as well as acting as an input to a 
geomodel and simulation project. Images, like outcrops are subject to the knowledge of the interpreter 
(Roestenburg, 2015b). 

Images are used for structural analysis: Bedding dip and strike, fault and fracture type and their dip and strike 
as well as the frequency of occurrence, spacing and aperture (if open). Structural analysis is dependent of 
style – folding, faulting, uplift, compaction, drape (adjacent to faults), inversion and so on. Structural dip and 
azimuth are derived and used to develop the pre-structural – palynspastically corrected sedimentary bedding 
position. Images are also used for stratigraphy and geological layering as different formations (age, 
diagenesis, etc) respond differently to the applied current and its response. Images are used for 
sedimentology to classify visual features such as – clastic bedding type, (planar, tangential, or trough cross 
bedding), orientation, alignment, and diagenesis – cementation and deformation zones (such as paleosols) – 
similar interpretation philosophies and recognition and observation aspects in relation to carbonate 
interpretation of images are made. Image logs are also used to provide an estimate of the invasion profile of 
a sediment – borehole fluids invade porous sandstones resulting in a conductive (darker) image whilst 
cemented or less porous sandstones are more resistive -  this feature, once calibrated with open hole logs is 
used for high resolution image based petrophysics (Roestenburg, 2015b). 

The quality of the FMI log images and the level of interpretation for Harvey 4 are a lot more convincing. The 
Harvey 4 image log interpretation focussed primarily on bedding and fracture orientation data rather than 
facies information, but that information was still recorded, resulting in one the most continuous (~1500 m) 
and best quality datasets for lithology / facies distribution for the SW Hub. Additionally there is access to the 
digital data for the lithology and facies logs which makes the interpretation very useful for analysis purposes. 

6.2 Spectral gamma ray log versus FMI interpretation 

Potassium values in Harvey 4 spectral gamma are anomalously high, it should be noted that the subsequent 
analysis is based as much as possible upon relative values from the spectral gamma log and direct use of 
values is avoided where possible. 

Five facies have been interpreted in the image logs: point bars, braid bars, sand splays, overbanks and 
paleosols. So the exercise here is to see if there is any benefit in comparing the Harvey 4 FMI interpreted 
facies to the spectral gamma data to gain knowledge about facies signature.  

Figure 97 illustrates that paleosols largely plot over the whole distribution of overbanks and the upper area 
of the sandy facies. Paleosol and overbank facies generally have higher thorium than sand dominated facies 
additionally paleosols have excursions with higher thorium or higher potassium than for all the other facies. 
Paleosol facies has a minimum Thorium of ~7 ppm whereas all the other facies have minimum data points <5 
ppm thorium. Thorium > 40 ppm is only associated with paleosols. Thorium has been reported to correlate 
with accessory heavy minerals, particularly zircon, monazite and apatite, but as well amphiboles, pyroxenes, 
biotite, muscovite, iron oxides, tourmaline, zircon, monazite, apatite, titanite, kyanite, sillimanite, andalusite, 
staurolite and garnet (Dawood and Abd El-Naby, 2012). Furthermore, thorium is unaffected by redox 
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conditions and remains insoluble while uranium is more mobile in oxic environments. Pure clean sands or 
sandstones exhibit very low radioactivity, because their thorium, uranium and potassium contents are very 
low too. However, as observed in Report 2, feldspathic sandstones or arkoses show some potassium content 
dependent on the feldspar percentage in the sands. 

 

 

Figure 97. Thorium versus Potassium for the Harvey 4 spectral gamma data plotted as their facies interpreted for 
their depth in the Harvey 4 borehole. Paleosols (grey saltire), overbanks (brown cross) on the left and the three 
sand facies, point bars (yellow), braid bars (green) and splays (orange) on the right. The separation is purely to 

make the plots clearer. 

 

Point bars are seen to have a wide spread in thorium values from the lowest values approaching to the 
highest other than paleosols. Braid bars have a tight distribution, low in thorium, with an excursion into 
potassium values exceeding ten ppm. As high potassium can be related to invasion of drilling mud, it is 
probably best to not worry about potassium excursions too much. The splay and braid bar facies largely 
overlay each other but with splays having a slightly more thorium rich distribution. Most of the point bar data 
plot in the same area as braid bars and splays, but are seen to have a wider spread in thorium values. 
Immediate questions which arise from the distribution of the sandier facies is why is there such a big spread 
in the point bar data and in particular why are some plotting so high in thorium? 

To answer the questions regarding the spread of point bar data in Figure 97, the spectral gamma ray data 
was binned based on subdivisions of the units defined in the FMI interpretation (Figure 98). Point bars 51 
and 54 as captured in the FMI log contain anomalously high Th/K values. Closer inspection on potassium 
thorium cross plots indicate sections of low then high then low Th/K values within each point bar (Figure 99). 
It can be seen (middle plots – Figure 99) that the anomalously high point bar values are accounted for entirely 
by these two point bars. 

On inspection of the FMI interpretation during the point bar 51 interval there is the comment ‘1115.00 Poorly 
bedded shale interval - showing evidence of a paleosol weathered interval’ and the interval is interpreted as 
‘claystone’ on the litholog (Roestenburg, 2015a). Given that a paleosol interval was noted this is potential 
evidence for a logging discrepancy rather than anything particularly noteworthy about these point bars, 
disappointingly. What point bars 51 and 54 are indicating though are that the spectral gamma is useful for 
identifying lithologies / facies when supporting other data types even when there are potential issues with 
drilling mud contamination. 
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Figure 98. Plots the FMI interpreted facies (orange curve) paleosol (V – vertisol), overbanks (O), splays (S), braid 
bars (B) and point bars (P) against the thorium potassium ratio (averaged into 5 m bins to aid clarity – blue curve), 
depths are RKB. In general the Th/K mirrors the facies. If the Th/K is high the facies tend to be paleosol or 
overbanks, if the ratio is low it tends towards the sandier facies. Note high Th/K anomalies in point bars 51 and 54 
(pale blue shading). The Yalgorup interval in Harvey 4, depending on source is approximately 875 to 1575 m. 

 

 

 

Figure 99. Point bars 51 and 54 (purple) analysed (left to right) in upper, middle and lower sections, plotted with the 
general spread of the sandy facies, point bars (yellow), braid bars (green) and splays (orange). 
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Figure 100. Mean thorium potassium ratios for individual units, the same data as for figure 2, but mean values of 
units are presented for analysis. Paleosols (grey saltire), overbanks (brown cross) on the left and the three sand 
facies, point bars (yellow), braid bars (green) and splays (orange) on the right. The ratio indicated by the slope is 
2.5, point bars (yellow) and braid bars (green) plot below the slope. The outlying (yellow) data point is point bar 51, 
which has an unpicked paleosol within it. 

 

Figure 100 presents the mean Th/K values for individual units in an attempt to make the spread of data on 
Figure 97 easier to analyse. The sandier facies are presented together on the right with the non-net paleosols 
and overbanks on the left. There is a large degree of overlap on both the net and non-net side of the figure. 
Paleosols cover the same area as the overbanks, but paleosol data has a higher spread. Point bars and braid 
bars occupy a similar area below the 2.5 Th/K slope, accounting for the outlying data of point bar 51 which 
contains an uninterpreted paleosol. Splays are seen to plot slightly higher than the other sandy facies. 

Figure 101 is a rearranged version of Figure 100 plotting bar sands against paleosols and splays against 
overbanks. The bar sands and the paleosols are largely exclusive in the areas they plot. With only a few 
paleosols plotting below the 2.5 Th/F slope. As such the spectral gamma is of use determining bar sands from 
paleosols. The plots for the splays and overbanks are largely covering the same areas, the mean of all the 
splays might be lower than the mean of the overbanks, but there is not much that would be of use in 
determining between the facies from the spectral gamma tool. 

Although Th/K is normally utilised for clay typing it can be seen from the preceding exercise that spectral 
gamma Th/K can be used to identify facies to some extent, but does using Th/K add anything beyond what 
can be derived from a regular gamma ray log? Figure 102 plots Vshale derived from the regular gamma ray 
log from Harvey 4 against the mean Th/K. It is evident that high mean Th/K correlate with GR derived Vshale 
peaks suggesting both are responding to the lithology. One potential advantage of the Th/K curve is that it 
perhaps remains more constant over the whole interval of the Yalgorup Mbr which might perhaps facilitate 
interpreting units of the same type over larger intervals. 
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Figure 101. Mean thorium potassium ratios for individual units. Paleosols (grey saltire), overbanks (brown cross) on 
the left and the three sand facies, point bars (yellow), braid bars (green) and splays (orange) on the right. The 
outlying (yellow) data point is point bar 51, which has an unpicked paleosol within it. 

 

 

Figure 102. Gamma log derived Vshale (averaged into 5 m bins to aid clarity – blue curve) plotted against unit mean 
Th/K (similarly binned - orange curve). Depth is RKB. 

 

6.3 Thorium uranium ratio 

In a pioneer paper, Adams and Weaver (1958), concluded that the Th/U ratio was often strongly linked with 
depositional environment, based on their laboratory analysis of many samples of differing lithologies. They 
suggested that when the ratio was computed to be less than two (i.e. uranium-rich), the depositional 
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environment had promoted uranium fixation under probable reducing conditions, and was most commonly 
marine. By contrast, ratio values greater than seven (uranium-poor), implied uranium mobilization through 
weathering and/or leaching, and therefore indicated an oxidising, possibly terrestrial environment. In 
floodplain environments, anaerobic reducing conditions can be achieved in permanently flooded soil such as 
swamp and lakes, while movement in the water table involve a change in the chemistry of soil to aerobic 
oxidising conditions (Department of Environment and Resource Management, 2011).  

Figure 103 displays a strong correlation between facies and Th/U values, low values tend to be in paleosol or 
overbank facies, high values are in point bar facies. In addition to the facies based correlation there is perhaps 
a more subtle environmental trend. There are more excursions below the Th/U < 2 line in the 1250 to 1600 
m interval, very few, restricted to occasional spikes in the 1000 to 1250 interval, with values < 2 becoming 
more common again above 1000 m. In the 1000 to 1250 interval there are long intervals very dominantly 
thorium values (or minimal uranium), it should be noted that interpretation of point bars is also greater in 
this interval. Interestingly the paleosol anomalies in point bars 51 and 54, highlighted by the Th/K ratios show 
no indication on the Th/U plot coinciding with high Th/K ratio values. So it does appear that there is 
something interesting happening in point bars 51 and 54. 

 

 

Figure 103 Thorium uranium ratio plotted against the FMI interpreted facies (orange curve) paleosol (V – vertisol), 
overbanks (O), splays (S), braid bars (B) and point bars (P). This ratio is an environmental indicator, Th/U values > 7 
(upper red dashed line) indicate dry, oxidising environments and Th/U values < 2 (lower red dashed line) indicate 
reducing conditions. The depths of the anomalous point bars 51 and 54 are highlighted (pale blue shading). Th/U is 
trimmed at 20 for this plot. Depth is RKB. 

 

6.4 Harvey 1 Cores and spectral gamma data relationship 

Harvey 1 wellbore provides a unique set of comparison between spectral gamma ray data and their 
relationship to cores. Three sets of continuous cores have been extracted from the Yalgorup Mbr between 
1266 m and 1344 m, about 40 m above the transition between the Wonnerup and the Yalgorup Mbrs. In 
these sections the gamma ray values are generally high with only a few intervals below 120. The core facies 
have been interpreted by Olierook et al. (2014). In these intervals the facies D “floodplain paleosol” largely 
dominates, where the gamma ray values varies between 160 to over 200. The sandy intervals are represented 
by facies A, B and C, where the gamma ray values are relatively low, below 140.  
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Figure 104 combines wireline gamma ray log, the spectral gamma ray shown in the Th/K and Th/U ratios, the 
core based analysis is expressed in the sedimentary log track from Olierook et al. (2014), the core gamma ray 
and the Hylogger data in the two tracks are short wave infrared (SWIR) and thermal infrared (TIR). The 
Hylogger data has been collected and interpreted by GSWA. Th/K boundaries for clay type are from 
Schlumberger and should be interpreted as guidelines for dominant clay composition. The Th/K ratio 
presents high values in the floodplain facies intervals and there is good match between regions with Th/K > 
3.5 interpreted from logging to smectite-rich intervals from Hylogger. The sandy intervals have clearly lower 
Th/K values. The frequency of Th/U values above 7 increases in the shallower section for both floodplain and 
sandy barforms facies indicative of a shift from reductive to oxidising conditions. 

 

Figure 104. Composite image of log tracks, lithofacies and core images for the Harvey 1 wellbore showing the core 2, 
3 and 4. The core depths have been matched to the wireline log using the core gamma ray data. Depth is RKB. 

 

6.5 Comparison of Harvey 1 to Harvey 4 

Some rudimentary normalisation of the data was conducted, principally the Harvey 4 potassium values have 
been approximately halved, to get the spectral gamma data for both wells to plot in the same position (Figure 
105). The goal is that the relative values of both datasets can be analysed to see whether any conclusions 
can be drawn from them. The assumption is that the values for the same formation, with similar burial 
history, at similar depths and < 10 km apart are likely to be reasonably similar. 
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Figure 105. Harvey 4 (orange) spectral gamma normalised for comparison to Harvey 1 (blue). It should be noted 
that there are a lot more data in the Harvey 1 dataset as extrapolated points have not been removed. 

 

 

Figure 106. Binned (5 m) thorium potassium ratio for Harvey 1 (blue) and Harvey 4 (orange) boreholes displayed 
versus elevation above the base of the Yalgorup Mbr. 
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The binned means for Th/K follow a similar downward trends as elevation above the base of the Yalgorup 
Mbr increases in the both Harvey 1 and Harvey 4 boreholes. They are very similar for the first 150 m above 
the base of the Yalgorup Member, then for 225 m the Harvey 1 data displays greater variance, with the 
Harvey 4 data displaying more variance from about 375m above the base. 

 

 

Figure 107. Binned (5 m) thorium uranium ratio for Harvey 1 (blue) and Harvey 4 (orange) boreholes displayed 
versus elevation above the base of the Yalgorup Mbr. The Th/U ratio is trimmed at 20 for this plot. 

 

In the Th/U comparison there is an overall increase in the mean Th/U in both boreholes (Figure 107). In detail 
data from both boreholes follow each other for the first 200 m. From 200 to 320 m above the base of the 
Yalgorup Mbr Harvey 1 data are much more thorium-rich (or uranium poor), before mirroring each other 
again beyond 320 m. As it seems unlikely that the Yalgorup Mbr followed anything other than reasonably 
consistent deposition spatially it is probably more likely that the 200 to 320 m excursion is the result of lateral 
facies differences rather than there being significant climatic differences between the areas which are < 10 
km apart. 

6.6 Spectral gamma data summary 

Firstly, the Harvey 4 spectral gamma values are high, especially given that those in Harvey 1, in the same 
formation, less than 10 km away are only about half the magnitude. This elevation in potassium is possibly 
due to the use of KCl in the drilling mud. Secondly the Harvey 1 spectral gamma data appears to contain 
extrapolated points, though these should not affect the statistics significantly. 

The Th/K data shows good correlation with interpreted bar sand facies. The highest thorium values occur in 
interpreted paleosols, but the spread in paleosol data, overlapping most of the spread of the other facies, 
renders definitively picking all paleosols impossible. Differentiating between splays and overbanks from the 
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other facies is not feasible. There are useful insights in the spectral gamma data, but whether it provides 
significantly more information to differentiate high and low permeability facies than a rigorous study of a 
regular gamma log is questionable. 

Overall Th/K values (Figure 106) follow a generally reducing trend (from around 4 to <3) indicating a 
progression from a smectite environment towards an illite environment, which is an indicator of a more arid 
environment. The Th/U data is probably a clearer indicator of a general move towards an arid, oxidising 
environment. Absence or minimal uranium occurrence becomes prevalent in both Harvey 1 and Harvey 4 
boreholes as elevation above the base of the Yalgorup Mbr increases. It is probably safe to assume that the 
environment is slowly becoming more arid, with a significantly drier period in Harvey 4 between 1000 and 
1250 m. Again, given the discrepancies between the pre-normalisation Harvey 1 and Harvey 4 numbers it is 
difficult to justify reading too much into the data. 

There is a huge spread in the spectral gamma data for the paleosols as defined in the spectral gamma data 
(Figure 100). From this it probably should be assumed that there are a variety of paleosol types in this area 
as opposed to a single uniform paleosol. 
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7 Identification of low permeability baffles in the 
presence of compaction using machine learning 

7.1 Introduction  

The characterisation of lithofacies in the Yalgorup Mbr using available cores was presented in previous work 
and in this work in Part 1. Those studies showed that depositional lithofacies and diagenesis primarily affect 
reservoir heterogeneity, i.e., control porosity and permeability. This study evaluates whether such facies can 
be predicted from the well logs over the entire well depth interval in the absence of core. 

Lithofacies are described from rock or core samples based on the variation of physical parameters like colour 
or grainsize and the occurrence of sedimentary structures, for instance, laminations (Boggs, 1995). Expert 
electro-facies are defined from petrophysical logs as intervals with consistent log signal variations, as 
summarized by Roslin and Esterle (2016). Electro-facies represent intervals with specific rock physical 
properties that can be correlated to geological lithofacies (Serra and Abbott, 1982; Rider and Kenendy, 2014). 
In Harvey 3, expert electro-facies are determined based on all usable wireline logs available, including 
density, neutron porosity, acoustics, resistivity, and natural radioactivity. Expert electro-facies in this report 
are not solely related to resistivity wireline logs. 

Traditionally, partitioning a dataset of well logs into meaningful classes associated with known rock types has 
been conducted manually by an expert petrophysicist. However, possible biases in the expert’s opinion, and 
other errors are often introduced during this process, especially in a case of poor wireline log data quality 
and borehole conditions. Therefore, developments of automated methods for identification of electro-facies 
from well logs might help identify specific low permeability facies (baffles), though the output results might 
be also degraded if the input data in the automated method have poor quality. 

A classic way to provide efficient and objective quantification of lithological variations from log data is to 
build a clustering model for distinguishing various electro-facies (Serra and Abbott, 1982; Ye and Rabiller, 
2005). Clustering, an unsupervised machine learning technique, is applied to organize data into groups based 
on a certain dissimilarity measure between the groups (Kaufman and Rousseeuw, 1990).  

When applied to electro-facies analysis, clustering allows narrowing recognition of possible sedimentary 
signatures by grouping consistent petrophysical log characteristics (Emelyanova et al., 2017). It does not 
require any artificial subdivision of the data population but is rather based on the unique characteristics of 
well log measurements reflecting lithofacies within the logged interval. Various applications for automated 
identification of electro-facies from well logs have been conducted employing different clustering techniques 
(Ye and Rabiller, 2002; Ye and Rabiller, 2005; Rasouli et al., 2013; Tian et al., 2016). However, there is no 
unique approach for reliable automatic classification of electro-facies from well logs as the accuracy of the 
applied algorithms may vary depending on data and initial conditions. Moreover, a clustering algorithm may 
not produce desirable partitioning without additional information from the domain expert. 

Identification of the occurrence of baffles is very important as the South West Hub (SWHub) geological site 
has no laterally continuous seal, and the storage relies on dissolution and residual trapping of CO2. The baffles 
slow down and spread laterally the upward CO2 plume migration prolonging the time and increasing the 
contact area needed for the gas to dissolve in formation fluids and to react with susceptible minerals. 
Emelyanova et al. (2017) developed a method that allowed identification and prediction of the baffles within 
the cored and un-cored intervals of the Harvey 1 well. The accuracy of the suggested method can be 
improved though by accounting for depositional trends (Emelyanova et al., 2017). 

All sediments exhibit different compaction trends that affect all their petrophysical properties (e.g., Ramm 
and Bjørlykke, 1994; Rieke and Chilingarian, 1974; Lander and Walderhaug, 1999). A number of rock physical 
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models have been developed to describe depth dependencies of density/porosity and velocities in 
sandstones (e. g., Dvorkin and Nur, 1996; Jizba, 1991; Avseth et al., 2000). The models describe sorting trends 
as well as cementation trends with constant and increasing cement fraction (e.g., Dvorkin and Nur, 1996; 
Avseth et al., 2000). All these trends are quite specific and might change significantly from one formation to 
another. Another group of the models describe shale compaction trends (e.g., Dvorkin and Gutierrez, 2001, 
2002; Marion et al., 1992; Marion, 1990). The depth dependencies of velocities and densities are significantly 
different for sandstones and shales and must be taken into account to reliably differentiate them.  

This study is aimed at modifying the workflow developed for rapid differentiation of sandstones and baffle 
facies types in Harvey 1 well (Dance et al., 2017) to account for well log depth dependence by removing log 
compaction trends. The trends that are used in this study are derived empirically from the available 
petrophysical logs. The workflow employs a semi-supervised approach based on integrating expert 
petrophysics knowledge and a machine learning technique, such as Spectral Clustering (SC) (Shi and Malik, 
2000). 

The modified workflow was applied to Harvey 3 well logs selected by a petrophysicist to separate the highly 
permeable sandstones from the baffles which have much lower permeability and often poor mechanical 
properties. Up to four expert electro-facies were identified from log response analysis by a petrophysicist 
and validated both visually and quantitatively by comparison with core images. Those four expert facies are: 
(i) sandstones, (ii) radioactive sandstones, (iii) shaly-sandstones and (iv) shales. Baffles comprise electro-
facies (iii) and (iv), while sandstones consist of electro-facies (i) and (ii). The study attributes baffles to clay-
rich intervals only and does not evaluate their “sealing” barrier capacity. 

The clustering method has been successful to identify the baffles from sandstones and all the four expert 
electro-facies have been interpreted in Harvey 3. This clustering method has significantly improved spatial 
prediction of those electro-facies due to the removal of the compaction depth trend from well logs using the 
newly developed workflow. 

7.2 Data 

The data used in the study include wireline logs and image cores used for identification of expert electro-
facies, in particular, baffles and sandstones, to test and validate the automated clustering method. The 
method was applied to identify similar electro-facies in two depth intervals displaying different borehole 
conditions: (i) an optimum interval with thick intervals of baffles and sandstones and within the “best” 
borehole conditions found in the Harvey 3 well; and (ii) the “worst” interval conditions caused effect of poor 
borehole conditions and wireline logging via casing on the measured properties of thin baffles and 
sandstones. 

7.2.1 Harvey 3 well logs overview 

Harvey 3 has a more restricted depth interval than Harvey 1, mostly covering the Yalgorup Mbr and the top 
of the Wonnerup Mbr. A part of the Eneabba Mbr is also covered, though the logs available through the 
Yalgorup and Wonnerup Members are not all available in this depth interval (Table 38). In the Harvey 3 well, 
a total of eight types of logs are used by the expert petrophysicist to evaluate baffles and sandstones facies: 

i. Caliper (CAL): Passive measurements for borehole size. 
ii. Gamma ray (GR): passive measurement for quantifying the amount of cumulative radioactive 

elements (usually coming from U, Th and K in clays and feldspars). It allows the identification of 
higher radioactivity intervals that could be baffles or radioactive sands; the lack of spectral data 
does not allow the discrimination of argillaceous intervals (baffles) from radioactive sands 
(permeable). 

iii. Gamma-density (ZDN): Active measurements of the bulk density of the matrix and fluid-filling 
pores. Useful for porosity evaluation assuming a known matrix density and corrected borehole 
size, but sensitive to the variation of the borehole diameter. 
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iv. Density correction (DRHO): It is not a measured log sensu-stricto but a correction applied to ZDN 
based on the borehole diameter (CAL) and derived by a petrophysicist. High DRHO values 
correspond to borehole enlargement (i.e. usually shaly facies in SWHub) and lower values 
correspond to borehole narrowing (i.e. usually very permeable). In the later – well casing might 
be required to stabilise the borehole. 

v. Neutron porosity (NP): Measurement of neutron absorption by the formation to determine its 
hydrogen content; which consists of the hydrogen available in pore fluids, oil and hydrated 
minerals (eg clays). Mudcake can interfere with such a log and will require correction of this 
effect on the NP log. Combined with ZDN log on a single track with particular limits (ZDN from 
1.95 to 2.95 g/cm3 and NP from 0.45 to -0.15), the Neutron-Density separation can be interpreted 
as follows: (1) NP on the right-end side of ZDN indicates gas occurrence; (2) NP on the left-end 
side of ZDN suggests the occurrence of a clay-rich formation; (3) ZDN ~ NP suggests water 
saturated sandstones. 

vi. Sonic wave velocities P- and S-wave velocities (Vp and Vs): Active measurements of transit time 
of sonic waves (compressional waves for Vp and shear waves for Vs). These logs are especially 
useful for lithology identification (shales versus sandstones and limestones) and mechanical 
damages of the rock formation when combined to other logs.  

vii. Electrical resistivity, with different depths of penetration into the formation from shallow to deep 
(MLR): Active measurements of the electric resistivity of the formation (matrix and fluid, 
including adsorbed water and solutes). Greater spacing between electrodes corresponds to the 
increase of penetration depth. The shallow resistivity at the borehole vicinity is affected by 
invaded drilling fluid and the deep resistivity is supposed to measure the true resistivity of the 
formation (uninvaded zone).  

viii. Photoelectric factor (PE or PEF): Active measurement of electrons emitted from atoms of the 
formation excited by a gamma-ray source. PE is related to the mineralogy of the logged 
formation. Each mineral type has a specific PE signature. By instance, a PE close to 0 corresponds 
to a porous sandstone while high values indicate shaly formation. PE isz highly affected by the 
barite added to the drilling fluid as weighting agent and borehole size irregularities.  

 
Figure 108 presents the whole Harvey 3 wireline logs depth interval to illustrate the variability of some logs 
and borehole quality. The caliper log data only cover a small depth interval of the Yalgorup Mbr (Track 2 – 
Caliper & Bit size). There is no caliper data in 66% of the Yalgorup and in the 100% of the penetrated 
Wonnerup Mbr. A significant interval from 966 m to 1462 m of the well was logged through casing thus 
making the data obtained patchy, less reliable and difficult to compare with other well logs.  
 
Borehole quality is generally poor. Significant enlargements are observed (black colour in track 2 – Caliper 
and Bit size) where caliper data are available (> 2.5-inch variations). The intervals where caliper increases 
significantly are supposed to correspond to more argillaceous intervals with weaker mechanical properties. 
Large borehole corrections DRHO were applied to the density log to compensate strong borehole 
enlargement (DRHO > 0.2 g/cm3; red shading in track 4 that shows density). Within these intervals with high 
density correction, the PE and Neutron porosity shows systematic excursions toward high values, the S-wave 
slowness is lost, the P-wave slowness becomes extremely slow and resistivity becomes chaotic. The only 
wireline log that does not seem to be influenced much by borehole conditions is the GR, however, the lack 
of spectral data does not allow the discrimination of argillaceous intervals from radioactive sands based on 
GR log alone. As a consequence, it is considered that these data may be used with great caution for qualitative 
analysis (for instance, for location of relatively lower porosity/permeability intervals) but they should not be 
used to quantify rock properties. Hereafter, three logs, namely, GR, NP and ZDN, were used for the baffles 
facies recognition from log analysis.  
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Table 38. Summary of the wireline logs available in Harvey 3 well along with their depth interval of data acquisition 
and the simplified log nomenclature. 

LOG NOMENCLATURE UNIT TOP DEPTH (M) BOTTOM DEPTH 
(M) 

Caliper CAL inch 44.437 945.937 

Gamma-ray GR API 44.537 1538.638 

Gamma-density ZDN g/cm3 44.537 1548.437 

Density correction DRHO g/cm3 44.537 1548.437 

Neutron porosity NP v/v 44.537 1544.137 

Sonic P-wave Vp m/sec 75.437 1535.037 

Sonic S-wave Vs m/sec 748.337 1535.037 

Electrical resistivity MLR (6”to 90” in space) Ohm.m 44.537 1544.237 

Photoelectric PE Dimensionless (or 
barns/electron) 

44.537 1548.437 

 
Table 39. Formation Tops at Harvey 3.  

Member Top depth (m) 

Eneabba 245 

Yalgorup 741 

Wonnerup 1418 
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Figure 108. Harvey 3 well logs. Track 1 shows the geological formations and members, the Eneabba Fm, Yalgorup and 
Wonnerup Mbrs. Track 2 shows the difference between the bit size and caliper (CAL) for the depths at which caliper 
measurements are available: the borehole enlargement and narrowing are shown with black and white shading, 
respectively. Track 3 presents the gamma ray (GR) and the values used to separate baffles from sandstones in the 
first step of analysis (red symbols indicate Dataset 1 and green symbols - Dataset 2; see text for further details). Track 
4 shows the density correction (DRHO) with an increase applied on bulk density shaded in red and a decrease applied 
on the bulk density shown in green. Track 5 shows the Neutron porosity (NP) - bulk density (ZDN) separation with 
shales and sandstones shaded brown and yellow. The grey shading on the left hand side is presented to visualize the 
neutron-density separation. Track 6 presents the P- and S-wave velocities in blue and red, respectively. Track 7 shows 
the electrical resistivity curves with shallow (MLR10) and deep (MLR90) resistivity shown in yellow and blue, 
respectively. Track 8 shows the photoelectric factor (PE). 
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7.2.2 Expert electro-facies definition 

The original well logs were analysed by a petrophysicist to identify baffles and sandstones (reservoirs) which 
hereafter are termed ‘expert baffles’ and ‘expert sandstones’ or ‘expert electro-facies’. The methodology for 
identifying these expert electro-facies is described in the Method section below. 

7.2.3 Data pre-processing  

Prior to the analysis, the well logs are checked by the expert using the IP version 4 (Interactive Petrophysics) 
software by Senergy Software Ltd. Any depth shifts between the logs due to different various logging 
equipment, erroneous outliers and corrupted signals are identified. The depth shifts are eliminated using the 
cross-correlation method. The outliers that occurred within depth intervals where DHRO exceeded 0.15 
g/cm3 are excluded. The depth intervals of the corrupted or missed signals are not included in the input 
dataset. In total, 4312 measurements of log values across the entire well depth interval are used in this study.   
 
Visual analysis of the well logs detects discrepancies in absolute values of MLR10 log within the three depth 
intervals: (1a) 748.3 m - 967.0 m; (2) 1244.4 m – 1404.5 m and (1b) 1484.4 m – 1533.7 m (Figure 109). The 
well completion reports explains the difference by the fact that the measurements over the intervals (1a) 
and (1b) were conducted on open-hole conditions, while it was in case-hole condition along the depth 
interval (2) affecting the quality of the measurements (noise variations; absorption of GR and Neutron signal 
inside the casing etc.). This fact prevented the use of the entire logs as an input dataset for clustering. The 
original logs were thus split into: 

• Dataset 1 compiled by Dataset 1a and Dataset 1b covering depth intervals 
o Dataset 1a: 748.3 m - 967.0 m  
o Dataset 1b: 1484.4 m – 1533.7 m 

• Dataset 2 covering interval 1244.4 m – 1404.5 m.  
 

 

Figure 109. Harvey 3 depth intervals of Dataset 1 and Dataset 2 identified from analysis of Vp and MLR10 logs.   
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Furthermore, the systematic variation of log with depth in Dataset 1 is removed assuming a linear compaction 
depth-trend from the well logs as described in the Methods section below. Visual analysis detects no 
systematic variation with depth in logs over the depth interval of Dataset 2, thus, no trend removal is 
undertaken for this dataset. The wireline logs mostly affected by systematic variation were the density and 
acoustic velocities 

 

7.3 Methods 

7.3.1 The concept of identifying low permeability baffles in continental sandstones 
using machine learning  

The low permeability intervals are expected to have a higher content of clay minerals. Strachan (2016) used 
at Harvey 1, 2, 3 and 4 wells the gamma ray as an indicator of clay content and qualified the high gamma 
interval as argillaceous layers and potential barriers. To account for natural radioactivity in the sands and the 
presence of a fine fraction, a cut-off was applied with all the layers displaying a gamma response higher than 
80 API to be considered actual argillaceous layers. This approach is conventionally applied in marine 
sandstone but, unfortunately, it was found to be an oversimplification in continental sandstones like those 
encountered in Harvey 1 and Harvey 3.  

The detailed comparison between cores and logs from Harvey 1 indicated the presence of intense gamma 
peaks in what was described as coarse, high energy sandstones (Dance et al., 2017). The spectral gamma 
data indicate a low potassium content with high thorium and uranium. It is expected that these sandstones 
are comprised of a higher content in heavy minerals with a higher radioactive output. They may result of a 
flood in the basin or a sudden discharge from the catchment, which consist mostly of plutonic rocks. The 
occurrence of radioactively “hot” sands precludes the use of gamma ray alone as a marker of clay content, 
due to the risk of false positives. Additionally, since the diagenesis can reduce the porosity and the 
permeability in the sandstone due to the formation of quartz cements and kaolinite, cemented layers would 
also constitute low permeability baffles but they would not necessarily be associated with a high gamma ray 
response. These would be false negatives.  

As there was no direct petrophysical marker for argillaceous beds, it was assumed that a combination of log 
data would most likely constitute the signature of a relatively lower permeability layer. As no hydrocarbons 
occur in the formation, it is fully saturated with brackish water. In addition, the systematic variation of the 
resistivity curves with depth is negligible at Harvey 1 and Harvey 3. As a consequence, the resistivity can be 
considered to be mostly controlled by the variation of porosity, permeability and mineralogy (Kennedy, 
2015). It is thus expected that resistivity should increase in a low permeability interval. This assumption 
underpins the machine learning approach: the low permeability depth intervals are characterized by a 
distinct variation of a combination of petrophysical logs and can be identified by a clustering approach. 

7.3.2 Hierarchical spectral clustering 

The objective of cluster analysis is to divide a given set of data into subsets, or clusters, such that elements 
within the same cluster exhibit greater similarity to each other than to those from other clusters. In the 
previous study (Dance et al., 2017) we evaluated three clustering algorithms such as k-means (Duda and Hart, 
1973), Self-Organizing Maps (Kohonen, 2001) and SC (Shi and Malik, 2000) for their suitability to distinguish 
various rock zones at Harvey 1. Based on comparison of the outputs and taking into account practical 
considerations, the SC algorithm was applied for clustering well log data. In this study we also apply the SC 
method. 
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The SC method 

SC is a modern non-linear clustering algorithm that treats the data clustering process as a graph partitioning 
problem without making any assumptions on the form of the data clusters. Like any other clustering 
technique, the goal of this algorithm is to find groups in the data, with the number of groups represented by 
the variable k. This number needs to be predetermined by the user. Various techniques exist for automated 
detection of the optimal number of natural clusters within a dataset. In this study we applied the Silhouette 
index (Rousseeuw, 1987). The Silhouette index helps estimate the appropriateness of separation between 
the resulting clusters. Assuming various k and estimating average Silhouette index, the best partition is 
determined by the highest average value. 

When k is determined, the SC algorithm constructs a similarity graph from a matrix of pairwise similarities of 
input vectors, computes generalized eigenvectors (spectrum) of the matrix and applies the k-means 
algorithm to partition the graph into clusters. Figure 110 illustrates the stages of the SC process.  

                      
Figure 110. A flowchart of the SC algorithm. 

 

The process starts with the construction of the graph and the similarity matrix representing the dataset. This 
matrix is then used to generate the Laplacian matrix (von Luxburg, 2007) of the graph that is used for deriving 
its eigenvalues and eigenvectors comprising global information about the data structure. Then each vector 
of the original dataset is associated with a lower-dimensional representation based on one or more 
eigenvectors. It was proven that second eigenvector of the Laplacian of the connected graph indicates blocks 
that are linearly separable and represent clusters in the original dataset (von Luxburg, 2007). Finally, the 
clustering is presented by assigning the vectors to two or more classes, based on the new representation. 

 

Hierarchical clustering  

Based on an understanding of the geological processes at the location of Harvey 1, a hierarchical clustering 
approach was used for identifying spatial occurrences (depth intervals) of baffles and reservoirs (Dance et 
al., 2017). In Harvey 1, this approach is based on the sequential partitioning of the input dataset of selected 
well logs and the analysis of MLR and ZDN log value ranges within the identified clusters at each level of the 
hierarchy. The process stops when clusters characterized by high resistivity (MLR) and high density (ZDN) 
values associated with the low permeability depth intervals (baffles) are detected. The MLR and ZDN 
thresholds for the baffle clusters can be pre-determined by a domain expert from analysis of core samples. 
For example, for Harvey 1 it was assumed that the MLR and ZDN values associated with baffles are greater 
than 15 ohm.m and 2.55 g/cm3, respectively.  
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We used the same approach for splitting Harvey 3 Dataset 1 into the layers of interest. At Level 1 of the 
hierarchy, the optimal number of clusters N was defined by applying the Silhouette index method to the 
input dataset of five logs ZDN, MLR, ND, Vp and Vs (gamma ray log excluded). Figure 111a shows the 
Silhouette index values calculated for the number of clusters N varying from 2 to 19 indicating the Silhouette 
index’s maximum value at N = 2. Thus, we split Dataset 1 into two clusters, namely Cluster 11 and Cluster 12 
(Figure 112, Level 1), and for each of these clusters the optimal number of sub-clusters N = 2 was determined 
(Figure 111 b-c). Therefore, at Level 2, Cluster 11 and Cluster 12 were split into two sub-clusters each resulting 
in Cluster 111, Cluster 112, Cluster 121 and Cluster 122 (Figure 112, Level 2).  

Due to the poor quality of Dataset 2, applying hierarchical clustering was not feasible. Clustering was 
conducted only for Level 1 of the hierarchy to avoid unreasonable assessment of noise variations at further 
levels (e.g., Level 2 as for Dataset 1). Figure 113 illustrates the Silhouette index distribution for various 
numbers of clusters at Level 1 for Dataset 2. The maximum value 0.58 suggests the optimal number N = 6, 
while at N = 2 the Silhouette index 0.57 is very close to the maximum value compared with the rest of the 
values.  
 

a) 

 

b) 

 

c) 

 

Figure 111. Silhouette index values estimated for evaluation of the optimal numbers of Dataset 1 clusters at Level 1 
(a) and Level 2 (b – c) of the hierarchical clustering. 
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Figure 112. Decision tree for hierarchical clustering of Dataset 1. Clusters considered to be reservoir are coloured 
yellow-brown, and baffles are light and dark green. Details on the cluster value ranges are presented in Table 40. 

 

 
 
Figure 113. Silhouette index values estimated for evaluation of the optimal number of Dataset 2 clusters. 

 

 
 
Figure 114. Decision tree for hierarchical clustering of Dataset 2. Clusters considered to be reservoir are coloured 
orange, and baffles are green. Details on the cluster value rages are presented in Table 40Error! Reference source not 
found.. 
 

Taking into account the poor data quality and the expert’s visual interpretation of the dataset, we assumed 
that Dataset 2 has two clusters (N = 2).  Figure 114 presents the decision tree for clustering of Dataset 2. 

The ranges of the original log values within the intermediate and final clusters of Dataset 1 and Dataset 2 are 
shown in Table 40. The column ‘Electro-facies’ presents interpretation of the final clusters as ‘baffles’ or 
‘sandstones’ described in section 2.3.5. 
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Table 40. Log value ranges in clusters of the clustering decision tree and their interpretation as electro-facies. 
Statistics shown in grey italic indicate intermediate level clusters. 

CLUSTERS N 

SAMPLES 
LOGS ZDN 

(G/CM3) 

ND 

(FRAC) 

MLR 

(OHMM) 

VP 

(M/SEC) 

VS 

(M/SEC) 

ELECTRO-FACIES 

1  Min 1.349     -0.146     0.108     1909.612     1598.909  

  Max 2.571     0.749     7.252     3339.337     2475.939  

2  Min 1.902     -0.170     238.055     2975.373     1681.52  

  Max 2.474     0.826     1998.539     4130.152     2125.733  

11  Min 1.349     -0.146     0.108     1909.612     1598.909  

  Max 2.494     0.749     7.252     3339.337     1965.219  

12  Min 2.051     -0.075     0.399     2928.168     1625.771  

  Max 2.571     0.231     2.348     4362.679     2475.939  

111  Min 2.074      -0.040      0.401      2810.933      1648.066 baffles 

  Max 2.444      0.299      5.617      3339.337      1928.112  

112  Min 1.349       -0.146       0.108       1909.612       1598.909 shaly baffles 

  Max 2.494      0.749      7.252          3314.141      1965.219  

121  Min 2.051      -0.066      0.399      2928.168      1625.771 sandstones 

  Max 2.562      0.226      2.348      3752.690      2087.254  

122  Min 2.151      -0.075      0.444      3081.763      1688.864 sandstones 

  Max 2.571      0.231      1.977      4362.679      2475.939  

21  Min 1.902     0.162     259.060     2991.669     1742.891 baffles 

  Max 2.385     0.531     1936.051     3453.131     2004.355  

22  Min 1.909     -0.170     238.055     2975.373     1681.52 sandstones 

  Max 2.474     0.826     1998.539     4130.152     2125.733  

 

7.3.3 Compaction depth-trend removal 

The systematic log variation with depth in Dataset 1 is estimated as an increasing trend described by a linear 
model to fit a straight line along the dataset 

                              𝑦𝑦 = 𝑎𝑎 ∗ 𝑥𝑥 + 𝑏𝑏,                                                               (2) 

where 𝑥𝑥 is the depth value and coefficients 𝑎𝑎 and 𝑏𝑏  are chosen so that the error 𝑒𝑒 between the log and 𝑦𝑦 
values  

                            𝑒𝑒 =  ∑(Y − y)2,                                                             (3) 

is minimized. Figure 115 (upper panel) shows the depth trend estimated within Dataset 1a by minimizing the 
sum of the squared errors for Vp. The trends estimated for each log were removed from Dataset 1. It is 
assumed that logs in Dataset 1b have the same trends as in Dataset 1a. Figure 115 (lower panel) shows the 
de-trended datasets.   
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As mentioned in the Data section above there are no trends observed in log data over the Dataset 2 depth 
interval. The Dataset 2 trend linear model which is illustrated by the horizontal straight line in Figure 115 
(upper panel) confirms this observation.  

 
Figure 115. Vp original values and depth trends (in red) of Dataset 1 a and Dataset 2.  

 

The impact of systematic variation on clustering outputs is examined by comparing the results of clustering 
applied to the de-trended and original Dataset 1. Figure 116 presents Level 1 clustering outputs of the de-
trended Vp log from Dataset 1 (upper panel) compared with the clustering outputs of the original Vp log 
(lower panel). The clusters of the de-trended Dataset 1a demonstrate a better distinction between baffles 
(Cluster 11) and sandstones (Cluster 12) by assigning Dataset 1b, interpreted by the expert as sandstone, to 
Cluster 11. 
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Figure 116. Comparison of the clustering outputs for the de-tended (upper panel) versus original (lower panel) Vp log 
from Dataset 1: the de-trended Vp log from Dataset 1b belongs to Cluster 11, while the original Vp log  belongs to 
Cluster 21. 
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7.3.4 Identification of expert electro-facies  

All the logs (see section 2.2.1) are used and presented in the figures below to attempt expert electro-facies 
identification as done in Harvey 1 (Dance et al., 2017) by automated partitioning into electro-facies using the 
SC method. Extra logs were added compared to the previous study: CAL, DRHO, PE, and ND. A new input log 
was calculated from the density and neutron porosity, named neutron porosity – density porosity separation 
(ND): 

                                                             ND = NP− �pg − ZDN� �pg − pw�� ,                                                       (1) 

where ρg = 2.66 g/cm3 and ρw = 1.03 g/cm3 are grain and pore water density, respectively. ND constitutes a 
better marker of clay content than neutron porosity alone. 

The method used in Harvey 1 well to identify expert electro-facies was first attempted in Harvey 3 (dataset 
1) using ZDN and MLR cross-plot log (Figure 117), though a colour-labelling based on the ND separation was 
added on this plot to improve baffles segregation. However, no particular population corresponding to 
specific facies was identified with a widespread range of data. 

 

 

Figure 117. Cross-plots of logs over Dataset 1a depth interval to detect baffles and sandstones. (a) ZDN versus MLR10 
colour-labelled with ND values (i.e. rich clay content when orange-red and no clay content when dark blue). 

 

Since the Harvey 1 cross-plot method was not successful in the dataset1, we preferred to only use three logs 
that seems the least affected by the poor borehole conditions to some extend and that are more  sensitive 
to clay content (see section 2.2.1): GR, NP and ZDN logs; or more specifically GR and ND logs (Figure 118). 
The rule to separate the baffles from sandstones and supported by core images was the following (Figure 
118):  

• GR < 120 API and ND < 0.02 are sandstones. The hot sandstones will have GR > 120 API with ND still < 0.02. 

• GR > 120 API and ND > 0.02 are clay-rich baffles. 

• The points outside those two rules described above correspond to shaly-sandstones. 
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Figure 118. Dataset 1a depth range cross-plot of GR versus ND sepration (i.e. baflles when > 0) colour-labelled with 
the clustering level 1 (red for the baffles and blue for the sandstones, nick-named SST).  
 
 
The depth interval of Dataset 2 (Figure 108) is strongly affected by thin beds of shales/shaly-sandstones in a 
sandstone background and by the fact that the measurements were done via casing. Therefore, the 
thresholds for GR and ND separation were refined as (Figure 119): 

Baffles: ND > 0.125 and GR > 120 API;  
Sandstones: ND < 0.04 and GR < 120 API; 
Hot sandstones: ND < 0.125 and GR > 200 API; 
Shaly-sandstones: 0.04 < ND < 0.125 and GR < 200 API. 
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Figure 119. Dataset 2 depth range cross-plot of gamma-ray (GR) versus ND separation (i.e. baffles when > 0) colour-
labelled with Vp. The areas define the best attempt of lithofacies separation with: green for the baffles, light blue for 
the sandstones, orange for the hot sandstones and black for the shaly-sandstones. 

7.3.5 The workflow for semi-supervised identification of electro-facies 

Figure 120 illustrates the workflow modified for depth-trend removal from well log data and applied for semi-
supervised identification of electro-facies over the targeted depth interval. The workflow consists of four 
stages.  

Stage 1 requires feature selection by determining input logs that are representative of the geological 
processes at the well location, and data cleaning. The key aim of Stage 1 is development of decision rules for 
partitioning the input logs into electro-facies by a domain expert. At this stage 1 geological information 
derived from core data or log analysis by the expert is compared to the well log in order to understand the 
variation of rock properties for each lithofacies. This enables determining criteria for the effective 
discrimination of electro-facies compatible with the lithofacies. Specific input logs are selected for clustering 
by a petrophysicist to lessen the risk of error during the analysis (for instance in the present case, the 
exclusion of the gamma ray from the processing as radio-active sands display the same variation as clay-rich 
intervals). This also enables the analysis to focus on a set of rock properties (in this case, low permeability 
intervals) rather than one specific signal considered as a good proxy. Dataset quality is assessed by the expert 
and depth intervals are rigorously matched in details to core data prior to processing to enable the 
comparison between the electro-facies determined by the clustering method and the expert electro-facies 
determined from core descriptions or log analysis. Based on an understanding of the regional geology, the 
expert suggests decision rules and sets of logs required at different stages of hierarchical clustering of the log 
responses. In this study the log data in Harvey 3 well were processed to identify low permeability intervals 
that could act as baffles and stop or slow down the upward migration of the CO2. In order to accurately 
identify these layers over a large dataset covering a thick interval, a clustering type of analysis was used. 

At Stage 2 compaction trends are identified, adjusted and removed from the original input logs. The details 
of the trend removal algorithm are described in section 2.3.3 above. 
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The decision rules identified by the expert at Stage 1 are used at Stage 3 for a multi-level hierarchical 
clustering of the de-trended input dataset. At some levels of the hierarchy the expert rules could be modified 
based on the analysis of the appropriate number of clusters and cluster’s statistics. Taking into account the 
expert’s rules, a decision tree is automatically developed for a hierarchical clustering of the input logs into 
meaningful depth intervals that can be further associated with particular rock properties. At each level of the 
hierarchy, a decision is made whether further partitioning is needed along each branch of the tree by utilising 
the expert rules until the data distribution within the clusters is consistent with the petrophysicist’s 
interpretation and the lithofacies over the cored intervals. The hierarchical clustering approach proved very 
efficient at identifying the specific low permeability intervals: their properties were better defined with less 
dispersion, less overlapping between the different sedimentological facies. On the other hand, the high 
permeability facies showed a significant overlapping of their petrophysical properties and the electro-facies 
were found to be less consistent with the sedimentological facies.  

At Stage 4 the expert interprets the clusters in conventional petrophysical terms. Depending on the objective 
of the study, these clusters can be integrated into larger groups. Overall, a good correlation between the final 
clusters and the expert interpretation within the cored intervals is observed for the low permeability 
intervals.  

 

 

Figure 120. Schematics of the workflow for identification of baffles and reservoirs modified for depth trend removal. 

7.4 Interpretation and validation of the clustering results 

The hierarchical clustering procedure described in the Method section is applied to Dataset 1 of de-trended 
logs and Dataset 2.  This section presents, interprets and validates the clustering results for each well log 
from Dataset 1 and Dataset 2.  

7.4.1 Dataset 1  

Both Level 1 and Level 2 results of the Dataset 1 hierarchical clustering (Figure 112) were examined by the 
expert. Figure 121 presents Level 2 clusters 111, 112 of Dataset 1 identified from Level 1 Cluster 11 and 
clusters 121 and 122 identified from Cluster 12 of the Vp well log. Based on the methodology of identifying 
electro-facies described in section 2.3.4, these clusters are interpreted as baffles (Clusters 111 and 112) and 
sandstones (Clusters 121 and 122). 
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Figure 121. Vp values colour-coded by the identified electro-facies. Clusters 111 (green) and 112 have been 
interpreted as baffles with more shaly baffles for 112 (dark green); clusters 121 (yellow) and 122 have been 
interpreted as sandstones with 122 as sandstones (brown). Clusters 21 and 22 have been interpreted as baffles (pale 
orange) and sandstones (pale green). 

Figure 122 and Figure 124 compare the original well logs interpreted by the expert petrophysicist and the 
clustering results showed as continues logs of electro-facies (baffles and sandstones). 

In Dataset 1a (Figure 122), Level 1 clusters allowed distinction of most of the baffles (Cluster 11) from the 
sandstones (Cluster 12), though the hot sandstones are wrongly included in the baffles. For some reasons, 
the ZDN does not record proper values below the depth of 946 m in the dataset 1a, leading to inappropriate 
ND strong separation: baffles instead of sandstones lithofacies. Indeed, below this 946 m depth interval, the 
GR records low values as well as MLR, which would correspond to sandstone. We also observe an abrupt shift 
in PE toward higher values at that depth. We suspect very strong borehole quality degradation that led to 
unrealistic DRHO correction on ZDN and so to a wrong ND separation in the logs. Unfortunately, the absence 
of caliper data at this depth does not help to prove this interpretation. Assuming sandstone facies below 
946m in the Dataset 1a, the SC seems to pick few thin baffles facies intervals in the sandstone background. 

In Dataset 1b, the clustering method works well and recognises the sandstone facies only; the result is in 
good agreement with the electro-facies obtained by expert log analysis (Figure 124). 

The SC Level 2 outputs are shown in Figure 122, Figure 123 and Figure 124 (track ‘Electro-facies Level 2’), 
Cluster 112 compared to core intervals corresponds to red coloured paleosol facies baffles while the Cluster 
111 corresponds to dark coloured swampy deposits facies baffle. It appears that shaly sandstones can be 
mismatched into the electro-facies 111 facies (Figure 123). In Dataset 1a, most of the sandstones (Cluster 
122) are highly interbedded with shaly-sandstones (Cluster 121) while most of the depth interval in Dataset 
1b is composed of sandstones (Cluster 122). 
Figure 121. Vp values colour-coded by the identified electro-facies. Clusters 111 (green) and 112 have been 
interpreted as baffles with more shaly baffles for 112 (dark green); clusters 121 (yellow) and 122 have been 
interpreted as sandstones with 122 as sandstones (brown). Clusters 21 and 22 have been interpreted as 
baffles (pale orange) and sandstones (pale green). 
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Figure 122. Harvey 3 Dataset 1a original well logs as explained in Figure 108 over the depth interval 748.3 to 967.03 
m and the clustering results. Clusters 11 and 12 of Level 1 indicate spatial occurrence of baffles (pale green) and 
sandstones (pale orange), Clusters 111 and 112 of Level 2 show baffles with more shaly baffles for 112; and clusters 
121 and 122 position sandstones with 122 as a sandstone. The baffles and few thin hot sandstones defined by the 
expert from the GR and ND separation logs are shown as greyish and orange horizontal bands, respectively.  
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Figure 123. Comparison between core, facies and electrofacies from SC Level 2 output. 



 

 

Figure 124. Harvey 3 Dataset 1b well logs as explained in Figure 108 over the depth interval 1484.4 to 1533.7 m and the clustering results. Clusters 11 and 12 of Level 1 indicate 
spatial occurrence of baffles (green) and sandstones (orange), Clusters 111 and 112 of Level 2 show baffles with more shaly baffles for 112; and clusters 121 and 122 position 
sandstones with 122 as a sandstone. The baffles and few thin hot sandstones defined by the expert from the GR and ND separation logs are shown as greyish and orange 
horizontal bands, respectively.   
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7.4.2 Dataset 2  

Level 1 clustering results obtained on Dataset 2 (Figure 114) were examined by the expert. Figure 121 
presents Level 1 clusters 21 and 22 identified from the Vp well log of Dataset 2. Based on the methodology 
of identifying expert electro-facies described in section 2.3.4, these clusters were interpreted as baffles 
(Cluster 21) and sandstones (Cluster 22).  

Figure 126 compares expert lithofacies (track ‘Electro-facies Log’) with the clustering results shown in tracks 
’SC Level 1’ and ‘Electro-facies SC Level 1’). We can see that expert electro-facies and SC electro-facies do not 
match properly along this noisy depth interval. The sand intervals are recognised by the clustering algorithm 
while the hot sandstones, shaly-sandstones and baffles are mixed making it impossible to properly recognise 
the baffles. It is important to remember that without caliper data, it is difficult to assess the borehole quality 
and thus the quality of the other logs. Taking into account large density correction (DRHO), the high and 
constant MLR (~ 2000 ohm.m), and uncorrelated Vp and Vs as well as the fact that the logging has been done 
through casing, we might conclude that the recognition of the baffles is challenging, if not impossible within 
this interval. Yet, a reasonable number of the baffles (in pale green) identified by clustering in Dataset 2 are 
in agreement with the expert baffles (greyish horizontal bands). Similarly, some expert sandstones (orange 
horizontal bands) were identified as sandstones (in pale orange) by the clustering algorithm. 
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Figure 125. Harvey 3 Dataset 2 well logs as explained in Figure 108 over the depth interval 1244.4 to 1404.5 m the 
spectral clustering results. Cluster 21 indicates spatial occurrence of baffles (pale green) and Cluster 22 shows 
sandstones (pale orange). The baffles and few thin hot sandstones defined by the expert from the GR and ND 
separation logs are shown as greyish and orange horizontal bands, respectively. 

7.4.3 Accuracy assessment 

Basic statistics estimated for baffles and sandstones demonstrate a good match of the spatial occurrences of 
the expert electro-facies and electro-facies determined at Level 1 and Level 2 for Dataset 1 (Figure 126) and 
at Level 1 for Dataset 2 (Figure 127). 

At Level 1 (Figure 20a), Dataset 1b (Wonnerup Member) is defined by sandstones only and the 100% match 
is observed between both method results (expert vs clustering).  In Dataset 1a, the expert identifies three 
facies, namely, sandstones (70%), baffles (23%) and hot sandstones (7%). The clustering method recognises 
two facies, i.e., sandstones (76%) and baffles (24%). However, the baffles and sandstones identified by the 
clustering method match the depth location of the identified expert baffles and sandstones at 55% and 82 % 
respectively.      

At Level 2 (Figure 20b), Dataset 1b consists of 97% of sandstone and 3% of baffles according to the expert’s 
analysis. The clustering recognises two different sandstone facies (121 and 122) but fails to distinguish 
baffles. According to the expert’s analysis, Dataset 1a contains 75% of shaly sandstone and 25% of baffles 
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(two different clusters 111 and 112).  The clustering detected four facies, namely, sandstones (21%), shaly 
sandstones (55%) and two cluster (111 and 112) of baffles (24% in total).  

Agreement between the expert and clustering analysis results in Dataset 2 (Figure 21) at Level 1 is not as 
conclusive as in Dataset 1. The expert identifies three facies in this interval: sandstone (46%), hot sandstone 
(5%) and baffles (49%). The clustering recognises sandstones (73%) and baffles (27%) only. We assume that 
further partitioning of the baffle cluster would allow to form a separate cluster of shaly-sandstones as an 
expert electro-facies t However, due to the low log data quality in this depth interval, further clustering is not 
conducted. 

 



 

 

(a)                                                                                                                    (b) 

Figure 126. Basic statistics showing the expert electro-facies compared with clustering electro-facies in Dataset 1a and Dataset 1b in Harvey 3 at Level 1 (a) and Level 2 (b). The 
hot sandstones (Hot SST) from the log analysis (in red) are assimilated as sandstones identified by clustering (yellow). The baffles are shown in green and shaly-sandstones in 
brown.  
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Figure 127. Basic statistics showing the expert electro-facies picked from log analysis and from SC for 
Dataset 2 in Harvey 3 using SC level 1 only. The hot sandstones (Hot SST) from the log analysis (in red) are 
assimilated as sandstones identified by clustering (yellow). The baffles are shown in green. 
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7.5 Discussion 

Dance et al. (2017) developed a three-stage workflow for identifying depth intervals of electro-facies 
with specific physical properties from wireline well logs. The workflow incorporates the 
petrophysicist’s knowledge of the underlying physical system and understanding of distinct physical 
properties of low permeability facies into a data-driven process aimed at uncovering specific data 
patterns of baffles that are typically hidden in original log data. The workflow was applied to 
discriminate between low permeability baffles and reservoir quality sandstones in the Harvey 1 well 
and was reported to be successful. However, the authors assumed that the method can be further 
improved by accounting for log data depth dependencies caused by compaction processes.  
 
Density, porosity and velocities are known to vary systematically with the increase in depth. Typically, 
density and acoustic velocity show a tendency to rise, while porosity tends to decrease with depth. 
This is caused by the influence of mechanical compaction and diagenesis. The mechanical compaction 
leads to a better sorted and compacted grain matrix while the chemical reactions are responsible for 
the increase of cementation. All these processes result in the growth in the volume of the solid phase 
at the expense of porosity and, thus, explain increase of density and decrease of porosity with the 
increase in depth. The connectivity of the framework grains improves with compaction, explaining the 
raise of P- and S-wave velocities. 

In this study, the three-stage workflow was modified to account for log depth dependencies by 
introducing a supplementary stage for trend removal (assuming a linear variation of data) (Figure 120). 
The updated workflow was applied to Harvey 3 data to both the original logs and de-trended 
demonstrating an improved accuracy of the identified spatial occurrences of baffles and sandstones 
(reservoirs) in Dataset 1 over the two depth intervals 748.3 m - 967.0 m and 1484.4 m - 1533.7 m 
(Figure 116). No trend removal was applied to Dataset 2 over the 1244.4 m – 1404.5 m depth interval 
as no apparent trend in log data was observed (Figure 115). The trend removal procedure 
implemented in this study could be fully automated for a good dataset but not for the one used in this 
study where selection of the depth intervals for assessing trends needed to be controlled by the 
expert.  

The hierarchical spectral clustering resulted in a series of consistent clusters (four electro-facies) 
within Dataset 1 demonstrating a good match (up to 90% of accuracy of 70% dominated thick intervals 
of sandstone facies; and about 55% success rate to identify baffles) with the electro-facies identified 
manually by the expert (Figure 126). The success rate was lower when the method was applied to 
Dataset 2, namely, 55% match between the clusters (two electro-facies) and the expert electro-facies. 
However, taking into account the poor borehole quality of Dataset 2 and the fact that the interval was 
logged via casing, this success rate can be considered as a reasonable result (Figure 127). The output 
clusters were examined and interpreted by the petrophysicist to confirm their consistency in terms of 
geological significance. When applied to good quality log data from a well or several wells, the electro-
facies identified through clustering and interpreted by an expert can be used for a supervised 
classification of these electro-facies at wells when no expert interpretation or core samples are 
available. 

The hierarchical clustering procedure described in this study can be adapted for ensemble learning by 
applying various clustering techniques simultaneously and integrating their outputs into a single 
solution to improve the accuracy of the electro-facies prediction (Emelyanova et al., 2017).  
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7.6 Conclusions 

A four-stage workflow incorporating domain expert knowledge and data-driven modelling has been 
developed employing the Spectral Clustering method. The workflow has been applied to the Harvey 3 
well data for a hierarchical partitioning of the entire depth interval of the Yalgorup and Wonnerup 
Members into specific depth intervals associated with either low permeability baffles (clay-rich facies 
including paleosols and swampy deposit facies) or sandstones. The hierarchical clustering method 
has been successful to in identifying four expert electro-facies (i.e. sandstones, radioactive 
sandstones, shaly-sandstones and clay-rich shales) in Dataset 1 which is mostly composed of thick 
beds of sandstones and baffles. Dataset 2 acquired throughout the interval of the poor borehole 
condition, with noisy logs data obtained via casing, managed to successfully identify 55% of the two 
expert electro-facies - sandstones and baffles. But no further clustering details (Level 2) was applied 
to dataset 2 to avoid mis-interpretations of those noisy, poor quality data. The developed clustering 
method appears to be adapted from good (Harvey 1 well) to very poor borehole conditions (Harvey 3 
well) with at least 50% baffles detection in the worst scenario.  

The workflow developed is not location dependent and is applicable to other wells within SW Hub 
(e.g., Harvey 1 and Harvey 4 wells) as well as outside of the Perth Basin. Moreover, the workflow is 
adjustable to various specific petrophysical tasks and not limited to identification of electro-facies 
containing baffles. Depending on the final goal of the research, various branches of the decision tree 
can be eliminated while the others continue the splitting process to determine the depth intervals of 
the rock types of interest. 

The key outcome from this study was identification of two electro-facies that correlate to low 
permeability facies that may represent baffles to the vertical CO2 migration. It is expected that 
integration of well log and image data could improve the correlation between clusters and 
sedimentary facies. 
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8 Impedance and facies inversion of nested 
seismic surveys for the characterisation of the 
Yalgorup Member 

While detailed core and well log analysis is a necessary component of formation characterisation, they 
are constrained to the well locations. Quantitative interpretation of surface seismic provides the only 
means to spatially distribute the petrophysical interpretation obtained in the wells. Below, we report 
the results of seismic characterisation of the Yalgorup Mbr of the Lesueur Sandstone using Joint 
Impedance-Facies Inversion (JIFI). This report continues the work done for the Wonnerup Mbr of the 
Lesueur Sandstone by Glubokovskikh et al. (2018). Hence, we focus on the results here and extensively 
refer to this previous report for details on the inversion approach and associated techniques of well 
data interpretation. 

8.1 Available seismic data 

South West Hub has had difficulties in land access that have caused problems with seismic data 
coverage and quality. The main 3D seismic survey was conducted by Geokinetics in 2013-2014, which 
was then followed by a number of smaller surveys that were designed to compensate for insufficient 
quality of the large 3D seismic. Glubokovskikh et al. (2018) introduced the following notation for them 
(see also Figure 128): 

1. Large3D - large commercial 3D seismic survey acquired by in 2013-2014 over a 115 km2; 

2. NestedH4 – a high-resolution seismic survey acquired in 2014 in the vicinity of future Harvey 
4 well; 

3. NestedH3 – a high-resolution seismic survey acquired in 2017 in the vicinity of already drilled 
Harvey 3 well; 

4. L2D – a West-East long 2D seismic traverse with acquired in 2005 as a part of the exploration 
stage at the site; 

5. Composite2D – a composite seismic line that that is a result of joint processing of the best-
fold seismic observations obtained for all four surveys mentioned above. 

Glubokovskikh et al. (2018) demonstrated that seismic quality of the Large3D does not allow for 
reliable quantitative interpretation of the Yalgorup interval. The high-resolution NestedH3 (Yavuz et 
al., 2018) and NestedH4 (Glubokovskikh et al., 2017) surveys focused on the shallow part of the 
subsurface, and therefore, we put them through the quantitative interpretation.  



 

 

Figure 128 A satellite image of the South West Hub Project site along with the outline of the seismic surveys used in this report. Throughout the report we use the 
abbreviated notation for the surveys that is written in red. (after Glubokovksikh et al. 2018) 
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8.2 Characterisation approach 

The seismic facies mapping follows Glubokokovskikh et al. (2018). In the core of the workflow, we use 
JIFI algorithm. The JIFI approach has often been fruitful for the poorly-constrained areas, and 
therefore we decided to study its feasibility for the SW Hub well data and develop an underpinning 
rock physics template, so that the JIFI would readily available once any new seismic is acquired.  

JIFI aims to convert seismic amplitudes into the seismic properties and classify the subsurface facies 
types simultaneously. So, the inversion algorithm looks for the most probable combinations of the 
properties within the pre-defined set of rock physics models developed using the well data. Here, we 
just briefly list key input information for the workflow: 

1. Seismic data is modelled as a convolution of 1D reflectivity with a source wavelet that is to be 
estimated through well-tie; 

2. A priori model for the inversion consists of: 

a. overall facies abundance; 

b. loading trends of the seismic properties; 

c. mutual correlation of the facies positions (e.g., paleosols are followed by swampy 
sediments, that are laterally adjacent to the sand bodies); 

We discuss each step in application to the nested seismic surveys below. 

8.2.1 Well ties 

Correlation between the seismic trace and borehole data has been traditionally considered a 
reasonable measure of seismic quality. As was shown by Glubokovskikh et al. (2017) the well tie results 
in pessimistic estimates for all Harvey seismic vintages and all wells. The best correlation between 
synthetic and real seismic traces at the only deep well, Harvey 1, is ~ 50%. This correlation coefficient 
implies signal-to-noise ratio (SNR) of 0.5. However, this estimate is inconclusive because the poor 
match can also be caused by violation of the basic assumptions behind the well tie (relatively flat 
geological structures, small lateral variations of the seismic properties and nearly perfect stability of 
the seismic source performance), rather than the SNR. 

Harvey 3 nested seismic does not allow for a conventional well-tie due to the extensive intervals of 
bad logs illustrated in Figure 129. Note the absent data and the unrealistically frequent variation of 
the velocity. So, we may attribute the poor well tie to the quality of the logs and assume that the 
nested seismic has a sufficient quality for quantitative interpretation. To check this we conducted a 
test run of standard model-based acoustic inversion (to be explained further, see Figure 132).  
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Figure 129 Comparison of the sonic log and interval velocity from the zero-offset VSP in Harvey-3 well in the 
vicinity of the Wonnerup Mbr. 

 

Well tie for the Harvey 4 data is shown in Figure 130. Both, well data and seismic amplitudes have 
issues that make standard logto seismic correlation challenging: 

• The sonic and density logs feature intense oscillations and intervals of significantly reduced 
values. Glubokovskikh et al. (2017) edited the logs based on an adaptive averaging, so we 
used the smoothed curves.  

• The source wavelet was estimated following Walden and White (1998). The procedure turned 
out to lack stability with the overall correlation between the seismic and synthetic less than 
50%. The match between the real and synthetic seismic is unsatisfactory. While we may 
clearly indicate major events associated with geological boundaries, the modelled and actual 
amplitudes are quite different. 
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Figure 130 Correlation of the acoustic impedance from Harvey 4 well (left) to the nested seismic. The blue 
curve corresponds to edited log, red one – raw well log readings. The smoothed curve was used to compute 
the synthetic seismic trace (blue wiggles in the right pane) along with the source wavelet (shown at the top 
of the right pane). Red trace corresponds to the data extracted along the borehole from the nested seismic  

8.2.2 Facies schema 

For facies based seismic inversion, it is desirable not to overfit the well log data into a large number 
of categories, which can absorb the effects of compaction, especially if the rock type and texture are 
essentially the same over a range of depth, and the change in elastic parameters is largely the result 
of stress effects. In the interpretation of facies classifications from well log data, it is therefore 
desirable that the processes of compaction should be implicitly modelled in some way which accounts 



264   |  Assessment of multi-barrier systems for CO2 containment in the Yalgorup Member of the Lesueur Sandstone, South West Hub 

for the usual increases of density and seismic velocities with the loss of pore space. This pattern is 
consistently observed in the South West Hub data. 

Based on these considerations, a simple probabilistic model for joint classification based on log 
measurements (“tuples”) {𝑇𝑇} = �k, GR, vp,𝜌𝜌,𝜙𝜙�: 

 𝐺𝐺𝑅𝑅𝑏𝑏|𝐹𝐹𝑏𝑏 ∼ 𝑁𝑁(𝑅𝑅𝐺𝐺,𝐹𝐹𝑖𝑖 ,𝜎𝜎𝐺𝐺,𝐹𝐹𝑖𝑖
2 ), (1.1) 

 𝑍𝑍𝑏𝑏|𝐹𝐹𝑏𝑏 ∼ 𝑁𝑁(𝑅𝑅𝐹𝐹𝑖𝑖 + 𝐵𝐵𝐹𝐹𝑖𝑖𝑘𝑘,𝜎𝜎𝐹𝐹𝑖𝑖
2 ), (1.2) 

 𝜌𝜌𝑏𝑏|𝐹𝐹𝑏𝑏 ∼ 𝑁𝑁(𝑅𝑅𝜌𝜌,𝐹𝐹𝑖𝑖 + 𝐵𝐵𝜌𝜌,𝐹𝐹𝑖𝑖𝑣𝑣𝑝𝑝,𝑏𝑏 ,𝜎𝜎𝜌𝜌,𝐹𝐹𝑖𝑖
2 ), (1.3) 

 𝜙𝜙𝑏𝑏|𝐹𝐹𝑏𝑏 ∼ 𝑁𝑁(𝑅𝑅𝜙𝜙𝐹𝐹𝑖𝑖 + 𝐵𝐵𝜙𝜙𝐹𝐹𝑖𝑖𝑘𝑘,𝜎𝜎𝜙𝜙𝐹𝐹𝑖𝑖
2 ), (1.4) 

where 𝑘𝑘 is index of a measurement, 𝐹𝐹𝑏𝑏 ∈ 𝐿𝐿 = �1,2. .𝑁𝑁𝑓𝑓� is a set of discrete labels (shale, sandstone, 
limestone, etc) which are latent variables we seek to attach to each multivariate log tuple 𝑇𝑇𝑏𝑏 at log-
data sample 𝑖𝑖. We assume complete log data over the region of interest. The model above 
corresponds to constant GR response with depth within a facies, but linear trends coupling 𝑣𝑣𝑝𝑝 and 𝜙𝜙 
to depth/TWT, and a linear coupling of 𝑣𝑣𝑝𝑝 to 𝜌𝜌. The variances of the scatter about the trends within 
each facies are assumed constant, and facies-dependent.  

Glubokovskikh et al. (2018) described a facies classification approach that implements a Expectation-
Maximisation (EM) algorithm (Dempster et al. 1977) – the classical method of simultaneously 
estimating the regression parameters, variances, proportions and labels. For characterisation of the 
Wonnerup Member, the authors derived a facies model from Harvey 1 well data. The top of the 
Wonnerup Mbr is chosen as a loading datum. 

Straightforward application of the workflow to Harvey 3 and Harvey 4 wells is complicated by two 
factors: the quality of the well data and the relatively shallow total depth of the wells. The latter is 
critical for robust determination of the loading trends. That is why, JIFI inversion relied on the rock 
physics model (1.1)-(1.4) derived from Harvey 1 analysis: 

• Only two facies types could be discriminated with sufficient accuracy, which are supposedly 
permeable sandstones and fluid flow baffles; 

• The top of the Wonnerup Mbr is chosen as a loading datum. 

Figure 131 illustrates application of the Harvey 1 model to Harvey 3 data. We see that the main fluid 
flow barriers are captured by the classifier. Note some red and black dots mingled with each other in 
the region of small and increased NPHI. This is a consequence of multidimensional facies classification. 
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Figure 131 Illustration of facies classification of Harvey 3 well data. Black dots correspond to neutron 
porosity of a permeable rock type, red dots – baffles. We indicate location of three outstanding fluid flow 
barriers that are obvious in the core data (inset in the figure, core photos stacked of about 10 m intervals).  

8.3 Seismic inversion 

In order to test the feasibility of seismic facies mapping, we start by applying a standard acoustic 
impedance inversion to the Harvey 3 nested seismic data. In Figure 132, we may see that the three 
major fluid flow barriers are picked up by the inverted impedance. This fact gives us some confidence 
in application a more advanced - and hence, more demanding – JIFI to the data. 

Figure 133 illustrates typical output of the JIFI workflow: acoustic impedance and facies distribution. 
In comparison to a standard inversion, the impedance sections are much sharper due to the 
synchronous facies classification. However, vertical resolution remains limited by the source wavelet 
bandwidth. We may see that Harvey 4 section appears to be stiffer than Harvey 3 due to the effect of 
the depth trend. This confirms the importance of explicitly taking the compaction into account. 
However, limited seismic coverage in vicinity of Harvey 4 makes verification of the seismic facies 
impossible (see Figure 134).  
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Figure 132 Test run of a standard model-based acoustic inversion to the Harvey 3 nested seismic. We see 
that three outstanding fluid flow barriers are picked up by anomalies of acoustic impedance. 

8.4 Key findings 

This part had to do with seismic mapping of permeable/impermeable facies in the Yalgorup Mbr of 
the Lesueur Sandstone. Basically, this report extends the work done by Glubokovskikh et al. (2018) on 
the Wonnerup Mbr.  

As Large3D lacks quality and resolution for the quantitative interpretation, we relied on the pre-stack 
migrated seismic images of the nested seismic surveys around Harvey 3 and Harvey 4. The JIFI-based 
workflow resulted in the impedance cubes that are much sharper than the standard inversion. 
However, vertical resolution remains limited by the source wavelet bandwidth. 

Figure 135 and Figure 136 compares seismic facies prediction against the Large3D seismic. We may 
see some consistency among the interpretation done on the high-resolution nested surveys and some 
seismic event in the regional survey. The observed correlation might provide an opportunity to 
extrapolate the results away from the immediate proximity of Harvey 3 and Harvey 4 wells.  

However, we need to emphasize that the quality of the seismic to log correlations is not sufficient for 
reliable prediction. The inversion may be called blind, since it does not rely on the log data, and hence, 
the credibility should not be overestimated. 



 

 

 

Figure 133 Illustration of the JIFI output for the nested seismic surveys around Harvey 3 (inline 117 - top row) and Harvey 4 wells (inline 67 – bottom row): pre-stack 
time migrated seismic image (a,d), acoustic impedance (b,e) and facies distribution (c, f), correspondingly. Horizons correspond to the structural interpretation of the 
Large3D that explains disagreement between the seismic amplitudes and the surfaces.  



 

 

Figure 134 Comparison of the JIFI-facies predicted using the nested seismic surveys around Harvey 3 (left) and Harvey 4 (right) wells with the log facies classification. 
The depth is MD, blue curve – sonic log, black curve – density log, fragments of the seismic are given in the 3rd and 5th tracks, EM algorithm output – the 4th track. Note 

that the seismic prediction is poor for Harvey 4 seismic due to lack of the coverage in the vicinity of the borehole. 



 

 

 

Figure 135 Comparison of the JIFI predicted permeable facies against seismic section Large3D. Note structural consistency within the survey. As well we may see that 
the sandstones correspond to bright positive response. Analysis of the Harvey 4 results is challenging due to the lack of coverage in the vicinity of the well (no fold 
triangle).  



 

 

Figure 136 Comparison of the JIFI predicted permeable facies against 940ms time slice extracted from Large3D. . Note structural consistency within the survey. As well 
we may see that the sandstones correspond to a bright positive/negative crossover events. Analysis of the Harvey 4 results is challenging due to non-uniform seismic 

fold distribution. We also indicate seismic horizons: an intra-Yalgorup surface (red) and the top of the Yalgorup Mbr (blue); rectangles denote the nested seismic 
surveys edges, black oval – a hole in the Large3D in the vicinity of Harvey 3. 
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9 Post-stack seismic attributes 

The objective of this section is to investigate the distribution of baffles and to attempt to visualise, from 3D 
seismic data, the stratigraphic elements in the Yalgorup Mbr. This work relies on the investigation of the 
Harvey 3D PSTM seismic survey and the computation of post-stack seismic attributes over series of geological 
surfaces within the Yalgorup Mbr. The outcome of the seismic analysis includes gross depositional maps 
inferring size, geometry, density and distribution of stratigraphic elements. 

9.1 Seismic facies 

9.1.1 Yalgorup Mbr units and gross seismic facies 

Using the gamma ray log response, XRD and Hylogger pXRD data from Harvey 3, we identified in Part 1 five 
units in the Yalgorup Mbr alternating between (i) an abundant kaolinite clay fraction, suggesting humid 
episodes at the sedimentary source locations with resulting kaolinite-rich extended floodplain clay deposition 
(units 1, 3 and 5 in Figure 137) and representing potential effective baffles and (ii) the prevalence of illite-
smectite mixed layer clay minerals indicating drier episodes at the sedimentary source locations with 
restricted flood plain clay deposition (units 2 and 4 in Figure 137), resulting in a lower potential for baffles. 

The analysis of the core from Harvey 3 suggests that these units are likely to represent a similar fluvial 
depositional environment (Table 41); therefore with expected a similar lithologic succession (i.e. stacks of 
siltstone, clay and sandstone in a floodplain and overbank and sandstone and siltstone in channels and 
point bars) with a probable variation in lithological proportions.  

Despite the average to low signal-to-noise ratio for the Yalgorup Mbr in the Harvey 3D seismic survey, some 
variation of seismic reflectors patterns can be observed and the 5 units identified from gamma ray, XRD and 
Hylogger pXRD data can be outlined. Figure 138 illustrates the gross seismic facies distribution for the five 
units in the Yalgorup Mbr. 

Unit 1, interpreted as deposition resulting from a humid environment shows a succession of thicker 
sandstones (10-20 m) and thinner siltstone to claystone beds (1-10 m), in Harvey 3 and Harvey 4, resulting in 
high reflectivity and average to high lateral continuity of reflectors in the Harvey 3 and Harvey 4 area. Toward 
the north and Harvey 1, the net proportion of sandstone increases toward the top of the unit which is likely 
to result in less impedance contrast and more transparent seismic facies. 

Unit 2, interpreted as deposition resulting from an arid environment, shows a succession of thin sandstone-
siltstone and siltstone-claystone layers (1-10 m) probably resulting in limited impedance contrast and 
average to low reflectivity and low lateral continuity of reflectors to the south of the Harvey 3D seismic 
survey, in the Harvey 3 and Harvey 4 area. 

Unit 3, interpreted as deposition resulting from a humid environment, shows a succession of thin sandstone-
siltstone and siltstone-claystone layers (1-10 m) likely resulting in limited impedance contrast and average to 
low reflectivity and low lateral continuity of reflectors to the south of the Harvey 3D seismic survey, in the 
Harvey 3 and Harvey 4 area. 

Unit 4, interpreted as deposition resulting from an arid environment, shows a succession of thin sandstone 
(1-10 m) and siltstone to claystone (1-20 m) layers resulting in average to high reflectivity and average to high 
lateral continuity of reflectors to the south of the Harvey 3D seismic survey, in the Harvey 3 and Harvey 4 
area.  

Unit 5, interpreted as deposition resulting from a humid erosional environment, shows a basal siltstone-
claystone succession marking the transition from the Wonnerup Member, overlain by succession of thin 
sandstones (5-10 m) and siltstones to claystones (1-20 m). This results in high energy and continuous 
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reflectors at the interface between Wonnerup and Yalgorup members, overlain by a couple of discontinuous 
reflectors. 

The five units forming the Yalgorup Mbr do not show systematic variation in gross seismic facies, which does 
not establish, or rule out variation in stratigraphic architecture between humid and dry episodes (Figure 138).   

 

Figure 137. Hylogger pXRD from Harvey 3 and classic XRD data from different sources including this work, in the 
Yalgorup Mbr along a depth profile, presenting quartz abundance in the bulk XRD data and kaolinite abundance in 
the clay fraction. The data from different well were position relative to the top Yalgorup. Harvey 3 gamma ray is 
displayed for reference. 
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Table 41. Samples analysed from Harvey 3 core with paleo-environment interpretation (see Part 1)  

Sample ID Depth (mRT) Rock type Paleo-environment 

A 717.50 Claystone Crevasse splay / Overbank 

B 778.35 Claystone Paleosol / Overbank 

C 888.05 Claystone Swamp 

F 1027.20 Siltstone Paleosol / Overbank 

G 1030.80 Sandstone Desiccation crack in Paleosol / 
Overbank 

D 1101.35 Claystone Evaporative lake 

E 1145.25 Sandstone Crevasse splay proximal 

H 1169.35 Claystone Crevasse splay / Overbank 

I 1386.12 Siltstone Anoxic lake 

J 1410.55 Claystone Swamp 

 

 

Figure 138. E-W section through Harvey 3D seismic survey at Harvey 3 and Harvey 4 location showing the gross 
seismic facies distribution for the 5 units in the Yalgorup Mbr defined in Part 1. Units 1, 3 and 5 are predicted to 
represent deposition resulting from a warm, humid erosional environment. Units 2 and 4 are predicted to represent 
deposition resulting from an arid erosional environment. Vshale curve is displayed at Harvey 3 and Harvey 4 for 
reference. 

 

Given the time constraints imposed on the project and the limitation in seismic data resolution and quality, 
only limited mapping of the unit tops and seismic facies was undertaken. Comprehensive mapping would 
require further processing or, at the least data conditioning, to increase the signal-to-noise ratio as well as 
time-consuming manual picking of seismic reflectors or editing of (semi) automated interpretation in the 
many noisy areas.  
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The mapping of the unit tops and seismic facies would define the first order spatial distribution of lithologies 
between and within the five defined units and the first order geometry of the units. Knowing the distributions 
and geometries would enable the constraint of the overall baffle potential within and between units and 
potentially define an up-scaling framework for potential top seal interval(s) in the Yalgorup Mbr (e.g. 
estimation of unit geometry and thickness variation, estimation of distribution of kaolinite-rich and illite-
smectite-rich floodplain layers creating baffles; estimation of baffles or baffle stack continuity).  

Despite the limitation in seismic data resolution and quality, this initial work suggests that the seismic 
interpretation of the Yalgorup Mbr units is achievable.  

 

9.1.2 Yalgorup Mbr stratigraphic elements from seismic data 

Previous work looking at the Yalgorup Mbr units seismic facies failed to yield conclusive data about the 
distribution or characteristics of stratigraphic elements which might affect vertical fluid migration. In order 
to aid the facies modelling of the Yalgorup Mbr an attempt was made to visualise the fluvial stratigraphic 
elements of the Yalgorup Mbr and to quantify their geometry and distribution. 

The overall signal-to-noise ratio for the Yalgorup Mbr over the Harvey 3D seismic survey is average at best 
and it is currently highly challenging to image fluvial system stratigraphic elements whose size is in the order 
of tens to hundreds of meters and thickness is in the order of up to 20 m. 

Odin Reservoir Consultant showed that seismic attributes extracted on constant time slices recurrently 
produce maps with poor signal-to-noise ratio and abundant interference patterns, mostly due to the 
structural dip of the Yalgorup Mbr.   

As such this study extracted seismic attributes on geological time surfaces to partly image the lateral 
distribution and variability of the stratigraphic architecture of the fluvial system of the Yalgorup Mbr. Given 
the time constraints imposed on the project and the limitation in seismic data resolution and quality, we did 
not attempt to classically map individual horizons within the Yalgorup Mbr as manual and classic automatic 
tracking algorithm of seismic reflectors constantly struggle to yield coherent results even after strong data 
conditioning (i.e. seismic smoothing by dip-steered median filter). To enable the extraction of seismic 
attributes to image the Yalgorup fluvial system stratigraphic elements, a model driven approach was used to 
derive pseudo geological surfaces, proportional to the upper and lower boundary horizons (i.e. stratal slicing) 
(Figure 139).  

The focus of the study was the western structural compartment in the Harvey 3D seismic survey. This 
compartment is approximately 7 km long and 2 km wide (Figure 140) and includes Harvey 3. In this 
compartment the top and base Yalgorup Mbr are relatively parallel and significant deformation is not 
present. Although the model driven geological surfaces are not directly tied to seismic events they closely 
follow the local structural dip in the compartment and can be used extract seismic attributes close to the 
reflectors while improving the signal-to-noise ratio and reducing artefacts. Pseudo geological surfaces were 
extracted every 4ms approximately (Figure 139). The south west region of the compartment was ignored as 
it is associated with reduced data quality due to restricted land access during acquisition and the resulting 
poor fold coverage (Figure 140).  We did not attempt to image the fluvial system stratigraphic elements to 
the east as the Yalgorup Mbr becomes significantly disrupted by deformation associated with the large ‘F10’ 
fault. This faulting results in narrow compartments (≤ 500m) with a strong structural overprint on potential 
stratigraphic elements (Figure 140). 
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Figure 139. Model driven approach to produce automatic pseudo geological horizons for the Yalgorup Mbr in the 
Harvey 3D seismic survey. 

 

The stratigraphic elements (channel, point bar, crevasse splay, lake, swamp) are expected to have thicknesses 
ranging up to 20 m (i.e. close to or below seismic resolution), and to have specific convex to concave 
depositional morphologies resulting in vertical amalgamation.  

Most of horizon-based and window-based post-stack attributes tested yielded noisy outcomes resulting in 
high uncertainty when interpreting stratigraphic features. These limitations are probably due to 
discontinuous reflectors and low signal-to-noise ratio. A combination of two attribute types appears to be 
able to partly highlight stratigraphic features; curvature attributes and energy attribute. There is still a high 
level of uncertainty associated these attribute maps and the interpreted stratigraphic features. Nevertheless, 
based on the recurring occurrence of interpreted stratigraphic features, similarities to present-day fluvial 
analogues, coherent distribution on geological surfaces and cross-correlation between vertical (i.e. cross 
section) and lateral (i.e. map) features, we suggest that such interpretation can be used to constrain a 
modelling approach.  
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Figure 140. Depth structure map of the base Yalgorup Mbr showing the area of interest for the seismic attributes 
extraction. A) Map vie. B) Perspective looking north. 

 

Volumetric curvature attributes (Al-Dossary and Marfurt, 2006) derived from the 3D dip-field computed for 
the Harvey 3D seismic survey were used to quantify geometrical changes in volumes of data around the 
geological surfaces and highlight fluvial stratigraphic elements or element stacks based on their depositional 
morphologies. Figure 142 and Figure 143 illustrates the curvedness representing the absolute magnitude of 
curvature independent of its shape (i.e. anticline or syncline) and highlights areas with maximum curvature. 
Figure 144 illustrates the most negative curvature representing convex shape or syncline and highlights 
channel bodies. The use of such volumetric curvature attributes dispels the need to rely on picked horizons 
which are prone to noise and false positives due to uncertainty in interpretation, especially in areas with low 
seismic signal-to-ratio. 

To capture gross lithological changes an energy attribute returning the squared sum of the sample values 
(i.e. reflectivity) in a 16ms time-gate around a geological surface (app. 15m) was used. This volume attribute 
enables the contribution of stratigraphic elements below seismic resolution and the contribution of elements 
stacks located in a 15m window around the geological surface to be captured. It returns up-scaled images of 
lithological variation that provides information about the gross stratigraphic architecture.  

A thinned fault likelihood attribute (Hale, 2013) is used to highlight faults intersecting the Yalgorup Mbr. 

Seismic attributes were extracted on model driven pseudo geological surfaces at the sample depths 
investigated for properties and facies in Harvey 3 (Table 41) to attempt to image and calibrate fluvial 
stratigraphic elements such as channel, point bar, swamp, lake and splay. 
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Figure 141. Stratigraphic architecture near the base Yalgorup Mbr (1410mD in Harvey 3). A) Seismic attributes. 
Curvedness, energy and thinned fault likelihood are displayed. B) Gross depositional map inferred from seismic 
attributes. C) Present-day meander river system analogues for the Murray River. 

 

Figure 141 shows a geological surface near the base Yalgorup Mbr (1410 m measured depth in Harvey 3). 
This surface is near the base of the unit 5 (Figure 138) and inferred to represent deposition  in a warm, humid 
erosional environment with an expected extended flood plain and an abundance of kaolinite in the clay 
fraction. The curvature anomalies are interpreted as potential channels (negative curvature) and point bars 
or levees (positive curvature) and energy positive anomalies, potential crevasse splays or lakes or swamps 
(Figure 141A and B). The uncertainty on this stratigraphic interpretation from attribute is high, however the 
distribution and size of the geobodies show strong similarity with present-day analogues from the Murray 
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River (Figure 141C). The interpreted stratigraphic features are close to or below seismic resolution but can 
still be partly captured on vertical section (Figure 142D). The interpretation suggests a fluvial system with 
meandering rivers with a width up to a few hundred meters, presumably associated with point bars and 
levees. Crevasse splays, lakes and swamps up to 1 km wide are interpreted between the channels. The swamp 
facies interpreted at 1410 m (measured depth) in Harvey 3 (Table 41) does not correlate with a specific 
seismic attribute anomaly; this could be due to the size of the swamp near seismic resolution (15m) or 
reduced data quality due to poor fold coverage and resulting low signal-to-noise ratio. 

 

 

Figure 142. Stratigraphic architecture near the base Yalgorup Mbr (1410mD in Harvey 3). D-F) Seismic cross sections 
showing correlation with stratigraphic features inferred from attribute map (Figure 141).  
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Figure 143. Stratigraphic architecture near the base Yalgorup Mbr (1386m measured depth in Harvey 3). A) Seismic 
attributes. Curvedness, energy and thinned fault likelihood are displayed. B) Gross depositional map inferred from 
seismic attributes. C) Seismic cross section showing correlation with stratigraphic features inferred from attribute 
map.  
 

Figure 143 shows a geological surface near the base Yalgorup Mbr (1386 m measured depth in Harvey 3). 
This surface is within unit 5 (Figure 138) which is inferred to represent deposition resulting from a warm, 
humid erosional environment with an expected extended flood plain and an abundance of kaolinite in the 
clay fraction. Based on the curvature anomalies, a fluvial system is interpreted with potential channels with  
a width up to a few hundred meters (negative curvature) and point bars or levees (positive curvature) 
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associated with large lakes or swamps (up to 2 km) and occasional crevasse splays shown as energy anomalies 
(Figure 143A and B). The uncertainty of the stratigraphic interpretation from attributes remains high, with 
stratigraphic features close to or below seismic resolution. The interpretation of the seismic section partly 
supports the stratigraphic model especially the presence of channels with thicknesses around 20 m (Figure 
143C). The lake facies interpreted at 1386 m (measured depth) in Harvey 3 (Table 41) correlates with the 
edge of a high energy anomaly interpreted as a lake.  

Figure 144 shows a geological surface near the top Yalgorup Mbr (717mD in Harvey 3). This surface is within 
unit 1  (Figure 138), and inferred to represent deposition resulting from a warm, humid erosional 
environment with an expected extended flood plain and abundance of kaolinite in the clay fraction. Based 
on the curvature anomalies, a fluvial system with potential channels oriented to the NNW with a width up to 
a few hundred meters (negative curvature) and restricted point bars (positive curvature) are interpreted; 
lakes or swamps (<2km) and crevasse splays are interpreted based on energy anomalies (Figure 144A and B). 
The uncertainty of the stratigraphic interpretation from attributes remains high, with stratigraphic features 
close to or below seismic resolution. The interpretation of the seismic section partly supports the 
stratigraphic model especially the presence of channels with thicknesses around 20m, point bars and lakes 
(Figure 144C). The crevasse splay facies interpreted at 717 m (measured depth) in Harvey 3 (Table 41) does 
not correlate with a specific seismic attribute anomaly. 

The limitation of the seismic data quality and the size of the stratigraphic features resulted in an inconclusive 
outcome due to the excessive uncertainty of several (downhole measured) of the depths investigated (1169 
m, 1145 m, 1101 m, 1030 m, 1027 m, 888 m). 

 

9.1.3 Discussion 

The gross depositional maps produced from the seismic attributes extraction (Figure 142, Figure 143, Figure 
144) are associated with a high level of uncertainty which is likely to be due to a combination of an average 
to low signal-to-noise ratio and the size of stratigraphic elements being close to or below seismic resolution. 
Nonetheless based on the recurring the occurrence of interpreted stratigraphic features, similarities to 
present-day fluvial analogues, coherent distribution and cross-correlation between vertical and lateral 
features, we suggest that such interpretation can be used to constrain the modelling of the Yalgorup Mbr. It 
principally informs on density, distribution, geometry, size and orientation of fluvial stratigraphic elements. 

The gross depositional maps (Figure 142, Figure 143 and Figure 144) suggest a meandering river system with 
average high sinuosity channel bodies (sinuosity index between 1.5 and 2). The multiple channels are 
expected to have average width of 100 m and an average thickness of 20 m; they could be associated with 
point bars of varying size up to a few hundreds of meters. Crevasse splays are predicted where the stream 
breaks the channel levees and deposits onto the floodplain. The attribute distribution suggests that lakes and 
/ or swamps resulting from partial inundation of the flood plain are frequently distributed between the 
channel bodies. 

It is expected that lakes and swamps form the most prospective baffles in this type of environment.    

In cross-section, the five units forming the Yalgorup Mbr do not show systematic variation of gross seismic 
facies which does not establish nor rule out variation in stratigraphic architecture between humid and arid 
episodes (Figure 138).  The gross depositional maps produced from the seismic attributes (Figure 142, Figure 
143, Figure 144) are from deposition resulting from a humid erosional environment (units 1 and 5) defined 
from the Gamma-ray log response, XRD and Hylogger pXRD data in Harvey 3. The attributes extracted from 
the deposition resulting from an arid erosional environment (units 2 and 4) returned inconclusive images 
that did not allow the discrimination of stratigraphic elements or facies variations. Although this outcome is 
likely to be the result of poor signal-to-noise ratio and artefacts created by the model driven approach when 
deriving pseudo geological surfaces, it cannot be ruled out that drier episodes could be characterised by 
fewer channel and overbank bodies.  
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Figure 144. Stratigraphic architecture near the top Yalgorup Mbr (717mD in Harvey 3). A) Seismic attributes. Most 
negative curvature, energy and thinned fault likelihood are displayed. B) Gross depositional map inferred from 
seismic attributes. C) Seismic cross section showing correlation with stratigraphic features inferred from the 
attribute map.  
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10 Modelling 

3D seismic, spectral gamma and other wireline logs, hylogger data, core observation and suitable analogues 
have been used in an integrated manner to guide facies based, geomodelling of the Yalgorup Mbr. 
Investigating the lateral continuity of baffles, low permeability geobodies has been the primary focus of this 
investigation, though understanding and modelling the entirety of facies in the system is integral to the 
investigation. 

The exercise of modelling the Yalgorup Mbr requires replicating the deposition of a meandering fluvial system 
flowing through a generally arid environment. As such the contemporary Murray River in the vicinity of the 
NSW, SA, Victoria triple point has potential as an analogue (Figure 145) as previously mentioned in section 4 
(figure 46). At this point the Murray River in addition to the active channel is seen to comprise a system of 
point bars, abandoned channels, ox-bow lakes, lakes and splays / overbanks, matching the facies interpreted 
for the Yalgorup Mbr. Additionally this section of the river has not been significantly altered by irrigation, 
agriculture or canalisation.  

 

 

Figure 145. The Murray River in the vicinity (~10 km east) of the NSW, SA, Victoria triple point. At this point the 
Murray River is seen to comprise a system of point bars, abandoned channels, ox-bow lakes, lakes and splays / 
overbank facies. 
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10.1 Murray River Analogue 

Overall the recent Murray River sedimentary system at this point is seen to be up to 10 km across. The main 
channel and channel abandonments are 100 to 200 m wide, with secondary channels 50 to 80 m wide. Recent 
channel abandonments are common; the remnant is generally one meander or less, but occasionally more. 
Point bar forms with their curved accretion structure are very common and are up to ~2 km long and 
commonly up to ~1 km in width, their aspect ratios being between 1.5 and 3. Extensive amorphous recent 
deposition is present which does not display point bar structures and is probably the signature of splay / 
overbank deposits. 

Figure 145 also highlights the spatial relationship between paleosol types (Vertisol, Durapan) and the 
sedimentary facies. Darker areas of vegetation, and presumably increased soil development, occur near to 
the current and more recent water courses. Vertisols are more likely to form in these areas, especially in clay-
prone channel abandonment ox-bows. The vegetated areas exist contemporaneously with areas with little 
or no vegetation are seen to occur and by inference these indicate poor, of no soil development.. 

 

10.2 Model 

An 8 x 8 km framework model with 50 x 50 x 2 m cells has been used as a skeleton for the modelling. The 
dimensions are probably unnecessarily large for analysis / simulation purposes, but it enables data from all 
the SW Hub boreholes to be incorporated, facilitating the modelling of lateral variations. Sub-volumes could 
be extracted if models were ever required for simulation purposes. Using data from all four boreholes causes 
other problems however, as the boreholes all have different raw data sets and largely independent 
interpretations, carried out at varying scales and undertaken for diverse purposes. The Harvey 1 borehole 
has detailed process sedimentology interpretation of limited lengths of core, a (less than convincing) FMI 
interpretation and a comprehensive suite of logs including gamma and spectral gamma. The Harvey 2 
borehole has core for the bottom 280 m of the Yalgorup Mbr (though the higher core is incorporated in the 
‘F10’ fault zone and the boundary with the Eneabba Formation is unclear), however it only has a gamma ray 
log, though it does have a two interpretive logs and core photos to compare the gamma with. Harvey 3 is 
also fully cored, but again only has a limited range of wireline logs. Harvey 4 has a detailed FMI interpretation, 
gamma and spectral gamma logs.  

The data has been normalised using the relationship of the Harvey 4 gamma curve to the FMI facies 
interpretation and checked by comparing the result to the Harvey 2 core photos. The facies proportions 
derived are shown in the Table 42. The proportions are reasonably consistent across the four boreholes, 
Harvey 2 has the highest sandy and lowest clay-rich facies, but it should be remembered that only the lower 
part of the Yalgorup Mbr is captured in this borehole due to the disruption of the ‘F10’ fault in the upper 
section. 

 

Table 42. Proportions of lithologies in the boreholes Harvey 1 to 4. 

 Sandy facies Splays / overbanks Clay-rich facies 

Harvey 1 0.61 0.23 0.15 

Harvey 2 0.68 0.24 0.09 

Harvey 3 0.59 0.31 0.10 

Harvey 4 0.52 0.32 0.16 

overall 0.59 0.28 0.13 
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These numbers could be taken directly and entered directly into a reservoir modelling package and modelled 
directly as channels and splays in a standard procedure. The basic concept of the Facies Channels model is 
that the facies within a reservoir grid model can be subdivided into two types; Background facies and Facies 
with channel-like geometries. Background facies are typically deposited in a variety of channel overbank 
environments, such as alluvial floodplain, delta floodplain and deep water inter-fan environments. Channels 
are modelled within the background facies. The channels are modelled as objects with a finite width and an 
infinite length, so that all channels traverse the entire modelling zone. Auxiliary crevasse facies can be used 
to include a variety of channel margin and proximal overbank facies, including levees, crevasse-belts and 
crevasse splay lobes. The crevasse facies are modelled as continuous or discontinuous belts which flank the 
channels and occur between the channel and overbank facies. 

Figure 146 shows the result of RMS channel modelling using the overall proportions of the facies in Table 42 
and channels varying up to 200 m width to match the analogue. 

 

 
Figure 146. Channel facies modelled to match the proportions of facies in each of the Harvey wells. The model is 8 x 

8 km with 50 x 50 x 2 m cells. Orange is channel facies, yellow splay and green is background (floodplain). 

 

In an honest assessment it would be difficult to claim that the basic channel / splay modelling result actually 
resembles the preferred analogue system particularly closely. The distribution of the stacked channels might 
not be too unrealistic, but this type of modelling models the channels as sand bodies, whereas in the 
analogue the channels retained in the system are abandoned channels, ox-bows, which will theoretically be 
associated with clay-rich, lacustrine facies. In the Murray River analogue, Harvey 1 core logging (Olierook et 
al., 2014) and Harvey 4 FMI interpretation (Roestenburg, 2015a) the sands are seen to be or interpreted to 
be accumulating in point bar bodies (Figure 147, Figure 148). Figure 147 is a crude attempt to interpret some 
of the most obvious channel form abandonments in the contemporary Murray River analogue. These channel 
abandonment, ox-bow lakes, will in theory be filled with the most clay-rich, lacustrine facies in the system. 
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Figure 147. Interpretation of the most obvious channel abandonments, Murray River, NSW / Victoria. 
 

 

Figure 148. Interpretation of the most obvious point bars, Murray River, NSW / Victoria. 

  

Figure 148 is an attempt to capture the distribution and proportion of point bars contemporary Murray River 
analogue. Now only the most recent and obvious point bars are interpreted by the presence of the curvilinear 
accretion structure evident in plan view. Point bars are seen to make up at least half of the area of recent 
fluvial sediments in the analogue in this aerial sample. Additionally individual point bar units will theoretically 
be thicker than individual splays / overbanks. 

An alternative model has been made using the RMS composite modelling workflow to try and incorporate 
the observations made from the analogue (Figure 149). The Facies Composite algorithm is an object-based, 
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facies modelling technique that can be used for a wide range of heterogeneities and depositional 
environments. The facies bodies are simulated as geometrical objects that have a defined shape. The sizes of 
the shapes are drawn from a user-specified distribution that can differ locally within the reservoir. Point bars 
are modelled as rectangular blocks varying in size up to 4 km long and 1.5 km wide, abandoned channels are 
modelled as variously sized ‘c’ shaped, ox-bow bodies and lakes as oval bodies (see Figure 145). Splays / 
overbanks as the remaining elements in the system are modelled as background. 

The composite modelling appears to be putting the ox-bows in first and then overprinting, effectively eroding 
them with the point bars. It would be preferable to have objects randomly entered with some ox-bows 
eroding point bars, or if that is not possible have the ox-bows erode the point bars. But other than that this 
is a much more realistic representation of the Murray River System and by inference the Yalgorup Mbr. 

 

 
Figure 149. Composite (object) facies modelled to match the proportions of facies in each of the Harvey wells. The 

model is 8 x 8 km with 50 x 50 x 2 m cells. Orange is point bars, yellow, background (floodplain) green, channel 
abandonments and dark green, lacustrine. 

10.3 Conclusions 

The Murray River system between Mildura, Victoria and Renmark, SA, represents a meandering fluvial system 
dominated by point bars and channel abandonments in a dry to arid environment. As such it is a useful 
analogue for understanding the Yalgorup Member. 

RMS channel modelling does not replicate channel abandonments, or point bars, or periodic lake facies, in 
fact none of the required facies other than a background floodplain facies. RMS composite modelling, 
however enables representation of all the facies observed in the analogue.  

As an alternative RMS composite modelling also enables the correct proportions of all the facies to be 
represented and additionally enables the correct geometries to be represented.  
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Comparison of the models (figures 51 and 54) and the analogues (figures 42 and 53) illustrate the improved 
realisation achieved using RMS composite modelling. It is seen to be a marked improvement over RMS 
channel modelling for representing the required analogue facies. 
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Conclusions on Part 4 

Spectral gamma ray combined with wellbore imaging from the Harvey 1 and the Harvey 4 boreholes and 
cores at Harvey 1 are useful tools for identifying facies and revealed subtle indications of environmental 
trends. The low Th/K data shows good correlation with interpreted bar sand facies. Generally, floodplain 
facies, overbank facies and paleosols, have high thorium values. There is a large spread in the spectral gamma 
data for the paleosols. From this it is probably safe to assume that there are a variety of paleosol types in this 
area as opposed to a single uniform paleosol. Differentiation between splays and overbanks and from other 
facies is not feasible. The Th/U data is probably a clearer indicator of a general move from reductive 
conditions at the base of the Yalgorup Mbr towards an arid, oxidising environment. Absence or minimal 
uranium occurrence becomes prevalent in both the Harvey 1 and Harvey 4 boreholes as elevation above the 
base of the Yalgorup Mbr increases. It is probably safe to assume that the environment is slowly becoming 
more arid, with a significantly drier period in Harvey 4 between 1000 and 1250 m. 

At Harvey 3, the laterally equivalent drier period between 1000 and 1250 m in Harvey 4 was investigated 
using a semi-supervised machine learning technique to differentiate between sandstone and baffle. Two 
electro-facies have been clearly identified for the clay-rich baffle that can be interpreted as swamp and 
paleosols facies in cores. The sandstones dominate in this interval of Harvey 3, with baffle thicknesses of 1 
to 10 m. The baffles in this interval of Harvey 3 are generally dominated by paleosols (red coloured cores) 
with rarer swamp facies (dark coloured). Mismatch between electrofacies and cores in 1250 and 1400 m 
interval suggest that logging through casing may have damaged the quality of the petrophysical logs to 
represent the formation.  

The seismic mapping of contrasting facies in the Yalgorup Mbr of the Lesueur Sandstone from the 2014 3D 
seismic survey lacks quality and resolution for quantitative interpretation. We used pre-stack migrated 
seismic images of the nested seismic surveys around Harvey 3 and Harvey 4. The JIFI-based workflow resulted 
in the impedance cubes that are much sharper than the standard inversion. However, vertical resolution 
remains limited by the source wavelet bandwidth. Comparing the seismic facies prediction against the large 
3D seismic, we interpret some consistency among the interpretation done on the high-resolution nested 
surveys and some seismic events in the regional survey. The observed correlation might provide an 
opportunity to extrapolate the results away from the immediate proximity of Harvey 3 and Harvey 4 wells. 
However, we need to emphasize that the quality of the seismic to log correlations is not sufficient for reliable 
prediction. The inversion may be called blind, since it does not rely on the log data, and hence, the credibility 
should not be overestimated. 

Post-stack seismic attributes from the large Harvey 3D seismic survey were used to attempt to visualise the 
stratigraphic elements in the Yalgorup Mbr. Imaging fluvial system elements with sizes close to or below 
seismic resolution is extremely challenging due principally to the overall low signal-to-noise ratio. Stratal 
slicing was used to extract seismic attributes over a relatively undeformed structural compartment to the 
west of the 3D survey. Despite an elevated level of noise, volumetric curvature, energy and fault likelihood, 
seismic attributes allow the partial imaging of stratigraphic elements. These suggest a meandering river 
system with channels up to few hundreds of meters wide. Specific intervals with reported good quality baffle 
from swamp or acidic lake claystones in cores were investigated to assess the lateral continuity of those 
geobodies. The occurrence of meandering channels cutting through those floodplain facies limit their lateral 
continuity below 1 km. 

Geomodelling as composite (object) modelling is the most effective way to replicate a realistic point bar 
facies stacking architecture. Avoiding a standard channel modelling approach for this environment is strongly 
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recommended for simulation of the Yalgorup Mbr. The model has been built up from the observed facies; 
point bars, channel abandonment ox-bows, lakes, crevasse splays and overbank deposits. Reasonably 
consistent well properties between the four Harvey wells, thorough seismic observation and utilisation of 
appropriate analogues has enabled the modelling of a realistic facies architecture for the Yalgorup Mbr. 
Based on the coherent distribution and cross-correlation between vertical and lateral features, and the 
similarities with present-day analogue fluvial system, we suggest that such interpretation can be used to 
inform on the density, distribution, geometry, size and orientation of stratigraphic elements for the modelling 
of the Yalgorup Mbr. 

Core and analogue observation show that there is more than one uniform claystone type in the Yalgorup 
Mbr. This is reflected in the spread of the Harvey 4 spectral gamma data for paleosol units in the FMI 
interpretation. Paleosols have been assumed to be the principal baffles in this system, it should, therefore, 
be kept in mind that paleosol types, e.g. vertisols, duripans, have potentially significantly different 
permeabilities. The intervals with low Th/U indicative of reductive conditions are more likely to contain 
lacustrine and swamp floodplain facies that have been shown in Part 1 to be better barriers based on their 
porosity and permeability properties. Analogue observation and modelling indicate, however, that due to 
the preponderance and geometry of point bar units in the system the claystones being paleosols, backswamp 
and lacustrine deposits may not be preserved as particularly laterally continuous geobodies. 
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