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Executive summary 

The South West CO2 Geosequestration Hub carbon capture and storage project (South West Hub) evaluates 
storage volume, injectivity potential and carbon dioxide retention capacity in the south-western Perth Basin. 
The Harvey Ridge, a NW-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. 
The storage complex consists of the thick Triassic Wonnerup Member fluvial sandstones, which provide 
appropriate intergranular pore volume for injecting large volumes of supercritical CO2 and the Yalgorup 
Member, comprising alternating sedimentary units of low permeability clay-rich beds, interpreted as 
floodplain overbank deposits such as swamps, paleosols or crevasse splay environments and high 
permeability interbedded fluvial sands. The Yalgorup Member is potentially a multi-barrier unit for mobile 
CO2. However, the effectiveness of the fluvial mudstone facies to act as a barrier is unknown. The potential 
for vertical flow of buoyant CO2 through the Yalgorup matrix and the reactivity of the clay-rich facies in 
contact with CO2-rich fluid remain a significant uncertainty. The connectivity between the sand-rich horizons 
within the Yalgorup Mbr is unknown.  
 
This report presents the results of petrography and laboratory-based measurements aiming at characterising 
the microstructural properties and the porosity and permeability on 10 Yalgorup Member samples from the 
Harvey-3 well in the South West Hub area of the Perth Basin. The sampling targeted the paleosols and 
associated facies occurring in the Yalgorup Member. 
 
On 10 core plugs, we performed a series of tests using techniques with some limitations due to the clay-rich 
nature of the samples. Here are the main conclusions: 

 The samples were classified as arkose, greywacke and pelite relative to their content of quartz, 
feldspar and clay. They generally were rich in potassium feldspar (microcline) and the red-paleosols 
also contained sodic and calcic feldspar (albite, oligoclase…). The clay fractions were dominated by 
kaolinite in swamp facies and mixed layer illite/smectite in paleosols and river facies. Lacustrine 
facies presented high content of Fe-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 paleosols, and low 
permeability floodplain swamp. 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 swamp facies, containing high abundance of kaolinite, 
low porosity and permeability, small pore throats, and low density of micro-cracks. They also are 
generally associated with high continuity seismic reflectors. 

 
The characterisation of the facies in the Yalgorup Member at Harvey 3 also suggests that the swamp relative 
to paleosol facies occurrence results from a climatic control, influencing precipitation and weathering of the 
paleo-catchment. 
 



 

 

 

Characterisation summary of Eneabba Formation (top sample only) and Yalgorup Member floodplain facies at Harvey 3 and Harvey 3A 
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1 Introduction and sample selection 

1.1 General Project 

The CO2 containment strategy of the SW-Hub project (Varma et al., 2009) largely relies on residual trapping 
mechanisms within the Lower Lesueur Sandstone (Wonnerup Member) and the effectiveness of the Upper 
Member (Yalgorup) and overlying Eneabba Formation to act as a barrier for mobile CO2 (Stalker et al. 2013) 
(Figure 1). Previous analysis of cores extracted from the Harvey-1 well demonstrated that the Yalgorup 
Member is highly heterogeneous and consists of lithofacies that can be ascribed mainly to floodplain with 
low- to moderate energy barforms consistent with deposition under swampy, overbank and paleosol 
conditions. The individual thicknesses of most facies in the Yalgorup Member are relatively similar, with a 
mean of 0.7 - 1.5 m (Delle Piane et al., 2013; Olierook et al., 2014) with numerous small-scale changes in 
facies, throughout the cores, the mudstone facies being slightly thicker (2.5-3 m). 

Cores retrieved from the new wells drilled in the SW-Hub area in Harvey-3 and Harvey-3A confirm 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 of the Project. 

 

Figure 1 East-west inline from DMPWA 2013 Harvey-Waroona 3D seismic survey with formation tops and 

main faults (top Sabina: light blue; top Wonnerup: gold; top Yalgorup: blue; top Eneabba Shale: brown; 

lower Cretaceous unconformity: green). (right) Top Yalgorup depth structure map from DMPWA 2013 

Harvey-Waroona 3D seismic survey (Pevzner et al., 2014). 

 

This module of the project addresses the mineralogical, petrographic and petrophysical nature of the 
Yalgorup Mbr 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 in relationship with its burial and 
thermal history; 
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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. This will reduce uncertainty around various facies behaviour when 
exposed to CO2 and CO2 saturated brines, and anticipate their hydraulic properties and connectivity. 

 

1.2 Fluvial systems 

The connectivity between Wonnerup and Yalgorup Mbrs is mainly dependant on the lateral continuity of the 
barriers of the Yalgorup Mbr, that is yet unpredicted. The individual facies are usually thin in the Yalgorup, 
reported in the range 0.5 to 3.0 m, along a 775 m sediment thickness at Harvey 3A. Seismic profiles are 
composed of about 20-25 reflectors at Harvey-3A from within this 775m thickness. From this, we can resolve 
geometries of contrasting sediment bodies in the range of 30 m thick. The cores give access to the grain-scale 
of facies from the channel-levee-floodplain architecture elements (Figure 2) while the Wonnerup and 
Yalgorup members form the channel complex system set. The Yalgorup Member is a floodplain-dominated 
environment showing a number of channels and the stacking pattern and density are both critical elements 
influencing the hydraulic connectivity of the sand bodies. The Gamma ray petrophysical logs and seismic 
response of the Yalgorup Mbr (Figure 2) show convergence of highly and moderately contrasting properties, 
highlighting the possibility to distinguish zones 

The change of scale from core samples to seismic reflectors is one of the major obstacle for tackling the 
connectivity knowledge gap. 

 

 

Figure 2 Fluvial architectural elements (Miall, 2014). 
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2 Sampling strategy and selection 

The project aimed at characterising the petrography, mineralogy, microstructure and petrophysical 

properties of the floodplain mud-rich facies of the Yalgorup Member in order to assess their sealing potential 

for CO2 in the subsurface of the South West Hub Region. Ten (10) samples were selected to establish the 

petrophysical properties of the floodplain mud-rich facies and associated facies and their variability in plugs 

from well Harvey 3. 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). 

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 from each depth were initially 3 inch plugs that were cut 

into smaller sample sizes suitable for different analytical techniques. A unique numbering system was 

adopted to identify the samples, as presented in Table 1. 

The samples were generally very fragile and friable. Apart for the thin section set, the samples were prepared 

without resin impregnation and without water. A good polish of surfaces for SEM blocks, thin sections or 

contact angle measurements was not achieved on most of the samples. The samples from 778.35 m, 1027.20 

m, 1169.35 m and 1410.55 did not provide plugs suitable for gas porosimetry and permeametry. The sample 

from 1169.35 m was mostly loose. Some photographs showing the HRXCT micro-cores is presented in Figure 

4. 

Table 1 List of samples and laboratory analyses performed as part of this project. The samples are 

identified by a unique numbering system (2551-2625). One sample is from Harvey 3, and all the other are 

from Harvey 3A which is a side track of Harvey 3. 

Well Depth 
(m) 

Core/Tray 
number 

Sedimentary 
Facies 

Optical 
& SEM-

EDS 

SEM Gas 
poro 
perm 

NMR XRD MICP HRXCT Contact 
angles 

Harvey-
3 

717.50-
717.80 

Preserved 
Core 8 

Crevasse splay 2551 Uns. 2557 2557 2552 2553 2558-2559 2554 

Harvey-
3A 

778.35-
778.65 

Preserved 
Core 16 

Paleosol (D) 2560 
2563-
2564 

Uns. Uns. 2561 2562 2567-2568 2563/2564 

Harvey-
3A 

888.05-
888.35 

Preserved 
Core 17 

Swamp (E) 2569 
2573-
2573 

2574 
2575 

2574 2570 2571 2576-2577 2573 

Harvey-
3A 

1027.20 196 Paleosol (D) 2596 Uns. Uns. Uns. 2597 2598 2601  

Harvey-
3A 

1030.80 198 
Sandy in-fill in 
paleosol (D) 

2602 Uns. 2606 2606 2603 2604 2607 2605 

Harvey-
3A 

1101.35 236 
Unidentified 
mudstone (?) 

2578 
2581-
2582 

2583 
2584 

2583-
2584 

2579 2580 2585-2586 2582 

Harvey-
3A 

1145.25 259 
low energy 
sands (C) 

2587 Uns. 2592 
2592-
2593 

2588 2589 2594-2595  

Harvey-
3A 

1169.35 272 Swamp (E) 2608 Uns. Uns. Uns. 2609 2610 2613  

Harvey-
3A 

1386.12 387 
Dark fine 
sands (F) 

2614 2617 2618 2618 2615 2616 2619  

Harvey-
3A 

1410.55 400 Swamp (E) 2620 Uns. Uns. Uns. 2621 2622 2625  

XRD = x-ray diffraction; MICP = mercury injection capillary pressure; SEM = scanning electron microscopy; SEM-EDS: scanning electron 
microscopy Energy Dispersive Spectroscopy; HRXCT: High resolution micro-computed tomography. Uns.: Unsuccessful sample preparation. 
Petrographic analysis was carried out on thin sections and SEM samples. 
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Figure 3. Sample positions on Harvey 3A Gamma ray log overlayed on a 3D seismic line, DMPWA 2013 

Harvey-Waroona 3D seismic survey. 
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Figure 4. Photographs showing the micro-cores used for HRXCT 3D characterization only. Numbering refers 

to the unique sample number from Table 1 
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3 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. 

3.1 X-Ray diffraction (XRD) 

Contributor: Tonguc Uysal (CSIRO Energy) 

 

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°2/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. 

3.2 Optical and scanning electron microscopy (SEM) 

Contributors: Claudio Delle Piane (CSIRO Energy), Julien Bourdet (CSIRO Energy), Michael Verrall (CSIRO 

Mineral Resources) 

 

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). 
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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. 

During the course of the project, the same sample areas will be re-imaged after ageing experiments in CO2 

saturated brine to visualise microstructural modifications occurring as a consequence of CO2-rock 

interactions following the protocol developed in ANLEC project 7-0314-0233 (Saeedi et al., 2016). 

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.  

 

3.3 Petrophysical core plug characterisation 

Contributor: Lionel Esteban (CSIRO Energy) 

3.3.1 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 

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

vp
v


  

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 
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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: 

PPore = 0.01Depth-0.3118  

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 

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.  

3.3.2 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 



 

15   |  Core characterisation from the main facies in the Yalgorup Mbr 

free water or other fluids. Indirectly, this distribution measures the porosity and the pore size related to the 

fluid content. 

 

Table 2. Saturation brine composition following the estimated formation water composition in the Lesueur aquifer. 

Dissolved 

species 

Concentration in 

water (mg/L) 

Ca2+ 1200 

Mg2+ 600 

K+ 60 

Na+ 9647 

Sr- 0 

Cu2+ 0 

HCO3
2- 125 

Br- 123 

Cl- 16932 

SO4
2- 2371 

Calc TDS 30994 

 

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. 

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. 



 

16   |  Core characterisation from the main facies in the Yalgorup Mbr 

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): 

2
2

Coates

ø FFI
k

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.  

𝑃𝑐 =
2𝜎𝑐𝑜𝑠𝜃

𝑅𝑐
 

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

𝑇2
≈ 𝜌2

𝑆

𝑉
 

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: 
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𝑃𝑐 =  
(𝜎𝑐𝑜𝑠𝜃)𝑏𝑟𝑖𝑛𝑒

𝜌2. 𝑇2
 

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 (2) 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). 

3.4 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: 

 cos2 rPc  

Where Pc is the applied capillary pressure, r is the pore throat radius of a cylindrical pore,  is the surface 

tension of mercury (481 mN/m) and  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. 

3.5 Interfacial tensions and contact angles 

Contributors: Stefan Iglauer (Curtin University, Geophysics Department) 

 

Six samples were selected for the contact angle tests (Table 1). 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 (Figure 5) were measured simultaneously using a high definition video 

camera (Arif et al., 2016). This procedure was repeated for each specimen and the pressure conditions 
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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. 

 

 

Figure 5. (left) contact angle measurement, the brine drop sits on the substrate in CO2 atmosphere. θr and 

θa indicate the water receding and advancing contact angles. (Right) CO2-brine interfacial tensions for the 

specific temperature-pressure combinations tested. 

 

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

Contributors: Bélinda Godel (CSIRO Mineral Resources) and Jérémie Dautriat (CSIRO Energy) 

 

Fifteen micro-cores (~ 5 mm diameter and ~1 cm in length, Figure 4) were cut from the 10 larger non-oriented 

specimens selected from Harvey-3 and Harvey 3A wells to: 

- establish the 3D micro-characteristics of the paleosols and other associated facies from the Eneabba 

and  Yalgorup formations (Table 1); 

- track 3D micro-structural evolution as a results of CO2 saturated brines (i.e. ageing experiments).  

After being mounted on the sample holder, each micro-core was scanned using the XRADIA (now Zeiss) Versa 

XRM500 3D X-ray microscope (Figure 6) installed at the Australian Resource Research Centre (CSIRO Mineral 

Resources, Australian Research Resource Centre, Perth) to determine and characterize the distribution of 

visible (i.e. above image resolution) pores within each individual specimen and track its evolution during 

ageing experiments (forthcoming work). 

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 often heterogeneous, with size of heterogeneities varying depending 
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on the material 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 given 

application and the ability of X-rays to penetrate the entire sample (both of which ultimately govern physical 

sample size). 

For each sample, two types of scans were carried out: 

Mosaic scans were acquired along sample long axis to provide a complete 3D image of the entire micro-cores 

at voxel size of 2.5 µm. For each scan, a total of 1600 projections (2048 x 2048 pixels) were recorded over 

360 degrees rotation of the sample. 

High resolution scans (700 nm voxel size) were acquired on a selected region of interest within each sample 

volume. For each scan, a total of 2000 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 (forthcoming work). Samples used for Ageing-1 and Ageing -2 (Table 1) will be 

rescanned after the ageing processes (in CO2 saturated brines) has been completed and by using the same 

protocol and operating conditions. 

 

 

Figure 6. High-resolution 3D X-ray microscope installed at the Australian Resources Research Centre 

(CSIRO Mineral Resources, Perth). 

 

Samples will be rescanned after the CO2 ageing processes has been completed and by using the same 

protocol and operating conditions as those used during pre-ageing scans.  

After reconstruction, each dataset represents a regular volumetric-grid, where each voxel has a unique 

greyscale value. The greyscale value is directly related to the attenuation coefficient of X-rays through the 

materials of interest. To simplify, it is a function of mineral density, composition but also the presence (or 

absence) of below resolution pores (typically nano-pores) in porous media. As a rule of thumb, the higher 

the density of the material the brighter the greyscale value will be. Accurate quantification of different phase 

characteristics is only possible after a careful segmentation step has been performed (forthcoming work). 

The segmentation process consists of attributing a range of greyscale values to a given phase using various 
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workflows or image processing steps (adapted to particular uses). Typically, the accuracy of the segmentation 

is verified using either photomicrographs, backscattered electron images, MLA or QEMSCAN data on an area 

of the sample corresponding to a particular HRXCT slice. Once the different phases of interest have been 

identified and accurately delimited, quantitative measurements can be computed. The measurements can 

be computed on different phases (volume percentages, degree of connectivity, tortuosity etc.) or on 

individual pores, grains or crystals (size, shape, volume, sphericity, orientation, three-dimensional textural 

relationship calculation, etc.).  

It should be noted that only preliminary results are given in the current report and no quantification has been 

carried out yet on the samples that will be used for ageing experiments (as discussed below). Additional 

parameters (to be determined based on ageing experiment results) will be calculated for all samples after 

the ageing experiments have been completed and the post-ageing scans have been performed. 

In the description, porosity calculated from the mosaic scans has been divided into two types (open porosity 

and closed porosity) to assess whether the porosity extends over the sample boundary (Figure 7). Open pores 

are defined as the pores that extends in 3D over the limit of the physical micro-cores (i.e. the pore size of the 

open pores cited are strictly minimum) whereas closed pores refer to pores that are (in 3D) fully enclosed 

with the materials. 

 

 

Figure 7. Example showing the two types of porosity (open in blue versus closed in red) for sample 2601 

(a) and sample 2607 (b). 
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4 Results 

4.1 XRD 

Mineralogy of the studied samples obtained via XRD is reported in Table 2. Quartz is generally the most 

abundant phase constituting up to 53 % 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 (25 %) in 

sample 2615 while sample 2579 shows an unusually high amount of sepiolite (23 %). Albite appears in 

variable amounts ranging between <1% and 21 %. 

 

Table 3. Bulk mineralogy determined by XRD expressed as wt %. I/S = illite-smectite mixed layers. 

Sample Depth 
(mRT) 

Quartz K-
Feldspar 

Albite Calcite I/S Illite Kaolinite Chlorite Sepiolite 

2552 
717.5-
717.8 

48.3 16.1 0 1 14.8 0 19.8 0 0 

2561 
778.35-
778.65 

28.3 8 0 0.2 49.7 0 13.7 0 0 

2570 
888.05-
888.35 

20.1 6.9 0 0 14.8 25.1 33.1 0 0 

2597 1027.2 27.4 12.2 10.5 0 38.7 3.2 9 0 0 

2603 1030.8 44.3 18.1 15.8 7.3 8.5 2.9 3 0 0 

2579 1101.35 36.4 12.2 21.1 0 0 3.4 3.8 0 22.6 

2588 1145.25 52.8 26.4 0 0.9 18 0 2 0 0 

2609 1169.35 40.2 12.2 1.6 0 18.9 3.5 23.6 0 0 

2615 1386.12 41.1 13.4 0.6 2 6 1.3 11.1 24.6 0 

2621 1410.55 19.7 0.8 3.5 0 14.4 3.4 58.2 0 0 

 

Semi-quantitative clay mineralogy as measured on the fine fractions of the samples is shown in Table 4. The 

dominant clay phases are kaolinite and illite-smectite mixed layers the latter containing 20-25% illite in the 

one Eneabba Formation sample and between 50-95% illite in the remaining Yalgorup samples.  

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). 
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Table 4. Clay mineralogy determined by XRD. XXX = abundant; XX = common; X = rare. 

Sample Depth 
(mRT) 

I/S Illite Kaolinite Chlorite Sepiolite % illite in I-S mixed 
layer 

2552 717.5-
717.8 

XXX - XXX - - 20-25 

2561 778.35-
778.65 

XXX - XX - - 90-95 

2570 888.05-
888.35 

XX XX XXX - - 65-75 

2579 1101.35 - X - - XXX - 

2588 1145.25 XXX - X - - 50-60 

2597 1027.2 XXX X XX - - 65-75 

2603 1030.8 XXX X XX - - 90-95 

2609 1169.35 XXX X XXX - - 75-85 

2615 1386.12 X X X XXX - 90-95 

2621 1410.55 XX X XXX - - 90-95 

 

When sorted by facies the data indicate that the low energy sand has the lowest clay content and the 

highest combined amount of quartz and K-feldspar ( 80%). On the other hand, the clay content of the 

paleosols (D) and swampy (E) facies ranges between  15% in sample 2603 (sandy-in-fill in paleosol) and  
70% in sample 2570 (swamp) (Figure 8) and the relative abundance of the identified minerals is strongly 
variable. Within the crevasse splay facies mineralogy is similar with clay content around 35%. 

 

 

Figure 8. Bar chart showing bulk XRD mineralogy (in wt%) of the analysed samples sorted by lithofacies. 
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4.2 Microscopy, SEM, HRXCT 

The following results are an integration of the optical microscopy, SEM and HRXCT imaging, and include SEM-

EDS (Appendix A) and XRD data in order to describe each sample. A catalogue (Appendix B) of the illustrations 

of the samples is provided as an attachment of this report. The segmentation of pores for the 5 samples 

planned for ageing experiments will be performed after the ageing to allow the 3D registration of pre- and 

post- ageing scans. Consequently, only 2D slices virtually cut through each sample are provided below 

without any further quantification or discussion and are just provided to have a broad overview of sample 

microstructures and degrees of heterogeneities. The pore segmentation using HRXCT of the 5 samples not 

planned for ageing were processed and the results are presented here. 

Crevasse splay, 717.50-717.80 

The sample from the preserved core at 717.50-717.80 mRT (Harvey 3) is massive (i.e. no evident bedding) 

clay-rich matrix-supported shale. Detrital medium to coarse clasts of monocrystalline quartz and feldspar, 

identified as microcline, are poorly sorted and angular to sub-round in shape indicating little transport 

distance from the source. 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 35% of clay, of which 

60% are kaolinite and 40% are mixed layer illite/smectite. 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. This rock can be classified as a graywacke. A High density of interconnected micro-cracks is visible 

on the preliminary HRXCT images, concentrated in the mud fraction. 

Paleosol, 778.38-778.65 mRT 

The sample from the preserved core at 778.38-778.65 mRT is massive, clay-rich matrix-supported (i.e. no 

evident bedding) shale. 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 indicated that the clay 

fraction is 63% 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). Possibly oxidised areas 

appear as dark brown in the top images, whereas lighter grey-green colouring may indicate reduced patches. 

This rock can be classified as a subgraywacke. A low density of interconnected micro-cracks is visible on the 

preliminary HRXCT images. 

Swamp, 888.05-888.35 mRT 

The sample from the preserved core at 888.05-888.35 mRT is clay-rich, with silty microstructure and 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 is 73% of the 

rock, of which about 35% is illite, 20 % is mixed layer illite/smectite and 45% is kaolinite. SEM-EDS data and 

XRD revealed a significant amount of biotite, Fe-muscovite, Fe-chlorite (berthierine and chamosite) and 

traces of pyrite, apatite and rutile. This rock can be classified as a subgraywacke or pelite. A low density of 

interconnected micro-cracks is visible on the preliminary HRXCT images. 
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Paleosol, 1027.20 mRT 

The sample from 1027.20 mRT is a matrix supported 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 50% of the rock, of which about 75 % is mixed layer illite/smectite, 6% 

is illite, and 17% is kaolinite. 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 graywacke. 

Based on the HRXCT results, pores and opened cracks occur as dark areas (almost black) whereas sealed 

cracks (at the resolution of the scans) are slightly lighter grey. The visible porosity is heterogeneously 

distributed within the sample and is mainly composed of: 

- Isolated pores of size usually <20 µm in equivalent sphere diameter size (ESD); 

- Cracks of variable sizes. 

Most of the pores are closed and cracks rarely extending more than a few millimetres in length. Pore size 

distribution is presented in histograms and the large pores are micro-cracks. Pore sizes vary by an order of 

magnitude. About 50% of the porosity consists of isolated sub-spherical to slightly elongated pores of less 

than 20 µm ESD. Cracks of various sizes account for the remainder of the porosity. Most of the isolated pores 

are inter-particle with only limited intra-particle porosity observed (at 700 nm voxel size) within feldspar. 

Sandy in-fill in paleosol, 1030.80 mRT 

The sample from 1030.80 mRT is a grain supported siltstone showing no evident bedding and composed 

mainly of quartz (44 wt%), K-feldspar (18 wt%, microcline) and albite (15.8 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 is only 14 wt% of the rock, of which about 

59 % is mixed illite/smectite, 20% is illite, and 21% 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 an arkosite. 

Based on the HRXCT results calibrated with SEM data, sample 2607 is heterogeneous and consists of a 

ground mass of clay 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 

(e.g. Appendix B, inset 1). Cracks and/or intergranular spaces occur throughout the sample 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 of size varying mostly between 1 and 50 µm in equivalent sphere diameter (ESD). 

- Cracks of variable sizes are observed throughout the sample. 

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 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 (e.g. green interconnected pores at the top of Appendix B). 

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. The pore size distribution is presented in Appendix B. Less than 3 
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% (in volume) of the porosity consists of isolated sub-spherical to slightly elongated pores with less than 

100 µm ESD. Cracks of various sizes accounts for the bulk of the visible porosity. 

Shallow saline lake, 1101.35 mRT 

The sample from 1101.35 mRT is from a core presenting a 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 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 30% clay content, of which 76% is sepiolite, 13 % is kaolinite and 

11% 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. This rock can be classified as 

a graywacke. Moderate density of very thin interconnected micro-cracks are visible on the preliminary HRXCT 

images. 

Sands, 1145.25 mRT 

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 is 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 an arkosite. The preliminary HRXCT imaging show a poorly consolidated sand, presenting clay 

cutane but with high intergranular porosity, and high expected interconnection. 

Swamp, 1169.35 mRT 

The sample from 1169.35 mRT is a matrix supported siltstone, without evident bedding. At the thin section 

scale 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 46% of the rock, of which 

about 51% is kaolinite, 41 % is mixed layer illite/smectite and 8% 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 graywacke. 

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). 

 Cracks of variable sizes are observed throughout the sample. 

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. 



 

26   |  Core characterisation from the main facies in the Yalgorup Mbr 

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. 

Green sands, 1386.12 mRT 

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 graywacke. 

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. 

Swamp, 1410.55 mRT 

The sample from 1410.55 mRT is clay-rich, 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 76% of the rock, in which about 76% is kaolinite, 19 % is mixed 

layer illite/smectite and 4% is illite. SEM-EDS data and XRD revealed traces of berthierine, microcline, Fe-

muscovite and chamosite. This rock can be classified as a pelite. 

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 (Appendix B) and is mainly composed 

of: 

Isolated pores sized less than 20 µm in equivalent sphere diameter (ESD). 

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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4.3 Petrophysics 

4.3.1 MICP 

Mercury injection results show values of interconnected porosity between 5 and 15% for the clay-rich 
facies samples (D, E and F) and of 21% for the low energy sandy facies (C) sample. Pore throat radius 
distribution histograms are presented in Appendix C. 

 

Table 5. Summary of MICP derived porosity measured on samples from the Harvey-3 well. 

Sample Depth (mRT) Facies Porosity 
(%) 

Permeability 
(mD) 

Capillary entry 
Pressure 
(@35% 
invasion) MPa 

Bulk 
density 
(g/cc) 

Grain 
density 
(g/cc) 

2553 717.5-717.8 Crevasse 
splay 

14.78 17.98 0.76 1.86 2.18 

2562 778.35-778.65 Paleosol 13.54 6.71 58.23 1.88 2.18 

2571 888.05-888.35 Swamp 12.21 4.77 38.37 1.99 2.22 

2580 1101.35 Saline 
shallow lake 

10.00 9.57 1.42 1.97 2.19 

2589 1145.25 River Sand 21.44 159.78 0.05 2.05 2.61 

2598 1027.2 Paleosol 13.18 9.34 19.42 2.45 2.82 

2604 1030.8 Sandy in-fill 
in paleosol 

12.89 7.30 1.75 1.85 2.18 

2610 1169.35 Swamp 15.45 16.89 40.13 2.96 3.50 

2616 1386.12 Acidic lake 5.19 7.92 7.51 2.12 2.23 

2622 1410.55 Swamp 10.50 17.93 1.08 2.32 2.60 

 

The derived pore size distribution curves for all measured samples are reported in Appendix C and generally 

show multimodal distributions rather than a single prominent peak. Notably, samples 2562 and 2571 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 mm. 

On the other hand, the majority of pores in sample 2589 (sandy facies) fall in the 3 to 100 µm region of the 

distribution. 

4.3.2 Gas porosity-permeability 

Among the 10 targeted samples, only 6 were successfully prepared for petrophysical measurements (Table 

6). Table 7 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. 

Measured porosity values range between 5 and 20% at room conditions. From room conditions to stressed 

conditions, the porosity values show from 7% to 58% decrease (Figure 9). The samples have therefore 

significant sensitivity to stress. Note that the plugs 2574 and 2575 from swamp facies record the highest 

stress sensitivity that prohibited proper volume stabilisation of the samples during porosity measurement 

under stress inside the sample core holder. 
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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 10. The sand-rich facies (2592, 

2593 and 2606) present lower stress sensitivity, while the highest sensitivity was recorded for the swamp 

facies (2574, 2575). 

When comparing porosity and permeability, two distinct trends appear (Figure 11): 

(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 (%). 

 

Table 6. Plugs collection for petrophysic measurements with the estimated overburden and pore pressures based 

on Harvey-1 ANLEC survey dataset. 

CSIRO 
Number 

Well 
name 

Facies Depth (mRT) Formation 
Preparation 
successful 

Pore 
pressure 

(MPa) 

Overburden 
pressure 

(MPa) 

2557 Harvey 3 Crevasse splay 717.5-717.8 Eneabba Yes 6.86 16.23 

2565 Harvey 3A Paleosol 778.35-778.65 Yalgorup No   

2566 Harvey 3A Paleosol 778.35-778.65 Yalgorup No   

2574 Harvey 3A Swamp 888.05-888.35 Yalgorup Yes 8.57 20.09 

2575 Harvey 3A Swamp 888.05-888.35 Yalgorup Yes 8.57 20.09 

2583 Harvey 3A Shallow saline lake 1101.35 Yalgorup Yes 10.70 24.91 

2584 Harvey 3A Shallow saline lake 1101.35 Yalgorup Yes 10.70 24.91 

2592 Harvey 3A Sand 1145.25 Yalgorup Yes 11.14 25.91 

2593 Harvey 3A Sand 1145.25 Yalgorup Yes 11.14 25.91 

2600 Harvey 3A Paleosol 1027.2 Yalgorup No   

2606 Harvey 3A Sandy in-fill 1030.8 Yalgorup Yes 10.00 23.32 

2612 Harvey 3A Swamp 1169.35 Yalgorup No   

2618 Harvey 3A Dark siltstone 1386.12 Yalgorup Yes 13.55 31.35 

2624 Harvey 3A Swamp 1410.55 Yalgorup No 6.86 16.23 

 

  



 

29   |  Core characterisation from the main facies in the Yalgorup Mbr 

 

Figure 9. Gas porosity under increasing confining stresses. 

 

 
Figure 10. Gas permeability under increasing confining stresses. 

 

 
Figure 11. Relationship of permeability with porosity without confining pressure extrapolated from 

Figure 9 and 10 (T = 22ºC) using power fit laws. Two exponential trends are interpreted: Trend 1 is 

composed of samples 2574, 2575 and 2618 that are swamp facies and dark siltstone (kaolinite-rich and 

chlorite-rich samples respectively). The Trend 2 are composed of samples 2557, 2583, 2584, 2592, 2593, 

and 2606 and are rich in illite/smectite or sepiolite clays. 

  

0 

5 

10 

15 

20 

0 550 1100 1650 2200 

G
a

s
 p

o
ro

s
it

y
 (

%
) 

Confining pressure (psi) 

2557 

2574 

2575 

2583 
2584 

2592 
2593 

2606 

2618 

0.001 

0.01 

0.1 

1 

10 

100 

0 550 1100 1650 2200 

G
a

s
 p

e
rm

e
a

b
il
it

y
 (

m
D

) 

Confining pressure (psi) 

2557 

2574 

2575 

2583 

2584 

2592 

2593 

2606 

2618 



 

30   |  Core characterisation from the main facies in the Yalgorup Mbr 

Table 7. 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) 

2557 0 10.43 9.50  2592 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 

2574 0 20.28 0.07  2593 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 

2575 0 15.18 0.029  2606 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 

2583 0 5.25 0.18  2618 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 

2584 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      
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4.3.3 NMR results 

The NMR dataset collected on the samples in this study should be treated with caution. Indeed, after brine 

saturation, with the exception of plug 2618 and 2592, most of the plugs were damaged, probably due to clay-

water interaction. The plugs 2583 and 2584 (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. 

The water-filled porosity from NMR T2 data is summarised in the Table 10 and ranges between 9.2 and 31.3 

%. The NMR T2 distribution is presented in Figure 12 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 2583 and 2584 (sepiolite-rich saline shallow lake facies) while the most intense amount of CBW centred 

at 1 µs was recorded in plugs 2557 (crevasse splay facies) and 2574 (swamp facies) with both samples 

presenting similar amount and the highest content of mixed layer illite/smectite amongst all the mudstone 

measured. The intensity of the CBW peaks presents a better correlation with the content of mixed layer 

illite/smectite in the mudstone than any of the other clays. It is worth noting that the paleosol mudstones 

were not suitable for measurements. 

After saturation, the quality of the water distribution through the plug axis was tested to assess the saturation 

profile using NMR T2 (Figure 13). Most of the plugs show a good distribution illustrated with a reasonable 

flat line, the exception being plugs 2574 and 2557. 

The permeability from the NMR was not computed sensu-stricto as the clay behaviour is not appropriate for 

such computation. However, by using the gas permeability results, we back-computed the Coates C 

parameter to better understand its relationship with the clay-water interactions. The Coates C constant 

(Table 3) varies between 4.7 and 14.7. As a comparison, sandstones usually record a C constant around 10 

(Dunn et al., 2002). 

The capillary pressure curves were computed and are presented in Figure 14. 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). 
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Figure 12. 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 13. NMR Saturation profile along the plug axis with the top of left side and bottom of the plug on 

the right side of the plot for all the tested saturated plugs. 

 

 

Figure 14. 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. 
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4.4 Contact angles 

The advancing and receding water contact angles measured for the various brine-CO2-paleosol systems are 

listed in Table 8. 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 paleosols 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 2564 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 8. Condition of measurements and results of the contact angles. 

Sample 

number 
Facies 

Pressure 

[MPa] 

Temperature 

[ºC] 

Water 

advancing 

contact 

angle [º] 

Water 

receding 

contact 

angle [º] 

wettability 

2554 Crevasse splay 7.15 50 67.1 58.5 Weakly water-wet 

2563b Paleosol 7.78 50 38.6 36.2 Weakly water-wet 

2564 Paleosol 8 50 15.8 9.2 Strongly water-wet 

2573 Swamp 9 50 69.4 64.3 Weakly water-wet 

2582 Shallow saline lake 11 50 56.6 52.6 Weakly water-wet 

2605 Sandy in-fill in palesol 10.3 50 74.9 71.2 Intermediate-wet 

 

4.5 Interfacial tensions 

The CO2-water interfacial tensions measured are tabulated in Table 9. 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 9. 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 
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10 50 31.8 

11 50 33.7 

20 50 31.5 
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5 Interpretation and discussion  

5.1 XRD and facies characterisation 

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, 2016). 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 16).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 paleosols and in sections of the sedimentary record (Units 2 and 4 in Figure 15). 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. Those authors presented a double ternary diagram 

(Figure 15) using the main clay fractions, which show a diversity of compositions and related fluvial system 

facies. Using the position of the clay assemblage detected in the samples from the Yalgorup Mbr, we can 

interpret a facies. The sample showing a particular enrichment in sepiolite (1101.35m) can be interpreted as 

a shallow saline lake, the sample from 1386.12m can be assigned to an anoxic and acidic lake depositional 

environment, while the samples from 888.05 m and 1410.55 m can be assigned to a swamp facies, consistent 

with their dark coloured clay-rich aspect. The samples from 1169.35 m and 717.50 m are intermediate 

between a river environment and a swamp. However, the samples from 778.35 m, 1027.20 m, 1035.80 m 

and 1145.25 m can be attributed to a river environment. Therefore, the floodplain red-coloured cores can be 

attributed to paleosols, consistent with the presence of previously reported slickenslides and desiccation 

cracks. Those floodplain facies are particularly rich in mixed layers illite/smectite. 

The correlation between the presence of red paleosols 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. 

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). 

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). 
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Figure 15. Clay fraction distribution and corresponding cores 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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Illite and chlorite clay minerals are usually present in immature soils that have undergone little chemical 

weathering. Illite can be derived directly from the erosion of unweathered parent rocks. These clay minerals 

are characteristic of cold regions and deserts marked by very low rates of weathering and areas of steep 

topography where mechanical erosion interferes with soil formation. The chlorite clays, like the previously 

described clay minerals, are also formed by the physical weathering of low-grade metamorphic and basic 

source rocks rich in Mg, under a cold climate (Ehermann et al., 1992). Sharp X-ray diffraction peaks showing 

good crystallinity in illite are also indicative of physical degradation of rocks rich in biotite as a mineral 

precursor from gneisses, granulites and granitoids (Damiani et al., 2006). 

For a similar area of drainage, humid climate precipitation would result in a relative abundance of kaolinite 

compared to the mineralogically more complex clays such as mixed layer illite/smectite, illite, chlorite or 

sepiolite. Plotting the abundance of kaolinite with depth, Figure 16 shows that there is a general trend of a 

first decrease followed by an increase of the kaolinite abundance between about 900 m to the Top 

Wonnerup. These trends might be related to an increase followed by a decrease of the dryness of the climate. 

This depth interval corresponds to a dryer climate and also correlates with an abundance of floodplain facies 

rich in paleosols dominated by red coloration as opposed to the black swamp and acidic lake facies. An 

incursion to the general trend highlighted by the data points at 1169.35 and 1179.7 m corresponds to swamp 

floodplain and sandstone facies that suggests a thin sedimentological record of a humid climate event within 

the general trend of dry climate. 

Looking at the Gamma ray response from Harvey 3A, together with the pXRD data, we can distinguish several 

units in the Yalgorup: 

- Unit 5 is the basal interval of the Yalgorup is characterised by high Gamma ray and a kaolinite-dominated 

clay fraction. The facies present in Harvey 3A cores consist of mostly black-coloured floodplain and sand-rich 

intervals with limited red-coloured floodplain facies. The correlation between facies and the continuous high 

reflectance seismic reflectors suggested a paleo-climate control exists in the occurrence of the swamp facies. 

- Unit 4 corresponds to a poorly defined generally high Gamma ray signature where the Hylogger pXRD data 

shows a smectite dominated clay fraction interval at Harvey 3A. Albite and illite also appears to be 

significantly present. The facies present in Harvey 3A cores consists of thin red-coloured floodplain, black-

coloured floodplain and sand-rich intervals. The seismic reflectors of this unit present a low contrast at 

Harvey 3A and 1, but are not well followed in Harvey 4. 

- Unit 3 is easily identified at Harvey 3A with the Hylogger pXRD data where kaolinite dominates the clay 

fraction. The facies are contrasting sand-rich and black floodplain. The seismic reflectors of unit 3 presents a 

high contrast at Harvey 3A, 4 and low contrast at Harvey 1. 

- Unit 2 corresponds to a noisy and generally high Gamma ray signature at Harvey 3A and 4, rich in red-
coloured floodplain facies in Harvey 3A cores. The Hylogger pXRD data indicate a significant abundance of 
montmorillonite (smectite), albite and a lack of kaolinite compared to Unit 1. At Harvey 1 unit 2 has a high 
contrast alternating Gamma ray suggesting stacking of floodplain and sand-rich facies. The seismic reflectors 
of this unit present a low contrast at Harvey 3A and 4 and high contrast at Harvey 1. 

- Unit 1, mainly composed of low Gamma ray response suggesting sand-rich facies at Harvey 1, and of high 

contrast alternating Gamma ray suggesting stacking of floodplain and sand facies at Harvey 3A and 4. The 

cores at Harvey 3A in this unit are consistent with the Gamma ray. We can observe a thinning of the floodplain 

package from Harvey 4 westward. The seismic reflectors of this unit presents a high contrast at Harvey 3A 

and 4 and low contrast at Harvey 1 consistent with an enrichment in sand near Harvey 1. 
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Figure 16. 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. 
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5.2 Diagenesis 

Weathering of granite generates quartz, feldspar amphibole and mica, but those minerals undergo 

chemical weathering themselves with variable degrees of resistance. A classic mineral resistance profile 

from least to the most stable is as follows: olivine < Ca-feldspar < pyroxene < amphibole < biotite < Na-

feldspar < K-feldspar < muscovite < quartz (Goldich, 1938). 

Weathering takes place at the sediment source and during transport, but also as diagenetic transformation 

when the sediment has been accumulated. It is difficult to discriminate what has been produced by 

diagenetic alteration and what was from a sedimentological feature. To distinguish between the two, we 

rely on petrographic observations. 

K-feldspars are mainly well preserved but some grains show minor to extensive dissolution. The dissolution 

cavities contain illite and kaolinite. Feldspar grains have been observed to hydrolyse and form clays which is 

mostly kaolinite in the Wonnerup. Na and K ions are also liberated, which can be incorporated into clays to 

form illite or smectite (Worden and Morad, 2003). 

Grains of albite and anorthite show dissolution into clinozoisite and illite with traces of chlorite (clinochlore 

and Fe-chamosite). Clinozoisite is a calcium aluminino-silicate mineral (Ca2Al3(Si2O7)) that has been 

reported to form as a by-product of plagioclase feldspar alteration (saussurization). It is resistant to 

weathering and is therefore a common mineral in sediments. It can be an early diagenetic feature or from a 

weathering product inherited from the sediment source. Figure 17 shows that clinozoisite with albite and 

calcite contains most of the calcium in the samples. Unit 2 contains the most abundance of paleosols and 

has the highest percentage of calcium in clinozoisite. 

In the sample from 717.50 m, 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. Figure 17 shows that those two minerals with ilmenite, muscovite and 

clinozoisite contain most of the iron in the samples. Berthierine and chamosite co-vary in the samples in 

opposition to co-varying muscovite and ilmenite. Unit 2 contains the most abundance of paleosols presents 

the lowest percentage of iron in Fe-chamosite and berthierine. Instead the iron is contained in ilmenite and 

probably in undetected amorphous iron oxides (observed as red-stain). 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 swampy facies. In the sample 

from 1386.12 m, 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. 

The mineralogical differences observed between the units in the Yalgorup Mbr in terms of feldspar and clay 

assemblages are probably the cause of differences in the diagenetic response to high CO2 brine. Units 2 and 

4, containing the most abundance of paleosols, will provide a significantly different behaviour compared to 

Units 1, 3 and 5. This expected difference in reactivity will be investigated at a letter stage of the project 

(Milestone 3).  



 

 

 

Figure 17. Abundance graphs from various samples of feldspar and mica and normalised abundance graphs by element of minerals containing Fe, Mg, K, Ca, Na 

and Ti in samples from the Yalgorup Mbr. 
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5.3 Petrophysic and transport properties 

The XRD data were used to assess the influence of clay content and types on the porosity and permeability 

properties, especially with NMR measurements. 

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.  

Considering gas porosity-permeability data, we observed two trends (Figure 11, Figure 19 and Figure 20): 

- 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 11, 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).  

Considering the NMR results, we observe that the Coates C parameter decreases when gas permeability 

increases (Table 3). High Coates C (> 10) is necessary in clay-rich tight samples with permeabilities < 0.1 mD 

while Coates C ≤ 10 is required for permeability > 0.1 mD. The low Coates C appears for the very brittle and 

coarse grain plugs (or crumbly, 2596). The nano-scale size of clay minerals will likely increase the pore 

network tortuosity and providing a “complex pore geometry”. Giving the relationship between Coates C 

parameter and the permeability (i.e. indirectly clays content), a first approximation would suggests that C 

relates to pore geometry. 

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 18) 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. 
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Figure 18. 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. 

 

Figure 19 and Figure 20 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.  

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 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, 

at this point of the project, they are likely to be better barrier and more continuous barriers than the 

smectite-rich paleosols. 
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Figure 19. Porosity versus permeability diagram for samples from the Yalgorup Mbr. Related cores along the mixed 

layer illite/smectite trend are shown on the right. 

 

 

Figure 20. Porosity versus permeability diagram of samples from the Yalgorup Mbr. Related cores along the mixed 

layer kaolinite trend. 

 



 

 

Table 10. Summary of porosity, permeability from gas, NMR and MICP methods as well as capillary pressure from MICP and NMR and XRD data on the Harvey-3 sample 

collection from the Yalgorup Member.  

   Porosity  Permeability  Capillary pressure 

 

   XRD      

Sample Facies 
Bulk 

density 
(g/cc) 

Gas 
porosity 
@ 0psi 

(%) 

MICP 
porosity 

(%) 

NMR 
porosity 

(%) 

Gas 
permeability 

@ 0psi 
(mD) 

MICP 
permeability 

(mD) 

NMR Coates 
C parameter 

for gas 
permeability 

prediction 

NMR Pc 
Quartz 

relaxivity 
@0.0064 
µm/ms 
(Mpa) 

NMR Pc 
Quartz 

relaxivity 
@0.001 
µm/ms 
(Mpa) 

*MICP 
Pc 

(Mpa) 
Quartz K-Feldspar Albite Calcite I/S Illite Kaolinite Chlorite Sepiolite 

2557 Crevasse splay 2.13 10.43 14.78 31.32 9.50 17.98 9.66 9.67 61.89 0.76 48.3 16.1 0 1 14.8 0 19.8 0 0 

2574 Swamp 2.28 20.28 12.21 27.08 0.07 4.77 14.77 10.85 69.44 38.37 20.1 6.9 0 0 14.8 25.1 33.1 0 0 

2575 Swamp 2.27 15.18 12.21   0.03 4.77     
 

  20.1 6.9 0 0 14.8 25.1 33.1 0 0 

2583 Shallow saline lake 2.32 5.25 10.00 22.12 0.18 9.57 10.94 30.58 196.38 1.42 36.4 12.2 21.1 0 0 3.4 3.8 0 22.6 

2584 Shallow saline lake 2.34 6.61 10.00 21.69 0.35 9.57 10.10 27.25 174.75 1.42 36.4 12.2 21.1 0 0 3.4 3.8 0 0 

2592 Sand 2.00 16.13 21.44 24.35 93.98 159.78 4.72 7.68 49.16 0.05 52.8 26.4 0 0.9 18 0 2 0 0 

2593 Sand 1.94 16.50 21.44 28.22 93.65 159.78 6.15 6.10 39.05 0.05 52.8 26.4 0 0.9 18 0 2 0 0 

2606 Sandy in-fill 2.31 8.89 12.89 21.45 1.79 7.30 9.59 10.85 69.44 1.75 44.3 18.1 15.8 7.3 8.5 2.9 3 0 0 

2618 Dark siltstone 2.52 6.51 5.19 9.16 0.01 7.92 12.23 12.17 77.91 7.51 41.1 13.4 0.6 2 6 1.3 11.1 24.6 0 
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6 Conclusions and perspectives 

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 
mudstones, siltstone and sandstones that are often observed associated with the clay-rich rocks. 
The clay mineralogy indicated that the dark mudstones 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 mudstone 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 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. This expected difference in reactivity will be investigated 
at a letter stage of the project (Milestone 3). 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 mudstones 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 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.
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8 Appendix A: 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, swamp facies or lake facies (Figure 15). The mapping area and 

imaging is presented in Appendix B. It should be noted that the composition calculated here should not be taken as 

accurate quantitative  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. 

Depth (m) 1145.25 778.35 1027.2 1030.8 1101.35 1386.12 717.5 888.05 1169.35 1410.55 

Facies Sand Paleosol 
Red 

paleosols 
Sandy 
in-fill 

Shallow 
saline 
lake 

Anoxic 
acid 
lake 

Crevasse 
splay 

Swamp Swamp Swamp 

Minerals Composition (wt%) 

Pyrite 0 0 0 0 0 0 0 0.028 0 0 

Berthierine 0.005 0.034 0.03 0.003 0.286 0.402 0.878 0.839 0.249 0.582 

Biotite 0.026 0.047 0.238 0.059 0.165 0.248 0.046 1.284 0.823 0 

Muscovite 0.089 0.003 0.041 0.049 0.049 0.054 0.012 0.1 0.352 0.042 

kaolinite 0.25 0.195 0.533 0.246 0.566 1.468 1.058 5.182 9.79 35.305 

Apatite 0.001 0 0.003 0 0 0.006 0.004 0.074 0.001 0 

Muscovite_Fe 0.285 0.869 0.617 0.286 0.337 0.432 0.068 2.25 1.779 0.512 

Calcite 0.012 0.001 0.004 0.003 0.001 1.136 0.004 0.001 0 0.026 

Chamosite 0.045 0.214 0.237 0.016 0.539 7.725 1.665 1.978 1.236 0.135 

Zircon 0.01 0.005 0.023 0.008 0.05 0.063 0.016 0.013 0.03 0.003 

Ilmenite 0.179 0.031 0.067 0.042 0.166 0.324 0.063 0.07 0.127 0.009 

Rutile 0.031 0.021 0.06 0.041 0.138 0.365 0.034 0.067 0.135 0.055 

Monazite 0.001 0.002 0.006 0 0.007 0.004 0.001 0.002 0.003 0 

Hematite_Magnetite 0.001 0.001 0.002 0.001 0.02 0.001 0.011 0.001 0.007 0.017 

Clinochlore 0.001 0 0.015 0.001 0.002 0 0 0.005 0.004 0 

Hornblende 0.004 0.004 0.151 0.078 0.256 0.034 0.023 0.251 0.009 0 

Clinozoisite 0.228 0.001 1.299 0.698 2.225 0.013 0.03 0.134 0.007 0.001 

Andesine 0.003 0 0.027 0.034 0.084 0 0.004 0.003 0 0 

Anorthite 0.008 0 0.006 0.002 0.001 0.004 0.009 0.001 0.004 0 

Oligoclase 0.004 0 0.161 0.201 0.61 0.001 0.001 0 0 0 

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

Albite 0.258 0.001 4.735 7.425 11.055 0.003 0.001 0 0.001 0 

Titanite 0 0 0.037 0.016 0.006 0 0 0 0 0 
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9 Appendix B Rock Catalogue 

The catalogue is provided as an attachment to this report. 
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10 Appendix C MICP Pore size distribution  

Sample number 2553 

 

  



 

53   |  Core characterisation from the main facies in the Yalgorup Mbr 

2562 

 

 

2571 
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2580 

 

 

2589 
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2598 

 

 

2604 
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2610 

 

 

2616 
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2622 
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