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Foreword 

This is the final summary report of the characterisation study of the Wonnerup Member of the Lesueur 
Sandstone, the primary storage target of the South West Hub. Research and development activities for the 
South West Hub is supported by ANLEC R&D and this study comprises project 7-1215-0263 (“The influence 
of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member”). The project is 
in support of activities to reduce uncertainty by applying detailed modelling and characterisation techniques 
and to test concepts not always typically performed in the petroleum industry. This is the final in a series of 
reports including Milestone 2: Ahmed, S. and Dance, T., 2017. Pore-scale Characterisation of Petrophysical 
Properties of the Wonnerup Member: Harvey-1 and Harvey-4 wells. Milestone 3: Dance, T., Delle Piane, C., 
Emelyanova, I. & Pervukhina, M., 2017. Facies Schema to Characterise Vertical Permeability and Baffles in 
the Wonnerup Member. Milestone 4: Glubokovskikh, S., Gunning, J., Hossain, M., Dance, T., Emelyanova, I. 
& Pervukhina, M., 2018. Seismic estimation of the heterogeneity in the inter-well region of the Wonnerup 
Member: Impact on the injectivity and containment. Milestone 5: Ricard, L., Dance, T. & Strand, J., 2018. 
Modelling the Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup 
Member. (Live Webinar). This report is herein presented as Milestone 6 as agreed to be completed upon 
conclusion of the project. 
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Tables and Figures 

Figure 1 A) Geological map of the Perth Basin with location of the wells Pinjarra-1 and Harvey-1, 2, 3 and 
4 (H-1, H-2, H-3 and H-4). B) Generalized stratigraphy of the Perth Basin. Modified after Olierook et al., 
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Figure 2 Facies and depth control on porosity and permeability, determined from helium-injection core 
plugs from Harvey 1; Harvey-4 and Pinjarra-1 wells. Porosity versus permeability plots colour coded by 
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Figure 3 A) Phase diagram for the system log(aK+/aH+)– log aSiO2 (where ‘a’ indicates chemical activity 
of species) illustrating how changing isothermal water geochemistry can lead to diagenetic reactions. 
(after Worden and Burley 2003). B) SEM image of a Wonnerup sample from the Harvey-3 well (1347.7 
m) illustrating typical diagenetic features at the microscale: partially dissolved detrital K-feldspar (K-fs) 
grains with authigenic pore filling and pore bridging kaolinite (Kao). Also visible are pores (P) and detrital 
quartz grains (Qtz). ................................................................................................................................ 20 

Figure 4 Sample H3A_812.93. A) Back scattered electron image of the whole sample. Contrast in grey 
level in the image correspond to contrast in atomic number (mineralogy) in the imaged region. B) 
Elemental map of the red box in (A) showing the spatial distribution of different minerals. C) 
Cathodoluminescence image of the red box in (A) showing the contrast between detrital quartz (light 
blue to green-yellow grains) and diagenetic quartz (dark blue to cyan) as cement filling intragranular 
fractures and as overgrowth around detrital grains................................................................................ 24 

Figure 5 Sample H3_1473. A) Back scattered electron image of the whole sample. Contrast in grey level 
in the image correspond to contrast in atomic number (mineralogy) in the imaged region. B) Elemental 
map of the red box in (A) showing the spatial distribution of different minerals. C) Cathodoluminescence 
image of the red box in (A) showing the contrast between detrital quartz (light green, yellow and red 
grains) and diagenetic quartz (dark blue to cyan and yellow-red) as cement filling intragranular fractures 
and as overgrowth around detrital grains. Note the concentric zonation in the overgrowth and the sharp 
transitions between different zones particularly evident in the top left overgrowth surrounding the 
yellow grain. .......................................................................................................................................... 25 

Figure 6 Sample H4 1794. A) Back scattered electron image. Contrast in grey level in the image 
correspond to contrast in atomic number (mineralogy) in the imaged region. B) Cathodoluminescence 
image of the same region shown in (A) highlighting the contrast between detrital quartz (light green, 
yellow and red grains) and diagenetic quartz (dark blue, cyan to green) as cement filling intragranular 
fractures and as overgrowth around detrital grains. Note the sharp transitions between different zones 
and how concentric zonation in the overgrowths become progressively brighter from the contact with 
the detrital grain towards the outer surface. .......................................................................................... 26 

Figure 7 Sample H2_1245. High resolution cathodoluminescence image of the contact between detrital 
grains (in orange and red) and the pore filling quartz cement (blue, to cyan and yellow) showing 
concentric zonations marked by sharp increase in luminescence. .......................................................... 27 

Figure 8 Sample H2_1245. A) Back scattered electron image. Contrast in grey level in the image 
correspond to contrast in atomic number (mineralogy) in the imaged region. White arrows represent 
the transverse location for trace element quantification. B) Cathodoluminescence image of the same 
region shown in (A) highlighting the contrast between detrital quartz (light green, yellow and red grains) 
and diagenetic quartz (dark blue, cyan to green). The white arrows shows the transverse location for 
trace element quantification sampling detrital quartz and diagenetic cement 1 and 2 separated by a 
sharp boundary of intense luminescence. C) Profile of quantification points collected along the white 
arrow shown in (A) and (B) plotting trace element concentration in ppm as a function of distance from 
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the origin of the profile. Note the increase in Al and K content of quartz increases by an order of 
magnitude in the CL-dark band. ............................................................................................................. 28 

Figure 9 Cross plot between Al and K (or Fe for sample H3_1473) concentration in quartz as measured 
by quantitative analysis using electron probe microanalysis. For each sample the average concentration 
derived from a number (N in the figure) of measurements is plotted for detrital (blue circle) and 
diagenetic quartz (orange and grey circles). Error bars in each direction correspond to 1 standard 
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Figure 10 Cross plot of P-wave velocity as a function of porosity in the Wonnerup section intersected in 
the Harvey-1 well (wireline log data). Also shown are trends predicted by rock physics models .and the 
Voigt and Reuss bounds for mixtures of quartz and water...................................................................... 31 

Figure 11. Example of capillary pressure curves from MICP and NMR on the sample 206646 (Harvey-1 at 
1897.91 m) in Wonnerup Member: (a) Calibration of NMR into NMR pore size distribution by 
superimposing it to MICP pore throat size distribution. Equivalent capillary pressure curves are 
produced from MICPair-Hg converted for air-brine wetting phase as MICPair-brine and from NMR 
calibrated with MICP (b) and for brine-CO2 wetting phase (c) using a contact angle of 0º (plain curves) 
and 60º (dashed curves). ....................................................................................................................... 36 

Figure 12. Laboratory capillary pressure curves on samples from the Wonnerup Member in Harvey-1 and 
Harvey-4 wells: (a) CapPressure from MICP in Harvey-1; (b) CapPressure from NMR calibrated to MICP in 
Harvey-1 and (c) CapPressure from MICP and NMR calibrated to MICP in Harvey-4. .............................. 41 

Figure 13. Laboratory capillary pressure curve envelops on samples from the Wonnerup Member in 
Harvey-1 and Harvey-4 wells using Air-Brine 0º contact angle (Black envelops), CO2-Brine 0º contact 
angle (Dark grey envelops) and CO2-Brine 60º contact angle (Light grey envelops): (a) CapPressure from 
MICP in Harvey-1; (b) CapPressure from NMR calibrated to MICP in Harvey-1 and (c) CapPressure from 
MICP and NMR calibrated to MICP in Harvey-4. ..................................................................................... 42 

Figure 14. Quality check of critical capillary pressure point extracted from MICP and NMR calibrated with 
MICP dataset in Wonnerup Harvey-1 sample collection using Air-Brine 0º contact angle (blue symbols), 
CO2-Brine 0º and 60º contact angle (orange and red symbols respectively). ........................................... 44 

Figure 15. Critical versus entry capillary pressure points extracted from MICP and NMR in Harvey-1 
sample collection. The circle symbols are data extracted from MICP CapPressure curves while triangle 
symbols are data extracted from NMR cap pressure curves. Note that Yalgorup data were added for 
information to only compare with Wonnerup Member. ......................................................................... 44 

Figure 16. Relationship between critical (Pcr; circle symbols) and entry capillary pressure point (Pe; 
triangle symbols) with gas porosity (a) and gas permeability (b) in Wonnerup (red symbols) and Yalgorup 
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Figure 17. Capillary pressure curves derived from NMR log in Harvey-1 using calibrated laboratory data 
for CO2-brine with 60º contact angle. Those curves are colour-labelled based on the amount of mobile 
water (FF; top graph) and based on the amount of clay bound water (CBW; bottom graph). Note how 
the FF controls the low-pressure range (i.e. close to full saturation) while the CBW controls the high-
pressure range (i.e. close to the lowest saturation). ............................................................................... 49 

Figure 18. Capillary pressure logs analysis in Harvey-1 well, Wonnerup section. Track 1 is the depth along 
the Wonnerup Member. Porosity and permeability computed from wireline logs in tracks 2 and 3 were 
used to predict entry and critical capillary pressure (Pe and Pcr) using Equation 8 and Equation 9 in the 
following tracks. Tracks 4 and 5 are Pcr and Pe for Air-brine phases using a 0º contact angle (dark green 
curves are derived from permeability while the light green curves are derived from porosity). Tracks 6 
and 8 are Pcr and Pe for CO2-brine phases using a 0º contact angle while tracks 7 and 9 used a maximum 
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60º contact angle (blue curves are derived from permeability and red curves are derived from porosity). 
Tracks 8 and 9 also have Pe extracted directly from NMR derived CapPressure curves at 0 and 60º 
contact angles respectively for CO2-brine phases (green curves). The tracks 10 and 11 represent the 
difference between 0 and 60º contact angles effect on Pcr and Pe respectively. The red shades are 
derived from porosity computation while the blue shades are derived from permeability computation. 51 

Figure 19. Capillary pressure logs analysis in Harvey-4 well, Wonnerup section. Track 1 is the depth along 
the Wonnerup Member. Porosity and permeability computed from wireline logs (see ANLEC R&D 
Project 7-0115-0241) in tracks 2 and 3 were used to predict entry and critical capillary pressure (Pe and 
Pcr) using Equation 8 and Equation 9 in the following tracks. Tracks 4 and 5 are Pcr and Pe for Air-brine 
phases using a 0º contact angle (dark green curves are derived from permeability while the light green 
curves are derived from porosity). Tracks 6 and 8 are Pcr and Pe for CO2-brine phases using a 0º contact 
angle while tracks 7 and 9 used a maximum 60º contact angle (blue curves are derived from 
permeability and red curves are derived from porosity). Tracks 8 and 9 also have Pe extracted directly 
from NMR derived CapPressure curves at 0 and 60º contact angles respectively for CO2-brine phases 
(green curves). The tracks 10 and 11 represent the difference between 0 and 60º contact angles effect 
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the Wonnerup Member. Porosity and permeability computed from wireline logs (see ANLEC R&D 
Project 7-0115-0241) in tracks 2 and 3 were used to predict entry and critical capillary pressure (Pe and 
Pcr) using Equation 8 and Equation 9 in the following tracks. Tracks 4 and 5 are Pcr and Pe for Air-brine 
phases using a 0º contact angle (dark green curves are derived from permeability while the light green 
curves are derived from porosity). Tracks 6 and 8 are Pcr and Pe for CO2-brine phases using a 0º contact 
angle while tracks 7 and 9 used a maximum 60º contact angle (blue curves are derived from 
permeability and red curves are derived from porosity). Tracks 8 and 9 also have Pe extracted directly 
from NMR derived CapPressure curves at 0 and 60º contact angles respectively for CO2-brine phases 
(green curves). The tracks 10 and 11 represent the difference between 0 and 60º contact angles effect 
on Pcr and Pe respectively. The red shades are derived from porosity computation while the blue shades 
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Pcr) using Equation 8 and Equation 9 in the following tracks. Tracks 4 and 5 are Pcr and Pe for Air-brine 
phases using a 0º contact angle (dark green curves are derived from permeability while the light green 
curves are derived from porosity). Tracks 6 and 8 are Pcr and Pe for CO2-brine phases using a 0º contact 
angle while tracks 7 and 9 used a maximum 60º contact angle (blue curves are derived from 
permeability and red curves are derived from porosity). Tracks 8 and 9 also have Pe extracted directly 
from NMR derived CapPressure curves at 0 and 60º contact angles respectively for CO2-brine phases 
(green curves). The tracks 10 and 11 represent the difference between 0 and 60º contact angles effect 
on Pcr and Pe respectively. The red shades are derived from porosity computation while the blue shades 
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increased foreset dip compared to model c). Model e) has had the forset orientation modified with 
respect to model d). Models f) and g) illustrate more planar and more lunar foresets. ........................... 85 

Figure 41. Example of a deposition of several layers of foresets. Rainbow colour map is indicative of 
permeability contrast (red is high permeability, purple is low permeability). .......................................... 86 

Figure 42. The course of the Brahmaputra River is indicated by the white arrows, the arrow to the SW in 
Bangladesh (a) indicates it confluence with the Padma Ganges that to the NE in Assam (b) indicates the 
confluence of the Tsangpo, Dibang, Sohit and several smaller rivers forming the Brahmaputra River. The 
white box indicates the location of the satellite images in subsequent figures and is ~30 x 30 km. The 
choice of location is based on the quality and quantity of imagery available. Yellow lines are 
international boundaries (red, disputed). ............................................................................................... 88 

Figure 43. The yellow bar marking the width of one of the main channels is 1 km. The white box is 4 x 4 
km indicating the size of the large-scale models of the Wonnerup Member in this report. The first order 
channel runs towards ~210o, the yellow arrows indicate examples of local occurrence of channels which 
flow in different in orientations to the first order channel. The green polygons are the only vegetated 
areas within the first order channel which remain undisturbed from 1987 to 2016, these constitute ~1 % 
of the total area. On any reasonable geological timeframe the odds of preserving a palaeosol in this 
environment approaches zero. .............................................................................................................. 89 

Figure 44. Annotation is as for figure 43. It is worth noting that in 2016 the 1 km scale bar (previously 
shown in Fig 43) is now largely over an island with a palaeosol developing and partially over a minor 
channel. Following this location through the 30 year interval the scale bar goes from marking the width 
of a major channel to being entirely over an island before reaching its 2016 mixed state....................... 90 

Figure 45. Modelled channels. The colouring is arbitrary to give some impression of the different 
channels in the model. For reference the models are a) sof_120_120_500_300_80 and b) 
sof_120_80_600_400_60....................................................................................................................... 92 

Figure 46. Three-dimensional model showing facies which mainly equates to sand rich lithology. The 
modelled facies numbers and relative facies scheme A-G from Olierook et al. (2014) derived from core 
observation is indicated. The top 20 layers have not been subjected to many erosion events of 
subsequent layers so there is higher proportion of palaeosol / splay / abandoned channel fill preserved 
at the top of these models which does not remain lower down in the model and as such are disregarded 
for modelling. For reference the models are again a) sof_120_120_500_300_80 and b) 
sof_120_80_600_400_60....................................................................................................................... 93 

Figure 47. Foreset dip azimuths. The main thing to note is how purple-blue the models are, indicating 
the dominance by channels oriented 060o – 090o, with outliers spreading in most directions (only yellow 
coloured, ~300o oriented, channels are absent), this spread of data matches both the Brahmaputra River 
observations and the Harvey-4 image log dataset. Again the models are a) sof_120_120_500_300_80 
and b) sof_120_80_600_400_60. ........................................................................................................... 95 

Figure 48. Model sof_120_80_600_400_60 with a filter based on channel orientation to illustrate the 
result of the erosional processes happening to the sand bodies within the models. There is no real 
relevance to the orientation. It is just convenient to filter on to illustrate the morphology of the eroded 
bodies. In model a) with bodies oriented between 180o and 210o it becomes clear that the channels are 
eroded into little chunks and patches, so if the foreset orientation controls the CO2 flow, then 
occurrence of these small units needs to be understood. Model b) with channels oriented between 000o 
and 030o has more channels, so it is not so easy to make out individual bodies, using the 060o – 090o 
sector with the most channels would be totally pointless for this illustration. ........................................ 96 



 

The Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member  |  11 

Figure 49. Output a) x permeability and b) y permeability. Model sof_120_80_600_400_60. ................. 97 

Figure 50. Capillary pressure curves for Facies 2 (CO2 height 1.5 m) and Facies 3 (CO2 height 0.5 m). ..... 98 

Figure 51. (Top left) Evolution of the mass of mobile, residual and dissolved CO2 over time for all 
scenario 1 multiphase flow simulation results. Red is total mass of injected CO2, Blue is total mass of 
residually trapped CO2, magenta is mobile CO2 mass and black is mass of dissolved CO2. (Top right), 
Proportion of mobile (magenta), residual (blue) and dissolved (black) CO2 to the total mass injected. 
(Bottom) Bottom-hole pressure history at the injection interval. ......................................................... 100 

Figure 52. Ranges in plume radius for different Scenario 1 model parameters: (top) along the X-
direction, (middle) along the Y-direction, and (bottom) in the Z-direction. The blue bar represents the 
injection phase. ................................................................................................................................... 101 

Figure 53.(Top) Projected area of the plume (Area of Impact). (Middle) Bulk volume explored by the 
plume along time. (Bottom) Pore volume explored by the plume along time. The three blue bars 
represent the three injection pulses. ................................................................................................... 102 

Figure 54. (Top left) CO2 cumulative mass per area (kg/m2) for model 1 at end of injection (Top right) CO2 
mass density (kg/m2) for model 2 at end of injection. (Bottom left) Cross-section along the X direction, 
CO2 saturation for model 1 at end of injection (top) and after 18 months of post-injection (bottom). 
(Bottom right) Cross-section along the Y direction, CO2 saturation for model 1 at end of injection (top) 
and after 18 months of post-injection (bottom). .................................................................................. 103 

Figure 55. (Top left) Evolution of the mass of mobile, residual and dissolved CO2 over time for all 
scenario 1 multiphase flow simulation results. Red is total mass of injected CO2, Blue is total mass of 
residually trapped CO2, magenta is mobile CO2 mass and black is mass of dissolved CO2. (Top right), 
Proportion of mobile (magenta), residual (blue) and dissolved (black) CO2 to the total mass injected. 
(Bottom) Bottom-hole pressure history at the injection interval. ......................................................... 105 

Figure 56. Ranges in plume radius for different Scenario 2 model parameters: (top) along the X-
direction, (middle) along the Y-direction, and (bottom) in the Z-direction. The blue bar represents the 
injection phase. ................................................................................................................................... 106 

Figure 57.(Top) Projected area of the plume (Area of Impact). (Middle) Bulk volume explored by the 
plume along time. (Bottom) Pore volume explored by the plume along time. The three blue bars 
represent the three injection pulses. ................................................................................................... 107 

Figure 58. (Top left) Evolution of the mass of mobile, residual and dissolved CO2 over time for all 
scenario 1 multiphase flow simulation results. Red is total mass of injected CO2, Blue is total mass of 
residually trapped CO2, magenta is mobile CO2 mass and black is mass of dissolved CO2. (Top right), 
Proportion of mobile (magenta), residual (blue) and dissolved (black) CO2 to the total mass injected. 
(Bottom) Bottom-hole pressure history at the injection interval. ......................................................... 109 

Figure 59. Ranges in plume radius for different Scenario 3 model parameters: (top) along the X-
direction, (middle) along the Y-direction, and (bottom) in the Z-direction. The blue bar represents the 
injection phase. ................................................................................................................................... 110 

Figure 60. (Top) Projected area of the plume (Area of Impact). (Middle) Bulk volume explored by the 
plume along time. (Bottom) Pore volume explored by the plume along time. The three blue bars 
represent the three injection pulses. ................................................................................................... 111 

Figure 61.Map views of the plume growth through time represented by CO2 cumulative mass per area 
(kg/m2) for reservoir model 1. .............................................................................................................. 112 

Figure 62. Profiles of CO2 saturation for various times for reservoir model 1. Left: east-west cross section 
and Right: north-south cross section. ................................................................................................... 113 



12   |  The Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member 

Figure 63. Map views of plume growth through time represented by CO2 cumulative mass per area 
(kg/m2) for reservoir model 2. .............................................................................................................. 114 

Figure 64. Profiles of CO2 saturation for various times for reservoir model 2. Left: east-west cross section 
and Right: north-south cross section. ................................................................................................... 115 

Figure 65. Map views of plume growth through time represented by CO2 cumulative mass per area 
(kg/m2) for reservoir model 3. .............................................................................................................. 116 

Figure 66. Profiles of CO2 saturation for various for reservoir model 3. Left: east-west cross section and 
Right: north-south cross section........................................................................................................... 117 

Figure 67. (Top left) Evolution of the mass of mobile, residual and dissolved CO2 over time for all 
scenario 1 multiphase flow simulation results. Red is total mass of injected CO2, Blue is total mass of 
residually trapped CO2, magenta is mobile CO2 mass and black is mass of dissolved CO2. (Top right), 
Proportion of mobile (magenta), residual (blue) and dissolved (black) CO2 to the total mass injected. 
(Bottom) Bottom-hole pressure history at the injection interval. ......................................................... 119 

Figure 68. Ranges in plume radius for different Scenario 1 model parameters: (top) along the X-
direction, (middle) along the Y-direction, and (bottom) in the Z-direction. The blue bar represents the 
injection phase. ................................................................................................................................... 120 

Figure 69. (Top) Projected area of the plume (Area of Impact). (Middle) Bulk volume explored by the 
plume along time. (Bottom) Pore volume explored by the plume along time. The three blue bars 
represent the three injection pulses. ................................................................................................... 121 

Figure 70. Map views of plume growth through time represented by CO2 cumulative mass per area 
(kg/m2) for reservoir model 1. .............................................................................................................. 122 

Figure 71. Profiles of CO2 saturation for various times for reservoir model 1. Left: east-west cross section 
and Right: north-south cross section. ................................................................................................... 123 

Figure 72. Map views of plume growth through time represented by CO2 cumulative mass per area 
(kg/m2) for reservoir model 2. .............................................................................................................. 124 

Figure 73. Profiles of CO2 saturation for various times for reservoir model 1. Left: east-west cross section 
and Right: north-south cross section. ................................................................................................... 125 

Figure 74. Map views plume growth through time represented by CO2 cumulative mass per area (kg/m2) 
for reservoir model 3. .......................................................................................................................... 126 

Figure 75. Profiles of CO2 saturation for various times for reservoir model 1. Left: east-west cross section 
and Right: north-south cross section. ................................................................................................... 127 

FigureA- 76. (Top row) Results of CO2 injection simulations in the Wonnerup Member using a Darcy flow 
model (TOUGH2) for injection of 150 tonnes of CO2 after (a) 5 days, and (b) 50 days. Vertical range of 
plot is 90 m. Horizontal range is 120 m. Numerical model has approximately 2.6 million cells, refined to 
0.8 m lateral spacing near the injection well. (Bottom row) Results of CO2 injection simulations in the 
Wonnerup Member using invasion percolation for two different models of threshold entry pressure 
distribution. Background shading represents high (dark) to low (light) capillary threshold pressures of 
rock. Injection volume is 150 tonnes of CO2. Vertical range of plot is 90 m. Horizontal range is 120 m. 
Cells invaded by CO2 are coloured to indicate invasion order from first (blue) to last (red). The number of 
cells in these models is approximately 2.5 million. ............................................................................... 143 

 

 



 

The Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member  |  13 

Table 1 Stratigraphic boundaries of the wells of interest for the SW-Hub area. The formations 
encountered were dated by palynology and formation boundaries were delineated by change of 
character on the wireline logs. Note other than the Harvey-1 well, the H2, H3 and H4 wells only 
penetrate up to about 200 m (or less) into the Wonnerup Member which is some 1500 m thick. .......... 17 

Table 2. NMR logged depth intervals within the Wonnerup Member in Harvey-1 (H1) and Harvey-4 (H4) 
wells. ..................................................................................................................................................... 34 

Table 3. Summary of Pc calibration offset and gain applied on NMR using MICP pore throat distribution 
to convert NMR T2 distribution into capillary pressure curve in Wonnerup member (Havey-1 and 
Harvey-4 wells). ..................................................................................................................................... 39 

Table 4. Summary of the extracted entry and critical capillary pressure points (Pe and Pcr respectively; in 
psi) in the four Harvey wells from porosity, permeability and NMR logs. Note that only Pe was extracted 
from NMR logs in Harvey-1 and Harvey-4 wells for CO2-brine phases mixture. Average and associated 
standard deviation is a basic arithmetic computation of all the data points available within the 
Wonnerup Member intersected by the log data. ................................................................................... 48 

Table 5. Average values of porosity and permeability at Harvey 1, Interpetation 1 corresponds to 
Pervukhina et al. (2018), Interpretation 2 is from ODIN (2016). .............................................................. 64 

Table 6. Trapping capacity evolution along time and depth as a function of injection depth (for 
permeability trend 2). ............................................................................................................................ 75 

Table 7. Impact of trapping capacity on plume surface area and migration time (for permeability trend 2) 
with an arbitrary value of 250m plume radius ........................................................................................ 75 

 

  



14   |  The Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member 

Introduction  
Project 7-1215-0263 background  

Predicting the vertical flow rate of buoyant CO2 through the Wonnerup Member is one of the most significant 
uncertainties concerning vertical migration and containment in the SW Hub project. Similarly, the uncertainty 
surrounding the extent of the diagenesis that was encountered at the Pinjarra-1 well and how much the 
reservoir quality degrades with depth in the different structural blocks is a significant risk to injectivity. This 
research project aims to better characterise the sources of reservoir heterogeneity in the Wonnerup Member 
and assess its impact on injectivity, vertical migration, and containment of CO2 via integrated reservoir 
characterisation and reservoir simulations. The outcomes complement the current project collating and 
integrating geological data from Harvey-1,-2,-3 and -4 wells (Project 7-0115-0240 “The Lesueur, Rocks: 
Deposition, Facies, Properties”), and a geophysics project already focused on integrating seismic and 
borehole data (Project 7-0115-0241 “The Lesueur, SWH: Improving Seismic Attributes”).  

Key Conclusions from Preceding Milestone Reports 

Research that precedes this final report began with a pore-scale study that utilised existing x-ray micro-
computed tomography (micro CT) image data to characterise the ratio of vertical to horizontal (Kv/Kh) 
permeability from samples of Wonnerup Member cores (Milestone 2 report). Although analysis was 
performed on just a very small sample that may not represent the entire reservoir sequence, results indicated 
that strong permeability anisotropy exists in the horizontal direction. For core samples from both Harvey-1 
and Harvey-4 the greatest contrast in permeability was between the two horizontal axes (Kx/Ky). It is likely 
that this is related to the plugs intersecting high angle cross-bedding which is characteristic of the 
depositional setting.  

The next successive study in this project was focused at whole-core and well-bore scale characterisation of 
various facies of the Wonnerup Member. Results of the core facies classification, which identified nine facies, 
showed sources of small-scale heterogeneity features (tens of centimetres) within the reservoir sandstones 
are associated with the cross-bedding features in the point bar sandstones, a range of grainsize and sorting 
distributions in the conglomeratic channel sands, and frequent switching between set thickness and foresets. 
The core facies were linked with the Image log facies (six in total), and then, by using an unsupervised 
machine learning technique, it was is possible to produce an interpretation of these facies from other well 
log signatures over intervals without core (Milestone 3 report). In other words the technique was used to “fill 
in the gaps” with a trained facies classification where there was no core.  

In addition to the findings that reservoir quality is attributed to sedimentological controls, all facies also 
exhibit significantly reduced reservoir quality as a function of depth. This trend is reflected in the core plug 
analysis results, as well as the vertical versus horizontal permeability interpreted from the logs from all the 
South West Hub wells and has been attributed to post depositional diagenesis (Milestone 3 report). 
Accordingly a large part of this project (7-1215-0263 ) has been focused on using petrological analysis to 
better constrain the diagenetic history of the Lesueur Sandstone and characterise the effects on porosity and 
permeability for the Wonnerup Member. Quartz overgrowth and dissolution of detrital K-feldspar grains 
were observed in all samples. Results have shown that quartz overgrowth and pore-filling kaolinite has 
reduced the permeability significantly by i) cementing pore throats between neighbouring quartz grains; and 
ii) filling large primary pores with a micro porous kaolinite aggregate resulting in significantly higher tortuosity 
for the pore fluid. 
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In the milestone 4 report, a systematic analysis of seismic data quality for quantitative interpretation, and a 
study of the feasibility of the facies-oriented seismic inversion from the best available seismic was performed. 
The study concluded that the available geophysical data do not allow for reliable quantitative 
characterisation of the Wonnerup Member. At the same time, the predicted synthetics provided some 
convincing evidence that the Wonnerup Member is unlikely to have strongly contrasting variations of 
petrophysical properties, which are relevant for CO2 containment. 

Milestone 5 was a presentation of the of the modelling and simulation study available as a webinar, and 
written up in this report herein. 

This study 

In this report we first document the trace-element composition of quartz cements in a selection of samples 
from the Harvey wells. The purpose of this work is (1) to better define the occurrence of quartz overgrowths 
in samples from the Wonnerup Member of the Lesueur Sandstone with the use of Cathodoluminescence 
imaging and trace element quantification; (2) investigate the consistency of trace element composition of 
quartz cement in samples from different wells and depths, and (3) to discuss possible correlation between 
trace element composition of quartz cement and the diagenetic environment of quartz precipitation. We 
seek this information to understand better if there is large scale geochemical connectivity in the Wonnerup 
Member across the SW Hub site.  

The next part of the report presents analysis of the range of capillary entry pressures characteristic of the 
Wonnerup Member.  Assessing entry and/or critical capillary pressures at depth are crucial to evaluate the 
sealing capacity of the injection and storage intervals in the context of CO2 storage capacity. Capillary 
pressure curves (or CapPressure) are produced to assess the pressure relationship on the fluid(s)-filling pores 
and the displacement of the wetting fluid in the porous media. The aim is to better understand how the 
capillary pressure is related to the potential saturation behaviour in the Wonnerup Member and for 
prediction of how one phase displaces the other from a pressure point of view. 

In the final part we investigate the potential fate of injected CO2 within the Wonnerup Member through a 
series of simulation models (presented in an interactive webinar as Milestone 5). The aim of this research is 
to investigate some of the key parameters that impact capacity, injectivity and containment in the Wonnerup 
Member. A one dimensional study is first presented to investigate the basic storage concepts for the SW Hub. 
The analytical models are then complemented with numerical simulations investigating heterogeneity and 
anisotropy within the Wonnerup Member. We carry the various facies schema that were identified in the 
Milestone 3 report, forward into the simulation sensitivity study. We then test how the resulting permeability 
anisotropy that is a function of the classification of baffles, impacts vertical migration of a plume. Similarly 
we explore the effects of fine-scale cross-bedding and forests at multiple-scales in the static and dynamic 
modelling of the Wonnerup Member. 

In the initial over-arching project proposal for ANLEC project 7-1215-0263, one of the main aims was to 
somehow visualise the risk and/or uncertainty at the storage area of interest (AOI). It was proposed that 
various sources of data would be reconciled into the static model to create a “three dimensional risk map” 
showing parts of the AOI that have high, medium, or low prospectivity and highlight regions with greatest 
uncertainty. This was in order to deliver a practical “site risking tool”. This tool has been delivered in the form 
of a 3D model (.segy format) that can be used to easily identify the areas that either need more data, or have 
the highest chance of success for meeting storage capacity and to provide support for planning any future 
drilling operations. The technical briefing note in Appendix B describes the 3D risk map product that has been 
created to meet this objective. 
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Study area 

The north to north-northwest trending Perth Basin extends approximately 1300 km along the south-western 
margin of Australia and contains a thick succession of mainly continental clastic rocks deposited since the 
Permian. The Perth Basin is part of the East Gondwana rift system and its structural features derive from 
strike-slip movements associated with the separation of India and Australia, which culminated with early 
Cretaceous break-up and seafloor spreading (Playford et al., 1976; Harris, 1994). Previous authors (Mory and 
Iasky, 1996; Crostella and Backhouse, 2000), subdivided the Basin into northern (north of latitude 31°S), 
central (part lying between latitudes 31° and 33°S), and southern (south of latitude 33°S) parts. The central 
and southern parts of the basin are further subdivided into five structural units: the offshore Vlaming Sub-
basin, the partly onshore and partly offshore Mandurah Terrace, the onshore Beermullah and Bunbury 
Troughs, and the onshore Vasse Shelf. Of interest here is the Southern part of the Basin, particularly the area 
in proximity of the Harvey Ridge a structural high resulting from a transfer fault zone). The wells studied in 
this contribution, Harvey 1, 2, 3 and 4 are located within the Harvey ridge (Figure 1). The stratigraphic units 
encountered in each well are itemized in Table 1 with the stratigraphic nomenclature described in Figure 1.  

The sedimentary succession of the Perth Basin ranges in age from Permian to Holocene; in the current study 
we focused on the Wonnerup Member of the Triassic Lesueur Sandstone, a fluvial to shallow marine 
siliciclastic unit currently being evaluated as a possible reservoir for geosequestration of CO2 at the South 
West Hub (Stalker et al., 2013).  
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Table 1 Stratigraphic boundaries of the wells of interest for the SW-Hub area. The formations encountered 
were dated by palynology and formation boundaries were delineated by change of character on the 
wireline logs. Note other than the Harvey-1 well, the H2, H3 and H4 wells only penetrate up to about 200 
m (or less) into the Wonnerup Member which is some 1500 m thick. 

 Age Harvey-1 Harvey-2 Harvey-3 Harvey-4 Pinjarra-1 

Location E 385502.04 392052.65 387392.34 389946.08 32.674394 

Location N 6348947.56 6347141.74 6343895.95 6343842.51 115.772593 

Ground elevation (m AHD) 19.1 15.4 20.2 15.9 6 

Formation  Depth below surface (m) 

Eneabba E. Jurass. 250 135 245 165 1203 

Lesueur 
Sandstone 

L.-M. 
Triass. 

704 419 741 1020 2372 

Yalgorup Member L. Triass. 704 419 741 1020 2372 

Wonnerup 
Member 

M. Triass. 1380 1245 1418 1579 3279 

Sabina Sandstone E. Triass. 2895     

 Total 
depth 

2945 1350 1550 1802 4573 

Wonnerup Member Depositional Analogues  

Core observation and image logs of the Wonnerup Member in the project area indicate that the Unit is a 
predominantly coarse, fluvial sandstone dominated by foresets (see Milestone 3 report of this project). The 
extensively studied Hawkesbury Sandstone of the Sydney Basin is seen as a prime analogue for the Wonnerup 
Member.  

Rust and Jones (1987) interpreted the Hawkesbury Sandstone to be the deposit of a large, braided river for 
the following reasons:  

1) Planar and curved-planar cross-strata up to 7.5 m thick are attributed to migration of large, sinuous-
crested bedforms at flood stage in major channels and/or as side bars at channel junctions. 

2) Semi-cylindrical transverse scars up to 11 m deep, filled with massive sandstone and commonly containing 
large mudrock intraclasts (maximum size 38 m), are attributed to bank failure along deep, major channels.  

3) Channel sequences are 6-23 m thick and typically start with an erosion surface overlain by lag 
conglomerate and a thin sheet of massive sandstone, followed by large planar cosets and trough cosets.  

4) Channel-abandonment sequences start as in (3) but continue with upward decrease in magnitude of 
trough sets and transition into rippled, fine sandstone and siltstone. The sequences in (3) and (4) show that 
trough cross-strata formed in the shallower parts of channels.  

5) Evidence for channel switching comes from mudrock-filled abandoned channels up to 18 m deep and from 
abrupt paleocurrent changes between successive channel sequences.  

6) The scarcity of overbank deposits in the Hawkesbury Sandstone over the entire southern Sydney Basin 
indicates that an extensive floodplain was repeatedly combed by braided-channel systems. 

Points 1, 3 and 6 match the well evidence from the Wonnerup Member, though Harvey-4 has an ~11.5 m 
thick occurrence of constant cross-strata at one point as opposed to 7.5 m. The massive sandstone fills of 
point 2, that are recorded though large mudrock intraclasts, are not evident. Channel abandonment and 
switching evidence is not apparent in the Wonnerup Member well data, however it should be remembered 
that Rust & Jones were studying much more laterally extensive outcrop data. These features should be kept 
in mind when considering potential facies elements occurring in the wider Wonnerup Member fluvial system. 
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In a previous work (Conaghan and Jones, 1975) the bedding characteristics of the fluvial Hawkesbury 
Sandstone (Triassic) of the Sydney Basin are most readily explained in terms of a model of flood- and falling 
stage vertical fluvial accretion derived from Coleman's study of the Brahmaputra (1969). They conclude that 
a Brahmaputra model may be widely applicable to continental sheet sandstones. 

In this study we use this information to constrain a series of 3D static models investigating the spatial 
distribution of reservoir bodies over the kilometre scale. The various realisations of the static models are 
taken forward into the dynamic modelling scenarios to assess the sensitivity on capacity, injectivity and 
containment of CO2. 

 
Figure 1 A) Geological map of the Perth Basin with location of the wells Pinjarra-1 and Harvey-1, 2, 3 and 
4 (H-1, H-2, H-3 and H-4). B) Generalized stratigraphy of the Perth Basin. Modified after Olierook et al., 
(2014).
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Part I Diagenetic 
Characterisation 

Dr. Claudio Delle Piane & Colin MacRae 

 Introduction 

The depositional control on reservoir quality in the Lesueur sandstone was established by relating lithofacies 
identified via core logging with petrophysical laboratory measurements (Delle Piane et al. 2013a; Delle Piane 
et al. 2013b; Olierook et al. 2014). Given their volumetric abundance in the logged sections of wells Harvey-
1 and Pinjarra-1, the following facies are of particular interest in terms of injectivity in the Lesueur Sandstone: 

 Ai: gravel to very coarse sandstone, commonly cross-bedded, interpreted to represent high-energy 
fluvial channel fill; 

 Aii: medium to very coarse cross-bedded sandstone with significant grainsize variation between 
beds, interpreted to be migratory barforms in high-energy fluvial channels; 

 Aiii: thickly bedded massive, coarse sandstone, interpreted to be fluidised fluvial barforms;  
 B: massive, medium sandstone with flaser cross lamination, interpreted to represent moderate 

energy migrating fluvial barforms. 

Experimental values of porosity and permeability obtained on samples from the Harvey wells sorted by facies 
show an inverse depth dependency with higher values at shallow depth decreasing towards the deeper parts 
of the well (Figure 2). These trends can be attributed to the combined effects of mechanical and chemical 
(i.e. diagenesis) compaction, which becomes more evident at deeper conditions in the basin. As reported in 
a previous milestone report (Dance et al., 2017), microstructural observations indicate that the main 
diagenetic process in the shallow part of the Wonnerup intersected by the Harvey-wells is dissolution of 
detrital K-feldspar grains leading to precipitation of pore occluding kaolinite and quartz overgrowths (Figure 
3).  
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Figure 2 Facies and depth control on porosity and permeability, determined from helium-injection core 
plugs from Harvey 1; Harvey-4 and Pinjarra-1 wells. Porosity versus permeability plots colour coded by 
depth in meters. 

 

 

Figure 3 A) Phase diagram for the system log(aK+/aH+)– log aSiO2 (where ‘a’ indicates chemical activity of 
species) illustrating how changing isothermal water geochemistry can lead to diagenetic reactions. (after 
Worden and Burley 2003). B) SEM image of a Wonnerup sample from the Harvey-3 well (1347.7 m) 
illustrating typical diagenetic features at the microscale: partially dissolved detrital K-feldspar (K-fs) grains 
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with authigenic pore filling and pore bridging kaolinite (Kao). Also visible are pores (P) and detrital quartz 
grains (Qtz). 

 

Quartz is the single most important pore-occluding cement in deeply buried sandstones (McBride, 1989). 
Diagenetic or authigenic quartz cement growth is controlled by temperature, mineralogy, effective stress and 
pore fluid composition (Worden et al., 2018 and references therein). Quartz overgrowth and dissolution of 
detrital K-feldspar grains have been documented in samples from the Wonnerup from all wells analysed so 
far. Quantification of quartz overgrowth as a function of depth has been conducted as part of ANLEC 
supported project “The Lesueur: Deposition, Rocks, Facies, Properties” (ANLEC Project ID 7-0115-0240) and 
shows that quartz overgrowth cements constitute between 5 and 20% of the analysed area and the more 
cemented samples are the deeper ones.  

Cathodoluminescence (CL) has been extensively used in sandstone diagenetic studies because of the 
different luminescence properties of detrital and authigenic quartz. The latter is generally identified in CL 
imaging as a dark rind growing with the same crystallographic orientation on detrital quartz grains. The 
contrasting luminescence in CL imaging is generally attributed to different concentration of trace elements 
between detrital and authigenic quartz (e.g. Boggs and Krinsley, 2006), although the factors responsible for 
the CL properties of quartz are still debated and so far there is no general rule relating quartz CL colour or CL 
intensity to trace-element composition (e.g. Götze et al., 2001). 

Technically, the simultaneous acquisition of CL colour and/or intensity and quantification of trace-element 
concentration in thin quartz cements is challenging as it requires high analytical sensitivity and high spatial 
resolution. Electron Probe Micro-Analysis EPMA with sub-micron spatial resolution and analytical sensitivity 
down to a few tens of ppm stands out as valuable analytical choice for the study of trace elements 
concentration in diagenetic quartz. Early work on this subject focused on Al in quartz motivated by its 
potential application as a geothermometer for constraining the crystallization temperature (Dennen et al., 
1970). Later work has demonstrated that the uptake of Al in quartz is a complex function of both fluid/melt 
chemistry and physical conditions (e.g. temperature and growth rates), attributable to the complex charge-
coupled substitutions involved in the compensation of the Al3+ uptake in place of Si4+ (Scotford, 1975; Götze 
et al., 2001; Rusk et al, 2008; Götte et al., 2013).  

In this study, we document the CL characteristics in relation to the Al, K, Ti and Fe trace-element composition 
of quartz cements in a selection of samples from the Harvey wells. These elements were chosen because 
they are commonly present in quartz in sufficient concentration to be measured by EPMA. The purpose of 
this work is (1) to better define the occurrence of quartz overgrowths in samples from the Wonnerup 
member of the Lesueur Sandstone with the use CL imaging and trace element quantification; (2) investigate 
the consistency of trace element composition of quartz cement in samples from different wells and depths, 
and (3) to discuss possible correlation between trace element composition of quartz cement and the 
diagenetic environment of quartz precipitation. 

 

 Methods 

CL images and trace element measurements were collected at the CSIRO Microbeam Laboratory in Clayton, 
Victoria on samples mounted on purpose designed 10 mm diameter aluminium holders. Critical for good CL 
images the surface finish of the samples needs to be as defect free as possible and this usually involves 
finishing the sample with a 20 nm colloidal silica polish and a further “clean up” using a low energy ion beam 
to remove the amorphous layer left by the mechanical polishing. Before imaging, the surface of the samples 
is coated with 10 - 15 nm of amorphous carbon to provide an electrically conductive path for the incident 
electrons during the ensuing imaging and analytical work (see also MacRae et al., 2018).  
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1.2.1 Cathodoluminescence imaging 

A field emission gun equipped JEOL 8500F Electron Probe Microanalyser (EPMA) was used to collect 
cathodoluminescence maps of the samples. Compared to conventional filament sources (see for example 
previous milestone report: Dance et al., 2017), field emission instruments offer excellent beam stability over 
days of operation and higher beam power density resulting in higher signal throughput and much higher 
spatial resolution. On the other hand, with high beam current densities the onset of specimen damage and 
build-up of microstructural damage occurs faster. To slow the onset of beam damage we have integrated a 
liquid nitrogen (LN) cold stage into the JEOL-EPMA. The LN cold stage has been optimised for stage mapping, 
offering an advantage over normal cold stages in that large area maps up to several mm2 can be collected 
from a 10 mm diameter sample at cryogenic temperatures. Aside from lower beam damage compared to 
ambient conditions, CL emission intensity of quartz at LN temperatures increases by up to a factor of five in 
both detrital and diagenetic quartz (MacRae et al., 2018). 

1.2.2 Trace element quantification in quartz  

To quantify trace element concentrations a series of analytical points were collected from both detrital and 
diagenetic quartz (as identified via CL imaging). Measurements were collected using a JEOL 8900R Electron 
Probe Microanalyser equipped with 5 wavelength dispersive spectrometers. Following calibration on 
standards, the points were analysed focussing on K, Fe, Al and Ti using an acceleration voltage of 7 kV and a 
beam current of approximately 100 nA. These conditions resulted in detection limits of 26 ppm on K, 99 ppm 
on Fe, 54 ppm on Al and 72 ppm on Ti. A zero background synthetic quartz was analysed to determine the 
background offsets and these measurements were then used to correct the trace element levels. 

1.2.3 Samples 

The sample collection consisted in four samples from wells Harvey 2, Harvey 3 and Harvey 4, ranging in depth 
from 812.93 to 1794 m (Table 2). The shallower sample (812.93 m) was chosen as a representative of the 
Yalgorup Member of the Lesueur Sandstone in the Harvey-3 well. To verify any chemical differences in terms 
of trace element composition in the quartz cement between Yalgorup and Wonnerup Members, a second 
sample from well Harvey-3 was chosen from depth of 1473 m, i.e. 55 m into the Wonnerup. The remaining 
two samples were chosen from wells Harvey-2 and Harvey-4 at depth of 1245 and 1794 m, respectively to 
document the variability in trace element in quartz cement in the Wonnerup Member at different locations 
within the South West Hub project area. As such, the current investigation only assessed the top 200m of the 
Wonnerup Member. Further measurements are currently being collected independently of this ANLEC 
project to characterize the deeper part of the Leuseur sampled in the Harvey-1 well. 

Table 2: Samples used for the chemical characterization of the diagenetic quartz cement in the Lesueur 
Sandstone. 

Sample Well Depth below surface (m) Facies Stratigraphic 
Member 

H2_1245 Harvey-2 1245 Ai Wonnerup 

H3A_812.93 Harvey-3 812.93 B Yalgorup 

H3_1473 Harvey-3 1473 Aii Wonnerup 

H4_1794 Harvey-4 1794 Ai Wonnerup 
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 Results  

1.3.1 Cathodoluminescence visualizations 

The sample collection consisted in four samples from wells Harvey 2 and Harvey 3, ranging in depth from 
812.93 to 1794 m. Authigenic quartz was detected in all samples as euhedral overgrowths on detrital grains 
and as intra-granular fracture filling cement (e.g. Figure 3 and 4). Although conventional electron imaging 
(Figure 3A, 4A and 5A) and elemental mapping (Figure 3B, 4B) only show a homogeneous quartz response, 
CL images reveal more detailed information about the nature of this mineral in the samples analysed. In CL 
images, authigenic quartz occurs as dark blue to green rinds around variously coloured luminescent detrital 
grains. In samples with better developed overgrowths, high resolution images collected at sub-micron 
resolution reveal internal zoning within the quartz cement with consistent characteristics from sample to 
sample (Figure 4, 5, 6 and 7). In particular, concentric growth is notable in most cements and progressively 
younger stages of diagenetic quartz (i.e. further from the detrital grain) exhibit higher luminescence with 
zone boundaries highlighted by sharp increase in luminescence (Figure 4C, 5B, 6, 7 and 8). These sharp 
transitions between differently luminescing cement zones have been interpreted elsewhere as diagnostic of 
episodic growth of diagenetic quartz (Götte et al., 2013). 
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Figure 4 Sample H3A_812.93. A) Back scattered electron image of the whole sample. Contrast in grey level 
in the image correspond to contrast in atomic number (mineralogy) in the imaged region. B) Elemental 
map of the red box in (A) showing the spatial distribution of different minerals. C) Cathodoluminescence 
image of the red box in (A) showing the contrast between detrital quartz (light blue to green-yellow grains) 
and diagenetic quartz (dark blue to cyan) as cement filling intragranular fractures and as overgrowth 
around detrital grains. 
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Figure 5 Sample H3_1473. A) Back scattered electron image of the whole sample. Contrast in grey level in 
the image correspond to contrast in atomic number (mineralogy) in the imaged region. B) Elemental map 
of the red box in (A) showing the spatial distribution of different minerals. C) Cathodoluminescence image 
of the red box in (A) showing the contrast between detrital quartz (light green, yellow and red grains) and 
diagenetic quartz (dark blue to cyan and yellow-red) as cement filling intragranular fractures and as 
overgrowth around detrital grains. Note the concentric zonation in the overgrowth and the sharp 
transitions between different zones particularly evident in the top left overgrowth surrounding the yellow 
grain.  
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Figure 6 Sample H4 1794. A) Back scattered electron image. Contrast in grey level in the image correspond 
to contrast in atomic number (mineralogy) in the imaged region. B) Cathodoluminescence image of the 
same region shown in (A) highlighting the contrast between detrital quartz (light green, yellow and red 
grains) and diagenetic quartz (dark blue, cyan to green) as cement filling intragranular fractures and as 
overgrowth around detrital grains. Note the sharp transitions between different zones and how concentric 
zonation in the overgrowths become progressively brighter from the contact with the detrital grain 
towards the outer surface. 
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Figure 7 Sample H2_1245. High resolution cathodoluminescence image of the contact between detrital 
grains (in orange and red) and the pore filling quartz cement (blue, to cyan and yellow) showing concentric 
zonations marked by sharp increase in luminescence.  
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1.3.2 Trace element concentration 

On the basis of the patterns observed using CL patterns, trace element analysis points and profiles were 
acquired across detrital quartz and areas of various CL intensities in quartz overgrowths (see example in 
Figure 7). 

 

Figure 8 Sample H2_1245. A) Back scattered electron image. Contrast in grey level in the image correspond 
to contrast in atomic number (mineralogy) in the imaged region. White arrows represent the transverse 
location for trace element quantification. B) Cathodoluminescence image of the same region shown in (A) 
highlighting the contrast between detrital quartz (light green, yellow and red grains) and diagenetic quartz 
(dark blue, cyan to green). The white arrows shows the transverse location for trace element quantification 
sampling detrital quartz and diagenetic cement 1 and 2 separated by a sharp boundary of intense 
luminescence. C) Profile of quantification points collected along the white arrow shown in (A) and (B) 
plotting trace element concentration in ppm as a function of distance from the origin of the profile. Note 
the increase in Al and K content of quartz increases by an order of magnitude in the CL-dark band. 

 

The results of a few hundreds of measurements collected on four samples spanning in depth between 812.93 
and 1511 m indicate that in addition to the intensity of luminescence, the main differences between detrital 
quartz and overgrowths are Al and K contents (Figure 8). Fe and Ti concentrations are generally below 
detection limit with the exception of samples H2_812.93 where an average Fe concentration of  850 ppm 
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was measured in diagenetic quartz. Al contents are much higher and more variable in overgrowths than in 
detrital quartz reaching average values of approximately 1500 and 350 ppm, respectively. Where different 
generations of cements can be identified (e.g. samples H2_1245 and H3_1511), each generation of quartz is 
also distinguishable by its trace element content, although error bars are large and overlapping (Figure 8). It 
should be noted that K concentration was not quantified in sample H3_1473 and for the purpose of 
comparing its Al content in quartz with the other samples, Al concentration is plotted as a function of Fe 
instead of K in Figure 8. 

 

Figure 9 Cross plot between Al and K (or Fe for sample H3_1473) concentration in quartz as measured by 
quantitative analysis using electron probe microanalysis. For each sample the average concentration 
derived from a number (N in the figure) of measurements is plotted for detrital (blue circle) and diagenetic 
quartz (orange and grey circles). Error bars in each direction correspond to 1 standard deviation. 

 

 Summary and concluding remarks 

Current theoretical models of quartz cementation highlight the essential role of 1) the surface area available 
for quartz cement growth, and 2) temperature in controlling the extent and rate of quartz cementation 
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(Ajdukiewicz and Lander 2010). It is generally reported that temperatures in excess of 60 to 80°C are required 
to overcome kinetic inhibitions and initiate precipitation of quartz cement on available quartz grain surfaces 
from formation brine in sandstones (e.g. McBride, 1989).. In this sense, it is somewhat surprising to observe 
cement and overgrowths in sample as shallow as 812.93 m (Figure 4) from the Yalgorup Member in the 
Harvey 3 well. Based on a geothermal gradient for the SW Hub area of 22° C km and a surface At that depth 
current temperature of 18° C, temperature at current depth is estimated to be around 35° C, consistent with 
well measurements.  

Palaeo temperatures can be estimated from fluid inclusions trapped in quartz overgrowth and from 
measured vitrinite reflectance data. Based on fluid inclusion thermometry, Bourdet et al. (2017) reported 
trapping temperature of 45° C in a samples of the Yalgorup from Harvey-3 collected from depth of 919 m, 
consistent with current temperature at depth. Average values of maximum vitrinite reflectance (R0 Max) 
measured on sample collected from proximal depth of 789.6 m are 0.29 ± 0.034 % and 0.21 ± 0.03 (see Report 
prepared by Energy Resources Consulting Pty Ltd for the Geological Survey of Western Australia) indicative 
of very shallow (< 1 km) burial (cfr. Suggate, 1998). Further, these values can be converted in palaeo peak 
temperature (Tpeak) using the expression proposed by Barker and Pawlewicz (1994):  

푇 = (ln(푅 ) + 1.68)
0.0124 

Returning Tpeak of 35.7° C consistent with the estimated current temperature at depth of 789.6 m 

These results have important implications in highlighting that at least the upper portion of the Yalgorup 
Member has a burial history that clearly differs from the underlying Wonnerup Member. The latter has been 
shown to have undergone greater than current burial and subsequent uplift (Olierook and Timms, 2016; 
Bourdet et al., 2017; Delle Piane et al., 2018). On the other hand, the fluid inclusion and vitrinite reflectance 
data results collected on the Yalgorup Member indicate that the at least the upper portion of this unit 
formation has not been subject to temperatures or depths that are significantly higher than current. 

(Suggate, 1998).It is also interesting to note that Sample H3_812.93 is the only one having detectable 
concentrations of Fe in quartz, possibly indicating that the fluid from which quartz precipitated had a 
different nature and/or was under different physical conditions with respect to that responsible for the 
cements in the other samples. Previous geochemical studies reported aluminium-containing quartz 
overgrowths in sandstones suggesting that the Al is derived from feldspar dissolution and replacement by 
clay minerals (Demars et al., 1996; Kraishan et al., 2000; Gotte et al. 2013), consistent with the scenarios 
presented in the introduction and in Figure 3. . The current understanding of aluminium incorporation in 
authigenic quartz suggest a strong control of the activity of Al in the aqueous solution which is, at equilibrium 
conditions, determined by the stable Al-mineral, the pH of the fluid and PT-conditions (Rusk et al., 2008; 
Gotte et al. 2016). The change in trace element concentration measured between cement 1 and cement 2 in 
samples  H2_1245 and H3_1511 could be explained with an increase in Al e K concentration in solution 
compatible with a change in thermodynamically stable mineralogical assemblage from quartz + kaolinite to 
quartz + illite related to increase in pH and temperature (Lehmann et al., 2011). 

In summary, the analysis of trace element concentration in diagenetic quartz allows a better understanding 
of the fluid-rock interactions which occurred during diagenesis of the Wonnerup Member in the South West 
Hub area and help paint a consistent picture of chemical modifications in the sandstone across the different 
wells. The observed similar values of trace element concentrations in the small sample population studied 
here is likely reflecting a large scale geochemical connectivity in the upper portion of the Wonnerup Member, 
although this can only be confirmed by the analysis of more samples. 

A final consideration is given to the effect of microstructure and quartz cementation on the physical 
properties of the Wonnerup Member. In the domain of rock physics the nature of grain-to-grain contacts is 
important for understanding a rock’s elastic properties (i.e. elastic wave velocities) and recent research has 
resulted in models to interpret and predict relations between rock properties and the depositional and 
diagenetic processes (e.g. Avseth et al., 2000; Avseth et al., 2009). Figure 10 shows a cross plot of P-wave 
velocity and porosity from wireline log data acquired in the Wonnerup Member section in the Harvey-1 well. 
The negative slope of the data is well represented by a linear fit (not shown in the figure) with regression 
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coefficient R2 of 0.91. Additionally, the figure shows the predictions obtained by various rock physics models 
accounting for diagenetic trends affecting a clean sandstone.  

Notably the Harvey-1 dataset is remarkably well described by the cement contact and the modified Hashin-
Shtrikman models. These relate the increase in elastic stiffness of sandstones, to a decrease in porosity due 
to diagenetic cement filling the crack-like interfaces at the detrital quartz grain contacts (Dvorkin and Nur, 
1996) consistent with the observations of diagenetic quartz shown above. 

  
Figure 10 Cross plot of P-wave velocity as a function of porosity in the Wonnerup section intersected in the 
Harvey-1 well (wireline log data). Also shown are trends predicted by rock physics models .and the Voigt 
and Reuss bounds for mixtures of quartz and water. 

 

Generally, increasing stiffness would result in a better borehole stability and higher fracture pressure, 
meaning that fluid could be pumped into the reservoir at higher pressure at depth with reduced risk of 
initiating brittle failure in the reservoir. On the other hand, the reduction in porosity could negatively affect 
injectivity at depth and maximum flow rates. These trends have been captured by the latest generation of 
reservoir models from Odin and the different tested scenarios show favourable injectivity at depth even 
considering the diagenetic porosity reduction. 
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Part II Capillary 
Pressure  

Dr. Lionel Esteban 

 

 Introduction 

Assessing entry (i.e. minimum pressure at which the non-wetting phase starts to invade to 
pore space) and critical (Maximum pressure that reaches the irreducible water saturation) 
capillary pressure points) at depth are crucial to evaluate the sealing capacity of selected 
intervals in petroleum reservoirs, oil and gas production, free water level in gas/oil reservoirs, 
or for CO2 storage capacity to name a few (Tiab and Donaldson, 2016). Capillary pressure 
curves (or CapPressure) assess the pressure relationship on the fluid(s)-filling pores and the 
displacement of the wetting fluid in the porous media (Washburn, 1921) from a fully saturated 
condition (i.e. lowest pressure applied on the wetting fluid) to the smallest residual fluid 
condition in the reservoir (i.e. highest pressure applied on the wetting fluid). Furthermore, 
the knowledge of how the capillary pressure is related to the saturation in a porous medium 
is useful for characterizing the pore structure of the medium.  

However, as described by Hassler & Brunner (1945) and Slobod et al. (1951) who formulated 
the theory and practice of centrifuge method (step by step sample desaturation by increasing 
the centrifuge speed) to derive capillary pressure curves is costly and time consuming and 
requires discrete solid core samples. Mercury Injection Capillary Pressure (MICP) is also often 
a more “practical” method to quickly derive CapPressure curves, though the method is 
destructive and implies many assumptions about fluid interactions and pore tube-like models 
that are not always appropriate for the tested rocks (Wardlaw and Taylor, 1976; Swanson, 
1981). 

Nuclear Magnetic Resonance (NMR) is a method capable of directly measuring the fluid(s) 
content and its relative distribution in the pore network of the rock. With some basic 
assumptions about mineralogy and fluid-rock interactions, a NMR derived fluid distribution 
can be converted into equivalent capillary pressure curve, similar to MICP. Ideally, NMR can 
be combined with the centrifuge method to measure the water distribution under different 
desaturated conditions in order to improve the accuracy of the computed CapPressure curves 
from NMR using a patented model from Oxford-GIT Ltd company (namely: GIT-Cap model; 
Green et al., 2007). However, combined NMR-Centrifuge methods are not always possible and 
NMR is therefore more commonly calibrated with MICP CapPressure curves (Dunn et al., 
2002). In this later case, MICP-NMR calibration implies several further assumptions through 
the formation depth interval: (i) the transformation from NMR pore body size distribution to 
MICP pore throat size distribution is constant and (ii) the NMR surface relaxivity of the 
minerals is constant. Those two assumptions are not always applicable in clastic reservoirs, 
having varying: (i) grain sizes, or (ii) mineralogy or (iii) cementation. Sub-division of the 
reservoir depth interval into lithofacies or rock type classifications with similar grain size, 
mineralogy and cementation might be required prior applying NMR-MICP calibration.   
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In recent years, wireline log NMR offers the possibility of recording directly along the well 
bore the amount of fluid(s) and the fluid(s) distribution in the pore network, in a similar 
fashion to laboratory core experiments (Freedman and Heaton, 2004; Freedman, 2006). It is 
actually the only log tool capable to directly provide a porosity measurement without 
assumptions or special models. Such direct information down the hole offers the opportunity 
to derive continuous synthetic capillary pressure curves from appropriate NMR 
“transformations” with the help of calibration from available measured CapPressure data. 
Predicting capillary pressure from NMR will provide numerous advantages such as the 
following: (i) a reduced requirement for core sampling; (ii) a greater rock volume measured; 
(iii) can account for heterogeneity along the well bore; (iv) continuous synthetic capillary 
pressure curves along the entire logged section; (v) a non-destructive method; (vi) fast and 
comparatively cheap relative to any other techniques. 

In this section, we propose to use NMR logs acquired in Harvey-1 and Harvey-4 wells to 
produce synthetic CapPressure logs calibrated, when available, with discrete core samples 
measured via NMR and MICP methods in the laboratory. Entry (i.e. minimum pressure at 
which the non-wetting phase starts to invade to pore space) and critical (Maximum pressure 
that reaches the irreducible water saturation) capillary pressure points are then extracted to 
produce a log. Harvey-2 and Harvey-3 do not have NMR logs. An empirical relationship is 
therefore defined between the porosity (and permeability) data as a function of the entry and 
critical capillary pressure points in Harvey-1 and Harvey-4. Such porosity or permeability 
relationship with the entry and critical capillary pressure points is then applied in Harvey-2 
and Harvey-3 wells using their porosity and permeability data to compute the expected entry 
and critical capillary pressure points assuming similar capillary pressure behaviours among the 
Harvey wells.  

The computations of capillary pressure curves imply the contact angle between the rock-air-
brine phases (experimental conditions); and between the rock-CO2-brine phases (conditions 
of a CO2 injection in a brine saturated reservoir). Therefore, along with this work, several 
scenarios of entry and critical capillary pressures point computations were produced using the 
lowest and highest contact angles from literature in a sandstone reservoir to appreciate the 
possible range of capillary pressure variations in the tested Harvey wells. 

 

 CapPressure calibration methodology and materials 

We used NMR relaxation T2 distribution array logs which are available in Harvey-1 and Harvey-
4 wells within the Wonnerup Member (from 1384.1 to 2895 m in H1 though it is not a NMR 
continuous log but composed of 7 depth intervals of about ± 90 m thick; and top of the 
Wonnerup Member only from 1599.06 to 1775 m in H4; See Table 2) to derive capillary 
pressure curve logs where the entry and critical CapPressure points can be extracted. For this 
end, we selected the discrete core samples recovered in Harvey-1 (13 plugs) and Harvey-4 (4 
plugs) that were measured in the laboratory both by NMR and MICP methods in order to 
provide calibration points for the CapPressure logs derived from the NMR logs.  
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Table 2. NMR logged depth intervals within the Wonnerup Member in Harvey-1 (H1) and 
Harvey-4 (H4) wells. 

NMR logged intervals Top depth (m) Bottom depth (m) 

H1-Interval 1 1373.048 1457.477 

H1-Interval 2 1518.209 1578.712 

H1-Interval 3 1684.782 1753.210 

H1-Interval 4 1868.348 1978.457 

H1-Interval 5 2094.586 2129.028 

H1-Interval 6 2187.092 2355.190 

H1-Interval 7 2445.41 2614.879 

H4-interval 1599.060 1772.560 

 

2.2.1 Mercury Injection Capillary Pressure (MICP) 

A total of 13 core samples from the Wonnerup Member in the Harvey-1 well and 1 core 
sample from the Harvey-4 well were selected, as they have both Mercury Injection Capillary 
Pressure (MICP) core data as well as NMR data on the same samples, on in order to produce 
a pressure versus mercury saturation curve and derive pore throat size distributions and 
equivalent capillary pressure curves (Figure 11; Wardlaw and Taylor, 1976). The selected cores 
having MICP data available in Harvey-1 come from Geotech Geotechnical Services PTY LTD by 
GSWA that used a micromeritics Autopore-III porosimeter instrument up to 60,000 psia (or 
413 MPa) to perform mercury injection. Note that Harvey-1 MICP data are already presented 
in Delle Piane et al. (2013)(ANLEC R&D Targeted project 199) and in Olierook et al. (2014). In 
the Harvey-4 well, among the 4 tested plugs, only a single MICP sample coming from the 
Western Australia Department of Mines and Petroleum is in the vicinity of the recovered plugs 
measured for NMR in the laboratory by CSIRO. The MICP sample in Harvey-4 is at 1793.0 m 
(Sample4) while the other four closest NMR samples in Harvey-4 came from 1794.53 to 
1794.57m and 1800.42 to 1800.47m. 

 

The capillary pressure (Pc) is derived following the equation from Washburn (1921):  

Equation 1 

푃 ( ) =
2훾푐표푠휃

푟
≡

107.6
푟

 

Pc(air-Hg) is the capillary pressure of mercury in air (in psi),  is the interfacial tension set at 480 
dynes/cm for mercury moving in air, θ is the contact angle set at 140º for mercury in air on 
quartz mineral, r is the pore throat radii assuming cylindrical pore throat shape (in µm). 

A correction is applied on Pc(air-Hg) to convert into air-brine phases (Pcair-brine) (Kaldi et al., 2011), 
assuming a fully water-wet behaviour contact angle of 0º and an interfacial tension of air-
brine at 72 dynes/cm (Schowalter, 1979 and Daniel, 2005) as: 
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Equation 2 

푃 ( ) = 푃푐( )
[훾푐표푠휃]( )

[훾푐표푠휃]( )
= 푃푐( )

72푐표푠0º
480푐표푠140º

= 0.233푃푐( ) 

 

The same approach was used for CO2-brine phases to be applicable in the context of injecting 
CO2 in water-saturated reservoir in the Wonnerup Member such as: 

푃 ( ) = 푃푐( )
[훾푐표푠휃]( )

[훾푐표푠휃]( )
= 푃푐( )

30푐표푠0º
480푐표푠140º

 

Therefore, 

푃 ( ) = 0.08푃푐( ) 푖푓 푐표푛푡푎푐푡 angle at 0º 

Or 

푃 ( ) = 0.04푃푐( ) 푖푓 푐표푛푡푎푐푡 angle at 60º 

The interfacial tension of CO2-brine is set at 30 dynes/cm as at depth > 1km, the hydrostatic 
pressure is expected > 10MPa which does not impact much on the parameter, regardless of 
the water salinity and assuming a hydrostatic gradient of 10MPa/km (Espinoza and 
Santamarina, 2010). 

Note that contact angle was increased to a maximum of 60º for brine-gas phases in partially 
water-wet conditions (Daniel, 2005) to cover the most possible variations on CO2-brine 
wettability in a complex mineralogical assemblage. Some measured contact angles and 
interfacial tension with CO2-brine were performed in Harvey-3 shaly-sandstones (from the 
Yalgorup Member) that ranged between 11 and 64º and ± 31 dynes/cm under pressure 
respectively. Those values support the choice of the boundaries of contact angle while the 
interfacial tension remains constant from low toward higher pressures (Bourdet et al., 2017). 

Pc(air-brine) and Pc(brine-CO2) versus mercury saturation are then plotted to extract specific 
critical cap pressure points (Figure 11b and Figure 11c) as described by Pittman (1992) and 
H.D. Winland (Amoco Production Company): 

(i) Entry capillary pressure point (Pe), also known as displacement pressure, is the minimum 
pressure where liquid non-wetting mercury starts to invade the pore network. It usually 
appears as the first convex curvature shape of the curve. Some authors pick such point as the 
tangent to the curvature of the curve. Some authors might prefer using 10% mercury 
saturation as the entry pressure definition (Schowalter, 1979). Finally, other authors might 
prefer the conformance correction method (Tiab and Donaldson, 2016; see the dashed curve 
on Figure 11b toward low mercury saturation), defined as the fitting of an exponential curve 
through the data points but the low saturation data point parts (Curved-shape area of the 
curve). The exponential curve is then extrapolated to 0% mercury saturation to extract the Pe 
at quasi 0% saturation. We chose this conformance correction method as our preferred 
method in this study. 

(ii) Critical capillary pressure point (Pc) is the pressure threshold at which point it becomes 
very difficult to inject any further volume of non-wetting liquid mercury. It appears as the 2d 
and maximum curvature point of the cap pressure curves toward high pressures; also known 
as the irreducible water saturation: its tangent represents the critical cap pressure (Pcr). 
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Figure 11. Example of capillary pressure curves from MICP and NMR on the sample 206646 
(Harvey-1 at 1897.91 m) in Wonnerup Member: (a) Calibration of NMR into NMR pore size 
distribution by superimposing it to MICP pore throat size distribution. Equivalent capillary 
pressure curves are produced from MICPair-Hg converted for air-brine wetting phase as 
MICPair-brine and from NMR calibrated with MICP (b) and for brine-CO2 wetting phase (c) 
using a contact angle of 0º (plain curves) and 60º (dashed curves). 
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2.2.2 Low field NMR in laboratory and in well 

The low frequency Nuclear Magnetic Resonance laboratory and NMR log tools are tuned to 
the protonated molecule (H1) occurring in liquid water. The NMR tool firstly aligns all hydrogen 
atoms in the B0 vertical direction (90º) with a primary magnetic field. A radio frequency pulsed 
RF secondary magnetic field B1 is then used to tip the hydrogen atoms at 90º from B0 that 
induces precession of such atoms. Hydrogen atoms precessing, produce a measurable 
magnetic signal that is recorded by the NMR tool. As the hydrogen atoms begin to relax, lose 
momentum, and realigning with the initial B0 magnetic field, the induced magnetisation starts 
to decay till they stop producing a measurable signal. The B1 magnetic field is then pulsed 
again to tip the protons in the opposite direction (180º) realigning the protons and once again 
allowing them to de-phase producing another measurable signal. This tipping cycle is repeated 
numerous times, following the CPMG protocol from the authors Carr, Purcell, Meiboom and 
Gill (Carr, H.T. and Purcell, E.M., 1954; Meiboom, S. and Gill, D., 1958), to produce a train of 
spin-echoes (Kenyon et al., 1995, Coates et al., 1999 and Freedman, 2006) that decay in 
intensity after each cycle generating a full magnetisation decay of the proton in the liquid 
water filling the pores of the rock. 

There are three relaxation mechanisms that cause realignment of the hydrogen atoms with 
the B0 magnetic field: grain surface relaxation (T2s), relaxation by molecular diffusion in 
magnetic field gradients (T2d) and bulk fluid relaxation (T2b) such that: 

Equation 3 

1
푇

=
1
푇

+
1
푇

+
1
푇

 

 

Bulk fluid relaxation is important in large pores (T2b > 3s) and is thus not taken into account 
for NMR measurements as 1/T2b will become extremely small (i.e. negligible) with respect to 
the other following relaxation mechanisms (T2s and T2d << 1s). Relaxation by molecular 
diffusion (T2d) in magnetic field gradients is another possible source of relaxation but it is kept 
to a negligible level by keeping the CPMG echo spacing to a minimum while maintaining a 
small B0 magnetic field. Grain surface relaxivity (T2s) is the desirable parameter – specifically 
the relaxation times that reflect the pore size distributions in the sample. The amplitude of 
the data at these relaxation times represents the water content filling the pores of the rock 
sample. This data is then Laplace inverted to produce a T2 distribution. The T2 distribution 
represents the pore body sizes ranged from the smallest size (being the shortest T2 times) to 
the largest (being the longer T2 times). All the data under the T2 distribution curve (e.g. integral 
of the curve) represents the porosity of the sample (Kenyon et al., 1995, Coates et al., 1999 
and Keating and Knight, 2006). 

 

A 2 MHz NMR Maran ultra-spectrometer from Oxford Ltd was used to record T2 distribution 
in the laboratory on the saturated sample collection. For more details about the settings, see 
Delle Piane et al.( 2013) or Olierook et al. (2014).  

 

The NMR log in the form of the Atlas MREX 26 bins by Barker-Hughes was acquired in the 
Harvey-1 well over the Wonnerup Member at different discrete depth intervals between 1380 
m and 2613.43 m (Table 2). The MREX tool is eccentred with measurement extending radially 
up to a 120º arc on one side of the borehole minimising the effects of borehole conditions. 
The instrument handles borehole diameter > 14.92 cm (5.875 inch) with a penetration into 
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the formation between 5.3 cm (2.1 inch) and 9.65 cm (3.8 inch) (i.e. fully flushed zone). NMR 
data were acquired every 7.62 cm with a maximum speed of acquisition of 6.5m/minutes 
using a minimum echo spacing of 0.3 ms. 

The NMR log in the form of the MRIL-prime (54 bin) from Halliburton was acquired in the 
Harvey-4 well over a continual interval in the uppermost Wonnerup Member from 1599.06 m 
to 1772.56 m. The MRIL is centred and capable to record a NMR response at 360º around the 
borehole with a 14-inch diameter investigation through the formation. NMR data were 
acquired every 1 cm using a minimum echo spacing of 0.5 ms. 

 

2.2.3 Laboratory synthetic CapPressure curves: NMR-MICP 

In the laboratory, the synthetic CapPressure curves are constructed on the premise that there 
is a correlation between pore throat diameter measured by MICP and pore body diameter 
measured by NMR. The NMR T2 distribution is constructed using a number of pre-set T2 times 
when amplitude is recorded depending on the relaxation signal from the rock volume. These 
T2 measurement times and resultant amplitudes are then plotted as the inverse of the T2

 time. 
Thus, they are plotted from long relaxation times to short relaxation times (large pores to 
small pores) reflecting the MICP injection curves (large pore throats to small pore throats). 
The T2

-1 time was converted to a pore throat diameter using Equation 4 (Washburn, 1921; 
Volokitin et al., 2001; Figure 11a). The T2

-1 time was multiplied by a conversion factor (i.e. 
offset) from pore body diameter to pore throat diameter. This value is estimated by 
comparing the MICP curves with the NMR synthetic MICP curves. An offset of ~ 7 was 
required. It is noted that the pore body to pore throat relationship will differ between shaly-
sandstone and sandstone formations. The amplitudes for the entire T2

-1 distribution at each 
depth were cumulated and each individual amplitude for each T2

-1 time was calculated as a 
percentage of the cumulated amplitude for the entire T2

-1 distribution. This provides the 
equivalent of percentage mercury saturation (Figure 11b). 

 

Equation 4 

푃표푟푒 = 푇 ∗ 휌  

 

with pore throat size (Porethroat) diameter (in μm), T2 (in s) and T2 is the conversion factor from 
pore body to pore throat, or the so-called surface relaxivity of T2 NMR (in µm/s).  

 

The NMR surface relaxivity from Equation 4 can be calculated from Equation 5. The critical 
pressure corresponding to the pore throat of the main population (Pcr) and the corresponding 
critical T2 of the main T2 population (T2cr) were used to compute the NMR surface relaxivity 
(Equation 5). Assuming dominance of quartz minerals in the Wonnerup Member, the 
literature values of T2 range between 0.9 and 11.7 µm/s (Fleury et al., 1996; Katika et al., 
2016), which is within the same range we computed from the few samples available in Harvey-
1 and Harvey-4 computed at around 6.5 µm/s.  

Equation 5 

휌 =
(훾푐표푠휃)
푃 .푇
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with T2 for the NMR surface relaxivity (in µm/s),  is the interfacial tension (in dynes/cm) , θ 
is the contact angle (in degrees), Pcr (in psi) and T2cr (in s) are the pore throat and T2 time of 
the main population in MICP and NMR T2 distribution respectively. 

 

2.2.4 Synthetic CapPressure curves from NMR logs 

An optimal calibration value lies in the NMR cutoff for bound water against saturation at in-
situ reservoir pressure. The cutoff is meant to be extracted from saturated and desaturated 
rock at a specific capillary pressure to separate mobile formation water from irreducible 
water. While such a desaturation method is achievable in the laboratory, it is impractical in 
the field.  

On both NMR array logs in the Harvey-1 and-4 wells, Interactive Petrophysics version 4.5 
(from Senergy software Ltd.) was used to process the T2 distributions and transform them into 
capillary pressure curves via NMR interpretation module. The conversion of NMR into 
CapPressure curves was performed from the “one point Pc calibration” approach using an 
offset and gain tuning procedure to overlap the MICP pore throat distribution over the 
equivalent NMR T2 distribution at the same depth, before applying the Equation 4 in 
Interactive Petrophysics software. In the Wonnerup Member, the required offset and gain to 
match MICP and NMR are presented in the following Table 3. Those offset values correspond 
to the laboratory calibrations of ~7.   

  

Table 3. Summary of Pc calibration offset and gain applied on NMR using MICP pore throat 
distribution to convert NMR T2 distribution into capillary pressure curve in Wonnerup 
member (Havey-1 and Harvey-4 wells). 

Phases Contact angle (º) Offset Gain 

Air-Brine 0 7.4 3.2 

CO2-Brine 0 6.5 3 

CO2-Brine 60 6.3 3 
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 Results and discussion  

2.3.1 Laboratory calibration 

MICP and NMR lab data were processed on the same samples collected from the Harvey-1 
well. In Harvey-4 well, MICP and NMR samples are not exactly at the same depth interval, it is 
therefore just an attempt of capillary pressure curve extraction in this well to allow discussion 
and evaluate the range of values for comparison purpose from a well to another. We also 
remind the reader that proposed CO2 injection zone from ANLEC is much deeper than the 
current top of Wonnerup penetrated in Harvey-4 well. The extracted information from MICP-
NMR data are: (i) extract the Pe and Pcr from MICP for air-brine and converted to CO2-brine 
phases; (ii) Convert an NMR T2 distribution into an NMR absolute pore body size distribution 
calibrated by MICP and (iii) extract Pe and Pcr from NMR for air-brine and convert that to CO2-
brine phases. Figure 12 presents the capillary pressure curves directly derived from laboratory 
MICP (Figure 12a) and NMR data (Figure 12b) on the tested sample set. In Harvey-1, the NMR 
and MICP CapPressure curves are very similar in shape, though some CapPressure curves 
derived from NMR have a sigmoid-shape toward residual water saturation < 10%. It is possible 
that NMR spectroscopy could not resolve very small pores existing in some samples, leading 
to sigmoidal CapPressure curve shapes in those samples. Other authors also claimed that 
sigmoid-shaped CapPressure curves can be related to mercury compression effects at high 
pressure (Tiab and Donaldson, 2016). In Harvey-4, the MICP is quite different from the NMR 
despite calibration with MICP data. We remind the reader that tested NMR samples are not 
from the exactly same MICP sample depth intervals. Different lithology or facies could explain 
the discrepancies despite only small depth interval differences. We therefore prefer to rely 
on data from Harvey-1 only for CapPressure points from the NMR dataset in both Harvey-1 
and -4 wells. 

The conversion from Air-Brine to CO2-Brine phases was done using an extreme water wet 
contact angle of 0º and a maximum contact angle of 60º for CO2-Brine phases found from 
literature to evaluate the range of CapPressure variations. The effect of the phase types and 
contact angle is presented in Figure 13 using the Figure 12 while colouring the envelop of the 
sample collection for each type of phase mixture and contact angle computation. The drop 
from air-brine to CO2-brine is quite important, lowering the general CapPressure curve by at 
least one order. Within the same phase mixture of CO2-brine, the contact angle has small 
effects. For example, by increasing the contact angle from 0º to 60º will lower the CapPressure 
curves about 50 %. The measured contact angles from previous work in the Yalgorup Member 
(Harvey-3 well) were ranging between 11º and 64º under pressure (Bourdet et al., 2017). 
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Figure 12. Laboratory capillary pressure curves on samples from the Wonnerup Member in 
Harvey-1 and Harvey-4 wells: (a) CapPressure from MICP in Harvey-1; (b) CapPressure from 
NMR calibrated to MICP in Harvey-1 and (c) CapPressure from MICP and NMR calibrated to 
MICP in Harvey-4. 
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Figure 13. Laboratory capillary pressure curve envelops on samples from the Wonnerup 
Member in Harvey-1 and Harvey-4 wells using Air-Brine 0º contact angle (Black envelops), 
CO2-Brine 0º contact angle (Dark grey envelops) and CO2-Brine 60º contact angle (Light grey 
envelops): (a) CapPressure from MICP in Harvey-1; (b) CapPressure from NMR calibrated to 
MICP in Harvey-1 and (c) CapPressure from MICP and NMR calibrated to MICP in Harvey-4. 
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The Pe and Pcr were extracted from MICP and calibrated-NMR with MICP derived CapPressure 
curves from Figure 12. As observed from the similar cap pressure curves between MICP and 
NMR methods, the extracted Pcr values show a linear relationship (Figure 14) validating the 
NMR CapPressure calibration for this purpose such as: 

 

Equation 6 

푃 ( ) = 0.69푃 ( ) + 237 for Air-brine phases 

or 

푃 ( ) = 0.79푃 ( ) + 퐴 for CO2-brine phases 

with A at 50 for 0º and 100 for 60º contact angle; the critical capillary pressure point Pcr is in 
psia. 

 

By way of comparison, the relationship between Pe and Pcr (Figure 15) is similar between 
the Wonnerup and Yalgorup Members in the Harvey-1 well from both MICP and NMR 
methods and show a linear law function as: 

Equation 7 

푃 = 64푃 + 118 

with Pcr and Pe the criticial and entry capillary pressure point in psia. 

 

The reason for this equation is that Pe is usually the easier and most common parameter 
extracted from the capillary pressure curves while the Pcr might not be as easy to 
extract/evaluate as the capillary pressure can become unstable when approaching the 
irreducible water saturation. It can be therefore a useful equation to have in hand, to directly 
assess the critical capillary pressure point Pcr from Pe. Note, however, that the shaly 
formations such as paleosols or swamp facies usually occurring in the Yalgorup Member can 
generate some variability due to the intrinsic complexity of the MICP/NMR laboratory 
measurements resulting from fluid-clay interactions. 
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Figure 14. Quality check of critical capillary pressure point extracted from MICP and NMR 
calibrated with MICP dataset in Wonnerup Harvey-1 sample collection using Air-Brine 0º 
contact angle (blue symbols), CO2-Brine 0º and 60º contact angle (orange and red symbols 
respectively). 

 

Figure 15. Critical versus entry capillary pressure points extracted from MICP and NMR in 
Harvey-1 sample collection. The circle symbols are data extracted from MICP CapPressure 
curves while triangle symbols are data extracted from NMR cap pressure curves. Note that 
Yalgorup data were added for information to only compare with Wonnerup Member.  
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From the computed Pcr and Pe dataset, an empirical correlation with common parameters 
such as porosity and permeability was extracted to facilitate entry & critical capillary pressure 
predictions from porosity and/or permeability logs data where no NMR log data is available 
such as in Harvey-2 and -3 wells. Typically, the gas porosity and permeability under in-situ 
stress conditions were measured (see Pervukhina et al., 2017 for more details) and compared 
to the extracted Pcr and Pe recorded from the same samples in Harvey-1 (Figure 16). As 
previously observed, the Yalgorup and Wonnerup members follow the same trend (e.g. grey 
and red symbols are aligned on the same trend). Both Pcr and Pe follow an exponential law 
with the porosity (Figure 16a) while following a power law with the permeability (e.g. triangle 
symbols for Pe and circle symbols for Pcr; Figure 16b). 

 

The two empirical fitting laws for Harvey wells are: 

With porosity: 

Equation 8: 

푃푐푟 = 126582푒 ø   

푃푒 = 85푒 . ø  

with Pcr and Pc in psia and porosity ø in %. 

 

With permeability: 

 

Equation 9: 

푃푐푟 = 1092푘 .  

푃푒 = 10.92푘 .  

with Pcr and Pc in psia and permeability k in mD. 
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Figure 16. Relationship between critical (Pcr; circle symbols) and entry capillary pressure 
point (Pe; triangle symbols) with gas porosity (a) and gas permeability (b) in Wonnerup (red 
symbols) and Yalgorup (grey symbols) from the Harvey-1 well.  
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2.3.2 Log analysis 

The CapPressure curves were generated from NMR logs in Harvey-1 and Harvey-4 wells. 
Figure 17 shows an example of CapPressure curves plotted every 1 meter in Harvey-1 within 
the Wonnerup Member after calibration for CO2-Brine using a 60º contact angle. The curves 
are color-labelled based on the amount of movable free water content from NMR analysis 
(FF) and based on the irreducible clay bound water from NMR (CBW). The color-labelling helps 
to visualize that CBW constraining the high capillary pressure domains (or Pcr) such that more 
CBW increases the Pcr. Water is trapped by clay minerals that prevents water from moving 
further into the pore network. The mobile water (FF) constrains the low range of capillary 
pressure domains (or Pe) such that more FF decreases the Pe. Coarse grains or any inter-grain 
pore spaces provide sufficient spaces for water to move. The more space available, the easier 
it is for the water to move inside the pore network. In other words, low Pe and low Pcr would 
define a clean sandstone type of rock while the opposite high Pe and high Pcr define clay rich 
clastic rocks towards shale.   

Following the empirical relationship of entry/critical CapPressure points extracted 
from calibrated laboratory data (Equation 8 and Equation 9), the Pe and Pcr were produced 
from the composite porosity and permeability logs at in-situ conditions (see Pervukhina et al., 
2018 for more details) and compared to the extracted Pe computed from the produced 
capillary pressure curves from NMR logs in Harvey-1 and Harvey-4 (Figure 18 and Figure 19). 
Several entry and critical CapPressure points were computed: 

• Air-brine phases with 0º contact angle. Tracks 4 and 5 

• CO2-brine phases with 0º contact angle. Tracks 6 and 8 

• CO2-brine phases with 60º contact angle. Tracks 7 and 9 

The effect of the contact angle between 0º and 60º on Pe and Pcr was also computed in tracks 
10 and 11 respectively.  

 

As expected, the tighter the intervals are (i.e. lower porosity/permeability), the higher are 
the Pe and Pcr. Generally speaking, the Pe and Pcr derived from porosity are much lower 
than those recorded from the permeability method for a CO2-brine mixture (Table 4 and 
Figure 22). The whole average within the Wonnerup Member depth interval shows that Pe is 
around 2 psi in both Harvey-1 and Harvey-4 wells while Pcr is around 200 ± 100 psi in 
Harvey-1 and 600 ± 200 psi in Harvey-4. All the intervals with porosity > 12% record a Pe that 
is similar between porosity and NMR log methods. Only a specific interval in Harvey-1 [2300-
2600m] where porosity is < 10% records a Pe from NMR that is slightly lower than Pe 
extracted from the porosity method (Figure 18). Thus, over the reservoir sections the 
porosity method seems to be a good approach to predict Pe from Equation 8 (and if 
required Pcr as well using Equation 7) showing similar results to the NMR approach (Table 4; 
Figure 18 and Figure 19). Applying such Pe and Pcr predictions from interpreted porosity and 
permeability log data on the Harvey-2 and Harvey-3 wells (Figure 20 and  

Figure 21), the Pe is around 4 psi and 1 psi respectively. Pcr is much higher in Harvey-2 at 
around 5000 ± 2000 psi, while it is only around 50 ± 20 psi in the Harvey-3 well. The Harvey-2 
and Harvey-3 wells have limited wireline logs available with often poor quality log data that 
reduce the certainty on interpreted porosity and permeability logs and so too the Pe and Pcr 
predictions. As such the predictions should only be seen as a rough estimate for guidance and 
comparisons from a well to another.    
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Table 4. Summary of the extracted entry and critical capillary pressure points (Pe and Pcr respectively; in psi) in the four Harvey wells from porosity, 
permeability and NMR logs. Note that only Pe was extracted from NMR logs in Harvey-1 and Harvey-4 wells for CO2-brine phases mixture. Average and 
associated standard deviation is a basic arithmetic computation of all the data points available within the Wonnerup Member intersected by the log data. 

  
Air-Brine with contact angle of 0º CO2-Brine with contact angle of 0º CO2-Brine with contact angle of 60º 

W
ell Parameters 

Pcr 
from 
poros
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ility 

Pe 
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permeab
ility 

Pcr 
from 
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Pe 
fro
m 
N

MR 

Pcr 
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ity 

Pcr 
from 

permeab
ility 

Pe 
from 
poros

ity 

Pe 
from 

permeab
ility 

Pe 
fro
m 
N

MR 

1 Average (psi) 889 5968 6 173 323 1723 2 63 0.9 162 862 1 31 0.3 

1 
Standard 
deviation (psi) 4111 179591 5 6236 1495 52687 2 2268 0.5 747 26344 1 1134 0.2 

2 Average (psi) 
1968

9 4993 15 157 7160 1462 5 57 NA 3580 731 3 29 NA 

2 
Standard 
deviation (psi) 

4570
3 229230 30 8742 

1661
9 67998 11 3179 NA 8310 33999 6 1589 NA 

3 Average (psi) 191 5165 2 171 70 1518 1 62 NA 35 759 0 31 NA 

3 
Standard 
deviation (psi) 2070 284677 3 11313 753 84827 1 4114 NA 376 42414 1 2057 NA 

4 Average (psi) 2293 685 6 7 834 185 2 2 0.2 417 93 1 1 0.1 

4 
Standard 
deviation (psi) 

1390
5 487 11 5 5056 132 4 2 0.1 2528 66 2 1 0.1 
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Figure 17. Capillary pressure curves derived from NMR log in Harvey-1 using calibrated 
laboratory data for CO2-brine with 60º contact angle. Those curves are colour-labelled based 
on the amount of mobile water (FF; top graph) and based on the amount of clay bound 
water (CBW; bottom graph). Note how the FF controls the low-pressure range (i.e. close to 
full saturation) while the CBW controls the high-pressure range (i.e. close to the lowest 
saturation). 

 

Harvey-1 CapPressure from NMR log
(NMR mobile water colour-labelled)

Harvey-1 CapPressure from NMR log
(NMR clay bound water colour-labelled)
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Figure 18. Capillary pressure logs analysis in Harvey-1 well, Wonnerup section. Track 1 is the depth along the Wonnerup Member. Porosity and 
permeability computed from wireline logs in tracks 2 and 3 were used to predict entry and critical capillary pressure (Pe and Pcr) using Equation 8 and 
Equation 9 in the following tracks. Tracks 4 and 5 are Pcr and Pe for Air-brine phases using a 0º contact angle (dark green curves are derived from 
permeability while the light green curves are derived from porosity). Tracks 6 and 8 are Pcr and Pe for CO2-brine phases using a 0º contact angle while 
tracks 7 and 9 used a maximum 60º contact angle (blue curves are derived from permeability and red curves are derived from porosity). Tracks 8 and 9 
also have Pe extracted directly from NMR derived CapPressure curves at 0 and 60º contact angles respectively for CO2-brine phases (green curves). The 
tracks 10 and 11 represent the difference between 0 and 60º contact angles effect on Pcr and Pe respectively. The red shades are derived from porosity 
computation while the blue shades are derived from permeability computation. 
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Figure 19. Capillary pressure logs analysis in Harvey-4 well, Wonnerup section. Track 1 is the depth along the Wonnerup Member. Porosity and 
permeability computed from wireline logs (see ANLEC R&D Project 7-0115-0241) in tracks 2 and 3 were used to predict entry and critical capillary pressure 
(Pe and Pcr) using Equation 8 and Equation 9 in the following tracks. Tracks 4 and 5 are Pcr and Pe for Air-brine phases using a 0º contact angle (dark green 
curves are derived from permeability while the light green curves are derived from porosity). Tracks 6 and 8 are Pcr and Pe for CO2-brine phases using a 
0º contact angle while tracks 7 and 9 used a maximum 60º contact angle (blue curves are derived from permeability and red curves are derived from 
porosity). Tracks 8 and 9 also have Pe extracted directly from NMR derived CapPressure curves at 0 and 60º contact angles respectively for CO2-brine 
phases (green curves). The tracks 10 and 11 represent the difference between 0 and 60º contact angles effect on Pcr and Pe respectively. The red shades 
are derived from porosity computation while the blue shades are derived from permeability computation. 
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Figure 20. Capillary pressure logs analysis in Harvey-2 well, Wonnerup section. Track 1 is the depth along the Wonnerup Member. Porosity and 
permeability computed from wireline logs (see ANLEC R&D Project 7-0115-0241) in tracks 2 and 3 were used to predict entry and critical capillary pressure 
(Pe and Pcr) using Equation 8 and Equation 9 in the following tracks. Tracks 4 and 5 are Pcr and Pe for Air-brine phases using a 0º contact angle (dark green 
curves are derived from permeability while the light green curves are derived from porosity). Tracks 6 and 8 are Pcr and Pe for CO2-brine phases using a 
0º contact angle while tracks 7 and 9 used a maximum 60º contact angle (blue curves are derived from permeability and red curves are derived from 
porosity). Tracks 8 and 9 also have Pe extracted directly from NMR derived CapPressure curves at 0 and 60º contact angles respectively for CO2-brine 
phases (green curves). The tracks 10 and 11 represent the difference between 0 and 60º contact angles effect on Pcr and Pe respectively. The red shades 
are derived from porosity computation while the blue shades are derived from permeability computation.
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Figure 21. Capillary pressure logs analysis in Harvey-3 well, Wonnerup section. Track 1 is the depth along the Wonnerup Member. Porosity and 
permeability computed from wireline logs (see ANLEC R&D Project 7-0115-0241) in tracks 2 and 3 were used to predict entry and critical capillary pressure 
(Pe and Pcr) using Equation 8 and Equation 9 in the following tracks. Tracks 4 and 5 are Pcr and Pe for Air-brine phases using a 0º contact angle (dark green 
curves are derived from permeability while the light green curves are derived from porosity). Tracks 6 and 8 are Pcr and Pe for CO2-brine phases using a 
0º contact angle while tracks 7 and 9 used a maximum 60º contact angle (blue curves are derived from permeability and red curves are derived from 
porosity). Tracks 8 and 9 also have Pe extracted directly from NMR derived CapPressure curves at 0 and 60º contact angles respectively for CO2-brine 
phases (green curves). The tracks 10 and 11 represent the difference between 0 and 60º contact angles effect on Pcr and Pe respectively. The red shades 
are derived from porosity computation while the blue shades are derived from permeability computation.



58   |  The Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member 

 

 

Figure 22. Statistical summary of the extracted entry and critical capillary pressure points (Pe and Pcr) 
within the Wonnerup Member from the four Harvey wells using porosity, permeability and NMR logs 
computations. Computations for Air-brine and CO2-brine phases with 0º and 60º contact angles are 
presented. 
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 Summary 

Four wells from Harvey were analyzed for capillary pressure in the Wonnerup Member. We remind that 
only Harvey-1 intersect the whole Wonnerup Member depth interval while the other wells only intersect its 
top. Harvey-1 and Harvey-4 only have NMR logs that were transformed into capillary pressure curves using 
calibrated laboratory NMR data from MICP data from Harvey-1 well only. Such transformation was done for 
air-brine and CO2-brine fluid mixtures using water wet 0º contact angle and a maximum contact angle of 
60º to take in account mineralogy variations and interactions with CO2 within the Wonnerup Member. Entry 
and critical capillary pressure points (Pe and Pcr respectively) were extracted from derived NMR capillary 
pressure curves to produce a log. Pe and Pcr were also extracted from the laboratory data (NMR and MICP) 
to extract a relationship with porosity and permeability data to propagate in wells where NMR logs are not 
available (Harvey-2 and Harvey-3). In other words, this method, though it is only calibrated for Harvey-1 
well, offers the possibility to derive entry (and critical) capillary pressure from porosity logs in other Harvey 
wells assuming similar facies behavior from well to another in the Wonnerup Member. Pe and Pcr 
predicted from porosity seems to match quite well the Pe and Pcr extracted from NMR capillary pressure 
curves with superposition of the green and red curves in Figure 18 and Figure 19, though intervals with 
lower porosity (< 12%) in Harvey-1 well show a small over-estimation (Figure 18). The overall average 
results of Pe in the Wonnerup Member using CO2-Brine derived from continuous log of porosity (0º and 60º 
contact angle - Figure 22) show very small entry capillary pressure over the whole Harvey wells with Pe < 5 
psi. Such low values support the choice of using Pc = 0 as a most conservative case from the simulations 
done by the SW Hub. The critical capillary pressures Pcr tend to show a much higher capillary pressure 
behavior in Harvey-2, followed by Harvey-4 and -1 while Harvey-3 has the lowest capillary pressure 
behavior (i.e. a low capillary pressure results is easy to move fluids): 

• Pe(CO2-brine) from porosity using 0º and 60º contact angles are very low in all the wells (< 5 psi): ~ 5 psi 
in Harvey-2; ~ 2 psi in both Harvey-1 and Harvey-4 wells; and ~ 1 psi in Harvey-3. 

• Pcr(CO2-brine) ~ 5000 ± 2000 psi in Harvey-2; ~ 600 ± 200 psi in Harvey-4; ~ 200 ± 100 psi in Harvey-1; and 
50 ± 20 psi in Harvey-3. 

 

The overall evolution of capillary pressure with depth in the Wonnerup Member intervals in the Harvey 
wells is described as follows: 

• Harvey-1 is homogeneous with a steady increase of capillary pressure with depth, though the interval 
2300-2600 m records about five times higher capillary pressures. 

• Harvey-2 is homogeneous however, some rare thin beds of very high capillary pressures occur (1 order 
higher). 

• Harvey-3 is homogeneous but the top interval 1425-1450m records one order higher capillary pressures 
than the rest of the interval. 

• Harvey-4 is the most homogeneous from an entry capillary pressure point of view but quite 
heterogeneous from a critical capillary pressure point of view up to three orders variations within the 180 
m depth interval. The Figure 17b showed that irreducible water (and so the critical capillary pressure) is 
governed by the clay bound water from NMR log data. The observed heterogeneities in the seismic data in 
this location might reflect the occurrence of variable clay content occurrence within the Wonnerup 
Member in Harvey-4 which does not seem to be as much as variable in the other wells.  
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Part III Modelling and 
Simulation 

Dr. Ludovic Ricard & Dr. Julian Strand 

 Modelling Context 

The South West Hub (SW Hub) project focuses on CO2 storage potential within the saline aquifer of the 
Lesueur Sandstone. The envisaged storage complex is composed of the Yalgorup and the Wonnerup 
members, with the primary container in the Wonnerup Member. In the absence of an extensive regional 
seal, the trapping of CO2 is expected to occur via local capillary forces (e.g. mobile CO2 trapped under a local 
intraformational seal, referred further as capillary trapping), residual, and dissolution trapping.  

There are three overarching questions that are generally considered essential to the SW Hub project, and 
these are equally important to establish the technical feasibility of any CO2 storage project: 

 Does the primary storage unit have the capacity to store the volume of CO2 required? 
 Can the storage unit accept injection of CO2 at the rate supplied by the capture source(s)? 
 Will the storage unit be able to retain (contain) all injected and displaced fluids? 

The SW Hub storage project is located in a ‘green field’ area with very limited well coverage. Hence, the 
uncertainty regarding the three key aspects of storage suitability (capacity, injectivity and containment) is 
relatively large. Modelling and simulation can be employed to better understand the impacts of the 
uncertainty by examining the sensitivity of storage dynamics to the interpreted range of possible reservoir 
properties. In the modelling strategy the above key questions can be reformulated as: 

 Capacity: How much CO2 can be trapped and to what extent are the different trapping mechanisms 
(residual, capillary, and dissolution) contributing? 

 Injectivity: Can the target reservoir accept the mass of CO2 without reaching the upper BHP limit fixed 
by the fracture threshold pressure? 

 Containment: How far will the CO2 plume move vertically before it is stabilised? 

Since the initial concept developed in Varma et al., 2009, multiple modelling studies of CO2 sequestration at 
the site have been performed considering commercial scale injection or in order to address specific 
challenges associated with the storage itself (see Appendix A for a list of previous work). While initial studies 
show a relatively homogeneous Wonnerup Member, recent work has demonstrated that different levels of 
heterogeneity can be observed as well as a regional diagenetic trend resulting in decreasing reservoir 
properties such as porosity and permeability with depth. Hence, there are remaining questions regarding a) 
the role of the local heterogeneity and b) the impact of vertical and lateral anisotropy in reservoir properties 
on the migration of the CO2 plume. Previous modelling studies (Appendix A) were performed for three 
purposes: 1) Assessing uncertainties and sensitivities using scenarios of commercial scale injection, 2) 
answering research questions to do with the detectability of the plume for monitoring, the most economical 
injection scenario, and different ways to estimate vertical permeability; and 3) investigating alternative 
modelling concepts such as percolation theory.  

The aim of this modelling section is bi-fold and developed in two separate sections:  
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 Analytical model: A one dimensional storage assessment building on the initial concept study by 
Varma et al., 2009 from the perspective of the Harvey-1 well (the original study was done on Lake 
Preston 1 and Cockburn 1 more than 20 km away) focussing on issues relating to capacity, injectivity 
and containment, and their dependency on depth within the Wonnerup Member.  

 Numerical simulations: An investigation of the potential impacts of sedimentological anisotropy in 
the Wonnerup Member on plume development. 

In the later modelling section, several facies schema, developed from core descriptions and petrophysical 
analyses of the SW Hub wells are examined. These have been presented in detail, including the electro-facies 
schema developed, as part of milestone 3 of this project. Additionally, the capillary pressure interpretation 
of the previous section of this report is used to estimate the height of CO2 column that can be trapped by 
capillary seals. 

 One dimensional study of the SW Hub CO2 storage concept 

Prior to performing detailed numerical simulations, a purely vertical numerical model was built. The aim of 
this one dimensional study is to form an initial understanding of the principles that effect capacity, 
containment and injectivity in the reservoir interval before introducing further complexity like heterogeneity. 
The concept being, that if we are to understand the effects of geological heterogeneity, we need to first 
understand model sensitivity to basics such as temperature, pressure, salinity.  

3.2.1 Inputs for one dimensional study 

Temperature datasets (Figure 23) for the depth interval of interest are available only in the form of bottom 
hole temperature (BHT) measurements from wireline logs at Harvey 1, Harvey 2 and Harvey 4. Despite the 
number of dynamic/uncorrected temperature data, there are not enough known parameters to derive in-
situ formation temperature data from these BHTs. Therefore these values were regarded as minimum known 
formation temperature. Allowing for the uncertainty in the temperature dataset, two formation temperature 
gradients (20 and 25 °C/km) are considered for further analysis. Li et al. (2016) suggest a 20 °C/km 
temperature gradient with a reservoir temperature of 69 °C at 2500 m. 

Three water samples were acquired in Harvey 4 from Modular Formation Dynamic tests (MDTs). While these 
samples were concluded to have some contamination with mud filtrate, estimation of formation salinity was 
41,000 ppm at 1632 m (in the Wonnerup Member). Based on these measurements at Harvey 4, the reservoir 
pressure is expected to be approximately hydrostatic. 

The compartmentalization and possible aquifer support in the Wonnerup Member is unknown as an 
extended well test is yet to be performed. Fault interpretations within the Wonnerup Member suggest faults 
are non-sealing with respect to across fault flow and compartmentalisation is not likely (Langhi et al., 2013).  
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Figure 23. Vertical distribution of temperature (left) for all Harvey wells (all temperature measurements 
are bottom hole temperature) and pressure (right) at Harvey 4. 

At least two different interpretations of porosity and permeability trends correlated with depth have been 
derived for the Harvey 1 well (Figure 24). The first is interpreted from the different wireline logs available 
including NMR and calibrated to core data (Pervukhina et al., 2018). The second interpretation was provided 
by ODIN reservoir consultants (ODIN, 2016). A comparison of both interpretations and the porosity and 
permeability relationships are explained in Pervukhina et al. (2018). When both estimates are compared, the 
porosity interpretations exhibit a very similar depth related reduction trend, however, the ODIN (2016) 
porosity estimates are on average lower than the Pervukhina et al. (2018) estimates. Likewise, both 
permeability estimates exhibit a depth related reduction trend, however, the rate of permeability reduction 
with depth is different. Table 5 shows estimates of porosity and permeability from the two different 
interpretations at the same depth in the Harvey 1 well. The porosity and permeability trends exhibit a zone 
of higher values between 2,600 and 2,800 m. It is unclear if this higher porosity and permeability zone is 
localised to Harvey 1 or whether it can be found in the entire SW Hub area since no other well has been 
drilled to the bottom of the Wonnerup Member in the area of interest. Similarly, despite the availability of a 
few measurements on vertical and horizontal permeability on cores and estimation at micro-CT scale 
(Ahmed, 2017), the vertical anisotropy of permeability at the formation scale is largely unknown.  
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Figure 24. Porosity and permeability from the Harvey 1 well only for the Wonnerup Member (top 
Wonnerup Member identified at 1380 m and the base at 2900 m). (Left) Porosity data and trends versus 
depth. (Right) Permeability data and trends versus depth. For both graphs, the blue crosses are the wireline 
interpretation presented in Pervukhina et al. (2018), the orange line is the wireline interpretation from 
ODIN (2016). The red line refers to the trend 1 analysis and the light blue line refers to trend 2 analysis for 
each interpretation respectively. The higher perm between 2600-2800 m appears to coincide with the 
Estimated V2 interpretation (orange line).  
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Table 5. Average values of porosity and permeability at Harvey 1, Interpetation 1 corresponds to Pervukhina et al. 
(2018), Interpretation 2 is from ODIN (2016). 

Depth 
(m) 

Porosity 
(%) 

Permeability 
interpretation 1 

(mD) 

Permeability 
interpretation 2 

(mD) 

1500 19 3573 137 

1750 16 275 78 

2000 14 42 42 

2250 13 12 21 

2500 12 5 10 

2600 11 3 37 

2750 11 2 16 

3000 9 0.24 1 

 

Extensive SCAL steady-state and unsteady-state relative permeability measurements have been recently 
performed and a comprehensive review and new interpretation by ODIN Reservoir Consultants conclude that 
for the Wonnerup Member, the Brook-Corey model for relative permeability with 휆 = 1.2 (Figure 25) 
provides a match to the measurements (ODIN reservoir consultant, pers. coms, May 2018). There is a 
negligible hysteresis observed for the wetting phase (formation water) where the maximum CO2 saturation 
is about 0.5 and the residual CO2 saturation is approximately 0.25.  
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Figure 25. Relative permeability curves for the Wonnerup Member based on Harvey 1, 3 and 4 core analysis 
(ODIN reservoir consultant, pers. coms, May 2018). 

3.2.2 CO2 properties at reservoir temperature and pressure conditions 

The Wonnerup Member at the SW Hub site spans between approximately 1500 m to 3500 m below ground 
level. We investigate further the CO2 migration of the CO2 plume during injection and during post-injection 
phases. The physical properties (computed using NIST, 2018) of supercritical CO2 for the depth interval of 
interest are presented in Figure 26 for hydrostatic pressure, and for two estimates of temperature gradients 
of 20 and 25 °C/km. For a given temperature gradient, density and viscosity depth profiles do not vary 
significantly with depth. However, respective density and viscosity profiles differ significantly from 16 to 25 
% and from 20 to 38 %. Water density for the depth considered varies from 996 to 980 kg/m3 and water 
viscosity ranges from 0.6 to 0.35 cP. Hence as expected, the supercritical CO2 is buoyant and the viscosity 
ratio favours CO2 fingering. The computation of the solubility coefficient (using Chang et al., 1998) for the 
range of pressure and temperature considered, as well as three different values of formation water salinity 
are presented in Figure 27. As the salinity of the formation water increases, the solubility of CO2 in the water 
decreases. 
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Figure 26. CO2 properties at reservoir temperature and pressure conditions. 

 

Figure 27. Dissolution of CO2 in formation water for different values of water salinity and reservoir 
temperature gradients. 

3.2.3 Injection profile 

The first aspect of this one dimensional desktop study is injectivity. Mathias et al. (2008, 2009) have 
developed an analytical model to predict overpressure associated with CO2 injection. The model estimates 
the pressure build-up from reservoir conditions on a discrete basis. Here, it is applied to the entire Wonnerup 
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Member at a vertical spacing of 1m assuming the local reservoir conditions and various aquifer thickness 
sizes as defined in the formulae. It provides an estimate of the evolution of the injectivity versus depth. This 
model does not account for temperature effects. 

Estimates of reservoir pressure change with depth as a function of the permeability trends are presented in 
Figure 28. We investigate an injection scenario fitting for a commercial scale project as per the injection of 
800,000 t over 30 years (24 Mt in total) for a single well. The Mathias et al., (2008, 2009) formulae assumes 
an aquifer thickness used partly as the perforation interval. The overpressure estimates using permeability 
trend 1 are larger than the allowed maximum injection pressure (defined as 90% of the fracture pressure 
estimated using a gradient of 12 kPa/m, not corrected for injection temperature effects). A key parameter is 
the reservoir volume connected to the well. Reservoir injection pressures (Figure 28) for several values of the 
aquifer thickness, as defined above show that an aquifer thickness less than 400 m does not allow the 
injection of the total amount of CO2. Below the high permeability zone, in all cases the pressure reaches the 
maximum pressure threshold. Moreover, the presence of a high permeability zone is required to reach 
injectivity in the case of permeability trend 1. 

  

Figure 28. (Left) Injection pressure as a function of the permeability trend. (Right) Injection pressure for 
permeability trend 2 for different aquifer thicknesses. 

 

3.2.4 Residual and dissolution trapping 

In the absence of an extensive reservoir seal, the trapping of CO2 is expected to occur via capillary, residual 
and dissolution trapping. The mass of CO2 that can be immobilised by each of these mechanisms is dependent 
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on the volume of the reservoir that is contacted by the plume of CO2 as it migrates through the reservoir. 
Hence, trapping is maximised by maximising CO2 sweep efficiency. 

Given a volume of rock 푉  with a homogeneous porosity ф and assuming it is subjected to maximum CO2 
saturation 푆  with a supercritical density of 휌  and viscosity 휇 , the mass of CO2 residually trapped can be 
estimated by the following formula: 

 (1) 

Hence, the CO2 supercritical saturation reaches maximum CO2 saturation in the entire volume of rock.  

In the same volume of rock, the supercritical CO2 will dissolve in water according to the solubility 푆  of CO2 
in water for the volume of water occupied: 

 (2) 

For the migration of CO2 under buoyancy forces and neglecting capillary forces, the CO2 velocity can be 
expressed as: 

     (3) 

with        (4) 

where water density is 휌 , 푘  is the vertical permeability and 푔 is the gravitational constant. The end point 
relative permeability 푘  at maximal supercritical CO2 saturation is used. 

Based on the previously calculated CO2 properties at in-situ conditions and fluid-rock reservoir properties 
from Harvey 1, estimates of the bulk reservoir volume required to allow storage of 1 ton (and 24 Mt) of CO2  
at maximum saturation and including dissolution at a given depth are shown in Figure 29 using the equation 
below: 

    (5) 

  with 푆  the maximum saturation       

It can be observed that the required reservoir volume increases with depth; at 3,000 m it represents twice 
the 1,500 m volume estimate. At 2,400 m depth, 500 m3 of reservoir bulk volume are required to allow for 
the storage of 24 Mtons of supercritical CO2. This is equivalent to a cylinder with an 800 m radius and 250 m 
height or a cylinder with a 1,500 m radius and 71 m height. In this case, the reduction in volume due to 
dissolution trapping represents less than 4% of the total volume. This volume provides a minimum estimate 
of the trapped CO2 footprint using only residual and dissolution mechanisms. 

The SW Hub project is not relying on an extensive and competent seal which can provide a structural trap to 
store the CO2. However, even if no continuous seal is present, capillary forces in the reservoir counteract the 
viscous forces of the buoyant CO2 plume. The effect of local capillary trapping is discussed in the next section. 

Residual and dissolution trapping capacity were estimated for an elementary volume of 1 m3 (Figure 30) for 
two different temperature profiles, estimated previously, and three different estimates of water salinity 
(20,000, 30,000 and 41,000 ppm). Residual trapping reduces with depth from 36 kg/m3 at 1,500 m to 16 kg/ 
m3 at 3,000 m because of the porosity reduction with depth. The impact of the temperature on the residual 
trapping is less than 10% of the total trapping volume. Dissolution trapping reduces as a function of depth 
from 4 kg/m3 at 1,500 m to 2 kg/m3 at 3,000m because of the porosity reduction with depth. The variation 
of dissolution trapping is negligible as a function of temperature but significant as a function of water salinity. 
For high water salinity (41,000ppm), the dissolution trapping represents only 10 % of the total trapping 
volume. For lower water salinity (20,000 ppm), the dissolution trapping represents 12.5 % of the total 
trapping volume. 

푇 = 휌  푆 ф푉  

푇 = 푆 휌 (1 − 푆 )ф푉  

푉 =
푘 .푘  
휇

∆휌.푔 

∆휌 =휌 -휌  

푉 =
푀푎푠푠  

휌 ф 푆 + 푆 (1 − 푆 )
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Assuming a CO2 plume located at 3,000 m, migrating solely vertically due to buoyancy, and not subject to 
capillary trapping, the cumulative trapping capacity for an elementary surface of 1 m2 over the interval 3,000 
m to 1,500 m is about 25 tons. Reservoir temperature and formation water salinity have less than 5% effect 
on the total cumulative trapped capacity (solely residual and dissolution trapping). We define the trapping 
capacity density as the cumulative mass of CO2 trapped from the depth of injection to the top of the storage 
complex for a vertical section of the reservoir by unit of area. The larger the trapping capacity density the 
better. By definition this value is variable depending on the injection depth, the porosity trends and the 
trapping parameters (residual saturation and dissolution). 

Based on the above properties and assuming a vertical anisotropy ratio of 0.1, the pure vertical migration 
velocity can be estimated as a function of depth (Figure 31). Velocities for both permeability trends are 
estimated for the two temperature profiles previously presented. Differences between the velocity profiles 
are significant in the shallower part of the Wonnerup Member and in the deepest section of the Wonnerup 
Member where both trends have different permeability estimates. The reservoir temperature has a 
negligible effect on the vertical plume velocity. The vertical velocity varies from 1mm/day to 10m/day for the 
depth range of 3,500 m to 1,500 m. 
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Figure 29. (Left) Bulk reservoir volume required to store 1 ton of supercritical CO2 at maximum saturation 
at reservoir conditions. (Right) Reservoir volume required to store 24 Mtons of CO2 (commercial scale).  

 

Figure 30. Temperature profile, residual trapping, dissolution trapping and total trapping capacity for an 
elementary reservoir volume of 1m3 for two different temperature and three different water salinities. 
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Figure 31. (Left) Vertical plume velocity profile for permeability trends 1 and 2. (Right) Vertical plume 
velocity profile for different values of the anisotropy ratio for permeability trend 2 and a temperature 
gradient of 25 °C/km.  

Trapping capacity and time to reach the top of the Wonnerup Member have been estimated for three 
injection depths for both permeability trends (Figure 32,   
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Table 6 and Table 7). The trapping capacity density is not directly affected by the permeability.  

The total trapping capacity from the injection point to the top of the Wonnerup Member is dependent on 
the injection depth and increases with depth. Assuming a vertical permeability anisotropy ratio of 0.1, the 
vertical migration velocity is very slow at depth and increases towards shallower parts in the Wonnerup 
Member. Hence an injected volume of CO2 at 3,000 m will migrate very slowly but is also likely to be available 
as mobile CO2 (  
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Table 6). At shallower injection depths, the CO2 density is lower hence a much larger surface area is required 
to store the CO2 over the same thickness. However, due to the larger plume volume, dissolution and residual 
trapping are more prominent than at greater depth, resulting in less mobile CO2 (  
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Table 6 and Table 7).  

Purely relying on residual and dissolution trapping for vertical migration of a 24 Mt CO2 plume injected at 
3,000 m, an area of 0.9 km2 is required (Table 7) which corresponds to 5 cylinders of 250 m radius and the 
whole 1,500 m being occupied by the trapped CO2. By injecting the CO2 shallower, the surface area required 
is increased as is the number of the same-size cylinders. However, the trapping of the entire CO2 plume occurs 
much faster. 

 

 
 

 

Figure 32. (Top) Trapping capacity, vertical migration time as function of depth and trapping versus time 
for three different injection depths (2,000 , 2,500 and 3,000m) for permeability trend 1 (top) and 
permeability trend 2 (bottom). Horizontal axis for the middle and right graphs are lognormal. 
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Table 6. Trapping capacity evolution along time and depth as a function of injection depth (for permeability trend 2). 

Injection depth 
(mTVD) 

Trapped capacity (out of 
total capacity) (%) 

Time to trap 
(years) 

Top plume 
depth (mTVD) 

2000 

10 13 1940 

50 50 1730 

90 70 1540 

2500 

10 95 2380 

50 260 1940 

90 315 1580 

3000 
10 1200 2800 
50 1560 2140 
90 1665 1610 

Table 7. Impact of trapping capacity on plume surface area and migration time (for permeability trend 2) with an 
arbitrary value of 250m plume radius 

Injection 
depth (m) 

Trapping capacity 
per m2 (tons) 

Vertical 
migration 

time (years) 

Surface area required 
for commercial scale 

(km2) 

Number of wells 
required with 250m 

plume radius 

2000 16 75 1.5 (disc with 860m 
radius) 7 

2500 30 320 0.8 (disc with 640m 
radius) 4 

3000 40 1700 0.6 (disc with 550m 
radius) 3 

 

3.2.5 Capillary forces 

Even if no continuous seal is present, capillary forces in the reservoir counteract the viscous forces of the 
buoyant CO2 plume and result in a decrease of previously presented vertical migration velocities. Capillary 
pressures have been estimated from the interpretation of MICP and NMR datasets (see previous section of 
this report). Hence the local changes of pore size and associated capillary entry pressure can be used to 
evaluate the contribution to the total trapping of CO2. The Harvey 1 dataset presented in the previous section 
of this report can also be interpreted as height of CO2 column that can be held due to capillary forces (Figure 
33). It can be estimated that as much as 38.5 kg/m3 can be trapped by a capillary forces assuming that a) the 
change in capillarity is only controlled by depth, b) the Wonnerup section intersected at Harvey 1 is 
representative of the Wonnerup Member in the area of interest, c) the Wonnerup Member can hold 1 m of 
CO2 column every 10 m (Figure 33) and d) considering the previously estimated CO2 density and reservoir 
porosity. This leads to an additional 5 tons of trapping capacity for an injection depth of 3,000 m. The capillary 
forces are more efficient than dissolution as a proportion of the total trapping capacity. This assumption is a 
best case scenario since the lateral extent of the capillary seals are unknown. 
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Figure 33. Height of CO2 (m) associated with capillary entry pressure measurement from NMR wireline log 
interpretation (presented in previous section from Harvey 1), (left) depth profile, (right) histogram. 

 

3.2.6 Discussion 

This one dimensional study investigates the concept of CO2 vertical migration at the SW Hub project using 
available data across the Wonnerup Member in the area of interest. This study assumes the Wonnerup 
Member to be homogeneous laterally and that only vertical heterogeneity exists.  

The injectivity study shows that horizontal permeability is critical for injectivity and the two different 
permeability trends have different injectivity behaviours. For an injection rate of 800,000 tpa over 30 years, 
the low permeability trend results in a pressure which exceeds the permissible injection pressure, however 
this is not the case for the second trend. The high permeability zone at the bottom of the Wonnerup Member 
interpreted in the second trend is necessary for the injection of a commercial size plume deep in the 
Wonnerup Member. As the reservoir permeability presented above is higher at shallower depth than at 2,400 
m, the injectivity is less constrained. The thickness and connectivity of the aquifer plays a significant role for 
injection at that depth. A parallel study performed by ODIN in 2018 considering 3D geological modelling and 
a lower permeability trend than is presented as trend 2 shows that injectivity can be achieved with a trend 
lower than trend 2 presented above. 

Once injected, the injected CO2 can occupy as much as 500 Mm3 of reservoir volume at maximum saturation.  

Under vertical migration alone, the main trapping mechanisms (according to Figure 32,   
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Table 6 and Table 7) are residual trapping (80%), followed by capillary trapping (11%) and dissolution trapping 
(9%). In these conditions, the trapping capacity density is about 40 t/m2, leading to a surface area of 0.6 km2 
with the entire thickness of the Wonnerup Member used. Such a case is the best case scenario were the 
maximum pore volume is used at maximum efficiency for trapping. Hence it provides a minimum footprint 
for the CO2 plume. 

The porosity trend (diagenesis and compaction) with depth controls the variations in the trapping capacity 
profile and the trapping capacity density. Over the considered depth range, the porosity varies by 50% when 
other parameters such as CO2 density varies only by 5%. The uncertainty of the temperature gradient is 
associated with a 10% uncertainty in CO2 density and therefore trapping capacity. The uncertainty in 
formation water salinity results in a large uncertainty with respect to the dissolution coefficient, however 
overall dissolution trapping represents only 9% of the total trapping capacity. As expected, porosity and 
residual CO2 saturation are critical parameters for CO2 trapping. The trapping capacity density is highly 
variable depending on the depth of injection. Hence, an injection at 2,000 m has a third of the trapping 
capacity compared to an injection at 3,000m. However, the CO2 is trapped faster (because it migrates 
vertically faster) when injected shallower. Hence, at a given depth, if more than the local trapping capacity 
density is reached, then there will be some CO2 still mobile, which will not be trapped within the Wonnerup 
Member under the assumptions above. Of course, the local heterogeneities will impact the trapping capacity 
and the migration will not be purely vertical in reality. 

The vertical migration velocity is highly dependent on the CO2 density, the vertical permeability and the 
capillary forces.  

Overall, the storage of a commercial scale CO2 plume at the SW Hub is reliant on a trade-off between the 
timing of the trapping, the depth of injection and the local reservoir injectivity. If the high permeability zone 
at the bottom of the Wonnerup Member is regionally extensive, then injectivity and high trapping capacity 
can be achieved. If this is not the case, then the next interval of choice for injectivity is at 2,400m and above 
achieving only two thirds of the maximum capacity. The trapping also occurs more rapidly at that depth, 
reducing the mobile CO2 life span. 

In the next section we examine in more depth the impact of different forms of heterogeneity on the plume 
distribution and injectivity. 

 

  



78   |  The Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member 

 Investigating vertical anisotropy 

The previous part of this study presents the trapping of CO2 under solely vertical migration and highlights 
that in the absence of an extensive regional seal, the mass of CO2 that can be trapped is dependent on the 
volume of the reservoir that is contacted by the plume of CO2 along the migration pathway. Hence, trapping 
is maximised by maximising CO2 sweep efficiency. Calculations presented in the conceptual cases show that 
a reservoir volume in the order of at least 500 Mm3 (or a surface area of at least 0.6 km2) is required to trap 
800,000 t per year for 30 years under pure vertical migration. 

The average vertical thickness of the Wonnerup Member in the study area is approximately ~1,500 m. In 
order to exploit as much of the rock volume for storage as possible, there is a desire to enhance lateral plume 
spread within the storage complex. This can be by way of geological features effecting a vertical capillary seal 
(permeability anisotropy, aquifer size, etc.) or engineering solutions (injection at several lateral locations 
from deviated or horizontal wells to redirect the plume laterally, etc.). In this work, only the impact of 
geological features is considered. 

The aim of this section is to investigate the role of vertical heterogeneities on the overall subsurface storage 
process in the Wonnerup Member. 

 

3.3.1 Maximising lateral migration 

Taku Ide et al. (2007) demonstrated that a low rather than a high gravity number (Ng) during the CO2 injection 
phase enables a wider spread of the CO2 plume at the injection. 

푁 = ∆       (7) 

where 푘  is the vertical permeability, ∆휌 is the fluid density difference, 퐴  is the surface area, 휇 is the 
supercritical CO2 viscosity and 푄  is the injection flow rate. Green and Ennis-King (2010) demonstrated that 
the presence of impermeable barriers combined with low gravity number is favourable for increasing the 
lateral footprint of the plume as well as increasing the vertical migration time. It was also demonstrated that 
the presence of permeable baffles results in locally increasing the CO2 saturation towards its maximum 
theoretical value, hence increasing the resulting residual CO2 saturation and the residual and dissolution 
trapping during the drainage-imbibition cycle. The increased capillary entry pressure of a baffle also 
contributes to the local structural trapping of CO2 in a mobile/free form.  

In the context of the injection of CO2 in the Wonnerup Member, the vertical profiles of density difference 
and viscosity do not change significantly (Figure 26). Hence the variations of gravity number with depth are 
likely to be dependent on the vertical permeability and injection flow rate at the given depth. Both have 
opposite effects. The injectivity profile is dependent on the horizontal permeability, the vertical thickness 
and the reservoir volume available at a given depth (where the pressure build-up can diffuse), as highlighted 
in the previous section.  

To investigate the range of injectivity achievable and the plume distribution during the injection process, a 
series of numerical simulations were performed. 

 

3.3.2 Influence of vertical permeability anisotropy and vertical heterogeneity 

As discussed in the previous section, the interpretations of the Harvey 1 wireline logs show a decreasing 
trend in the porosity and permeability with depth as well as a zone of higher permeability between 2,600 
and 2,800 m. It is unclear if this zone is present only in the vicinity of Harvey 1 or whether it can be found in 
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the entire SW Hub area. Two additional uncertainties are the vertical permeability and the aquifer support 
which are largely unknown.  

To investigate these aspects, numerical flow simulations were performed on a 3D cylindrical grid (Figure 34) 
spanning from 0.07 m to 1,000 m maximum radius and from 1500 m to 3,000 m depth centered on a well 
having the Harvey 1 porosity and permeability trends. The vertical resolution is 10 m. The grid comprises 20 
cells radially, 8 cells in the theta direction (one cell = 45 degree angle) and 150 cells in the vertical direction. 
The injection interval is set from 2,700 to 2,950 m. An injection of 50 kT per annum for 30 years is used. 
Aquifer pressure support was implemented from above (assuming a 200 m reservoir with the same 
properties as the last cell of the model), below (assuming a 200 m reservoir with the same properties as the 
last cell of the model) and the side (variable) of the model. For this study, all full-reservoir simulations are 
run using the reservoir simulator Tempest-MORE. Results were analysed and displayed using Tempest-View, 
the Matlab Reservoir Simulation Toolbox 2017b (Lie et al., 2012) and CSIRO proprietary post-processing and 
visualization algorithms. The CO2 properties (formation volume factor and viscosity) were derived from the 
Span and Wagner (1996) equation of state. The solubility model of Chang et al. (1998) was used to derive the 
necessary values as a function of pressure, temperature and formation water with salinity of 30,000 ppm. 

 Scenario 1: 

The first scenario considers a pessimistic case in which no discrete low permeability barriers exist in the 
Wonnerup Member. Hence the model is constructed similar to a “tank” and injected CO2 is assumed to largely 
migrate upwards vertically under buoyancy, more or less unimpeded. In this case we only investigate the 
effects of vertical to horizontal permeability ratio and vertical trends. Four models were investigated in this 
scenario. The first model uses the first permeability trend (Figure 24) for horizontal permeability with the 
vertical to horizontal permeability ratio of 1. The second model uses the same trend with the vertical to 
horizontal permeability ratio of 0.1. The third and fourth models use the second permeability trend with the 
vertical to horizontal permeability ratio of 1 and 0.1, respectively. 

For the model with a Kv/Kh ratio of 1 (Figure 35) the CO2 plume reaches 145 m laterally from the well during 
injection and then starts vertical migration up to 2,465 m depth. In the model with Kv/Kh ratio of 0.1, the CO2 
plume reaches further laterally to 233 m and vertically only reaches2,635 m depth after 1,000 years. During 
the post-injection phase the CO2 plume does not change laterally but migrates vertically, up to 2,100 m for 
model 1 and 2,605 m for model 2. For the first model, the CO2 reaches residual saturation along the lateral 
edges of the plume. As the CO2 migrates upwards it is trapped by dissolution and residual trapping starting 
from the edges to the well. The plume then has a conic shape centred on the well.. 

For model 3 (Figure 36) the CO2 plume migrates 233 m laterally during injection then migrates vertically to 
2,145 m. In the second model, the CO2 plume reaches further laterally to 233 m and vertically only reaches 
2,545 m. During the post-injection phase the CO2 plume does not change laterally but migrates vertically, up 
to 1,700 m for model 3 and 2,485 m for model 4. For model 3, the CO2 reaches residual saturation along the 
lateral edges of the plume. As the CO2 migrates upwards it is trapped by dissolution and residual trapping 
starting from the edges to the well. The plume then has a conic shape centered on the well. In model 4, 
during the post-injection, the CO2 plume still migrates vertically with the local variation of vertical 
permeability creating a second disc of CO2 saturation between 2,545 and 2,485 m. As the perforated interval 
is vertically thicker than the high permeability zone, different penetration depths of the CO2 plume laterally 
into the reservoir can be observed in Figure 36. 
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Figure 34. Numerical grid illustrating the injection interval in red. 
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Figure 35. Vertical cross-section of the CO2 saturation for model 1 (top) and model 2(bottom) at the end of 
injection (left) and 100 years since start of the simulation (right). 
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Figure 36. Vertical cross-section of CO2 saturation for model 3 (top) and model 4 (bottom) at the end of 
injection (left) and 100 years since start of the simulation (right). 

 

 Scenario 2:  

The wireline log analysis presented in previous reports (Dance et al., 2017) have characterised different facies 
schemes. Five different facies schemes have been interpreted from the Harvey 1 well (Figure 37). Of these, 
three (as 1, 2 and 3 in figure 38) have depth coverage for more than 1,000m. The number of discrete facies 
defined within each of these schemes is variable. Thus to compare the different facies schema we regroup 
the discrete facies into 3 categories for the simulation that are relevant to reservoir quality: high energy 
deposition sand (good reservoir), low quality baffle (high permeability and leaky), and medium quality baffle 
(lower permeability and less leaky than low quality baffle). A value of vertical anisotropy expressed as Kv/Kh 
ratio was then assigned to each of these categories (in red in Figure 37). Vertical permeability profiles (Figure 
37) were estimated using horizontal permeability trend 2 and the Kv/Kh ratio multiplier associated at a depth 
corresponding to each facies. The minimum cell size dictates that the facies are at least 10 m thick. The 
profiles of vertical permeability derived from Facies scheme 1 and 2 are not very different. The facies schema 
2 has a more frequent occurrence of medium quality baffles throughout the section, and the resulting vertical 
permeability is overall lowest of the three. The vertical permeability profile from facies scheme 1 has frequent 
medium quality baffles towards the base of the section with some lower quality baffles at the top. In contrast, 
facies scheme 3 has the lowest number of medium quality baffles with only two interpreted towards the top 
of the section.  
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Three simulation models (one for each facies schema) of CO2 injection were performed for the same 
parameters as the previous simulation scenario. 

At end of injection, the CO2 saturation for facies model 1 (associated to facies number 1) shows a plume 
centered on the well (within 375 m with more than 30% saturation at 233 m). The vertical migration is limited 
to larger than 2,575 m depth. Facies model 2 shows a similar CO2 plume distribution. Facies model 3 shows 
a very different distribution, the plume does not extend further laterally than the other models and more 
vertical migration has occurred with the plume reaching as high as 2,500 m depth at end of injection. 

At 100 years since the start of simulation, the plume distribution for facies models 1 and 2 are very similar, 
the top of the plumes are within +/-10 m of each other (note this is within one cell vertical height of 10m). 
Hence the difference of vertical permeability between the Facies scheme 1 and 2 does not seems to play a 
critical role in the migration of the CO2. The results from the simulation of facies 3 shows a vertical migration 
much more pronounced with the top of the plume reaching as high as 2,400 m depth. The amount of mobile 
CO2 at that time is much less than in the case of facies 1 and 2 Due to the addition vertical migration. 

In summary, facies 3 has far fewer medium quality baffles than facies 1 and 2 (Figure 37), hence the vertical 
permeability is overall much higher (due to a vertical harmonic averaging resulting from the flow in the 
vertical direction) which then contributes to a greater vertical migration distance. Facies 1 and 2 have very 
similar facies classification for baffles, hence very similar resulting CO2 plume distribution. 

 

 

Figure 37. (Left) 3 Facies schemes selected for models (Fig. 43 in Dance et al., 2017) (Right) Vertical 
permeability depth profiles for selected facies models. 
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Figure 38. CO2 distribution after 30 years injection (left) and 100 years since start of injection (right). 
Simulation results from Facies Model 1 (top row), Facies Model 2 (middle row) and Facies Model 3 (bottom 
row). 
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 Sedimentological heterogeneity 

Core extracted from the Harvey-1 to 4 boreholes and FMI logs from Harvey-1 and 4 indicate that the 
Wonnerup Member in the project area is a uniformly coarse-grained fluvial sandstone. In the cores fluvial 
architecture at the bedding scale is dominated by foresets and analysis of proposed analogues for the 
Wonnerup Member suggest that larger channel-scale erosional features will be present. It is important to 
test whether there is any possibility that the foresets or the larger bedding / erosional structures of the 
formation might impact the development of a CO2 plume. In order to perform this analysis a series of fine-
scale models were constructed to test the potential for foresets to influence flow. Subsequently reservoir-
scale models were created to investigate impact of the foresets on flow observed at the small scale integrated 
into the reservoir-scale sedimentary architecture.  

3.4.1 Small-scale heterogeneity 

Observations of permeability anisotropy were described in the milestone 2 report of this project (Ahmed, S. 
and Dance, T., 2017). The anisotropy could be attributed to centimetre scale cross-bedding features, or 
foresets, related to the sedimentological processes during deposition.  The foresets in the Wonnerup 
Member are such a dominant feature it is worth investigating whether they can possibly produce any sort of 
flow anisotropy (Rubin, 1987; Pickup et al., 1994; Scheibe and Freyberg, 1995; Wen et al., 1998; Ringrose et 
al., 2003; Jackson et al., 2005; Ma et al. 2008). Can such strongly defined sedimentary features influence CO2 
plume development within the reservoir? A series of small-scale 1 cm3 (1 x 1 x 1 cm) cell models were devised 
to test, in their most basic form, whether there are any sedimentary structures of the foresets that could 
impact the local scale flow of CO2. Models were constructed in a manner that their permeability can be 
varied, decreasing perpendicularly to both the foresets and to the bedding. In addition to varying the 
permeabilities in relation to the foresets and bedding, several morphological features of the foresets were 
tested: width, thickness (between foresets), dip, planarity / lunacy (figure 40). 

 

Figure 39. Examples of small scale foreset structures modelled. These models are all 1 m x 1m x 0.2 m with 
1cm3 cells. The top and base of each model represent bedding. The yellow to brown colour scheme 
illustrates high to low permeability in these models. The models are arranged to illustrate the different 
foreset properties, clockwise; a) is a laminar bedding model contrasting with b) which is a model with 
widely spaced foresets, which contrasts with c) which has more narrowly spaced foresets. Model d) has 



86   |  The Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member 

increased foreset dip compared to model c). Model e) has had the forset orientation modified with respect 
to model d). Models f) and g) illustrate more planar and more lunar foresets. 

A vertical succession of foreset dominated beds is presented in Figure 39. As water flows over a ripple, grains 
are eroded from the stoss side, carried up to the crest, and either avalanche down the lee side or are carried 
downstream in the fluid. The steep drop-off on the lee side causes the main body of the flow to "separate" 
from the bed and a recirculating eddy to form on the lee side of the ripple. In each depositional episode 
coarser grains are predominantly deposited first with the finest grains deposited last, this results in lower 
permeability towards the lee of the foreset in addition to vertical fining. The resulting heterogeneity 
distribution in the foreset dominated unit is such that the largest grain size (hence permeability and porosity) 
contrast exists between the lower, up-flow direction portion of the foreset and the outer, down-flow 
direction portion adjacent to forset plane itself. For the above cases (excluding laminar bedding), this pattern 
of multiple bed deposition creates an overall pattern approximating stacked, flattened, rhombohedral shapes 
in cross-section and “pipe” shapes perpendicular to the deposition direction (Figure 41).  

For the overall structure of stacked foresets as depicted in Figure 41, permeability variation along the X1 and 
X3 directions is similar alternating inner and outer foresets. Permeability along these directions up-scales as 
harmonic average (normally representative of perpendicular to layering) of the inner and outer permeability. 
Permeability along the X2 direction up-scales as an arithmetic average (normally representative of parallel 
to layering). Hence, an overall permeability anisotropy can be predicted between the X2 (high permeability 
and arithmetic averaging) and the X1 and X3 directions (series of low and high permeability with arithmetic 
averaging). Hence the direction of deposition of the foreset as well as the permeability contrast within the 
foreset would inform the overall anisotropy of a stacked-foreset structure.  

 

Figure 40. Example of a deposition of several layers of foresets. Rainbow colour map is indicative of 
permeability contrast (red is high permeability, purple is low permeability). 
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3.4.2 Wellbore-scale analysis 

The Harvey-4 well has an image log dataset interpreted for planar data, bedding, foresets, fractures, etc. 
(almost 4000 data in all – Roestenburg 2015). The data has bedding and foreset information (913 foreset 
measurements for 155 m of intersected Wonnerup Member). Image log interpretation data was compiled to 
enable testing of whether the simulated flow seen at the small scale has any influence at a reservoir scale.  

When binning the data into 0.5 m thick units to facilitate analysis at the desired scale foreset dip directions 
are seen to change significantly between adjacent units. 50% of the forset dip orientation changes between 
beds exceed 80o, as such forset dip orientation changes can be used to define bedding. Foreset orientation 
within each layer has been used to modify the x and y-direction permeabilities.  

Within the image log data there are also intervals which have no foresets, these intervals corresponding to 
channel lag deposits where predominantly coarse sands sit over an erosional base. These layers have 
isotropic x and y-direction permeability. When directly compared to the known core sedimentological 
interpretation, the image log interpretations are seen to over-represent units without foresets. The Harvey-
4 image log interpretation is, however, very detailed and such over-representation is therefore minimised. 
18.5% of the Wonnerup Member in the Harvey-4 image log has no recorded foresets. 

As the well-bore scale analysis does not take into account the lateral extent of the facies, for the purpose of 
simulation, it was used as the starting point of a large-scale model. The vertical stacking patterns and bedding 
dips were constrained by the well-bore scale analysis, however the lateral extent of sedimentology / 
erosional structures of the formation cannot be derived from well data. As there are only well based data for 
the Wonnerup Member and seismic methods have proven unreliable at imaging individual facies bodies 
(Milestone 4 report), in order to account for the effect of larger scale sedimentological / erosional features 
the use of analogues is required. 

3.4.3 Analogue models 

A relevant example for both of these reservoirs can be observed in the geomorphology of the Brahmaputra 
River. 

The Brahmaputra-Tsangpo River has a total length of over 3,800 km, becoming the Brahmaputra for the last 
quarter of its length. From the point it becomes the Brahmaputra River with the confluence of several 
tributaries at the eastern tip of Assam it occupies a linear, first-order channel 10-15 km wide which runs WSW 
through Assam turning south when it reaches Bengal (Figure 42). 
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Figure 41. The course of the Brahmaputra River is indicated by the white arrows, the arrow to the SW in 
Bangladesh (a) indicates it confluence with the Padma Ganges that to the NE in Assam (b) indicates the 
confluence of the Tsangpo, Dibang, Sohit and several smaller rivers forming the Brahmaputra River. The 
white box indicates the location of the satellite images in subsequent figures and is ~30 x 30 km. The choice 
of location is based on the quality and quantity of imagery available. Yellow lines are international 
boundaries (red, disputed). 

The Brahmaputra is the 10th largest river globally by mean discharge (19,800 m3/s) and marginally the largest 
contributor to the Ganges-Brahmaputra System. The mean discharge is a particularly poor measure in the 
case of the Brahmaputra where peak discharge can exceed 100,000 m3/s and commonly falls to under 2,000 
m3/s at the end of winter (Bangladesh Bureau of Statistics, 1997).  

Satellite images are available in Google Earth, a sequence of annual images are available for the location 
indicated in figure 42 where the Brahmaputra flows from western Assam province into Bangladesh. It should 
be noted that the satellite images are all taken at the same period of the falling stage of the river. How 
representative this may be for long term depositional trends (1000s of years) is unclear, however the photos 
do at this stage give an excellent indication of the proportions of bars to channels in a braided fluvial system 
(figures 43 and 44). 
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Figure 42. The yellow bar marking the width of one of the main channels is 1 km. The white box is 4 x 4 km 
indicating the size of the large-scale models of the Wonnerup Member in this report. The first order 
channel runs towards ~210o, the yellow arrows indicate examples of local occurrence of channels which 
flow in different in orientations to the first order channel. The green polygons are the only vegetated areas 
within the first order channel which remain undisturbed from 1987 to 2016, these constitute ~1 % of the 
total area. On any reasonable geological timeframe the odds of preserving a palaeosol in this environment 
approaches zero. 
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Figure 43. Annotation is as for figure 43. It is worth noting that in 2016 the 1 km scale bar (previously shown 
in Fig 43) is now largely over an island with a palaeosol developing and partially over a minor channel. 
Following this location through the 30 year interval the scale bar goes from marking the width of a major 
channel to being entirely over an island before reaching its 2016 mixed state. 

Within the 10+ km first-order channel, three or four major channels on the order of 1-2 km width exist. 
Additionally, at any time there are a handful of channels on the order of a few hundred meters. Channels 
under a hundred meters width are observed appearing to run in the course of formerly large, abandoned 
channels. Large channels have been recorded exceeding 80 m in depth. Channel orientations overall at the 
point of observation are ~210o, but it should be noted that this is +/- ~130o. Plotting the vegetation over the 
interval between the first and last aerial photos reveals that only two small patches of vegetation remain 
through the thirty year period covering an area of 2-3 km2, which is about 1% of the area of the first-order 
channel. 
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While considering the characteristics of the Brahmaputra it should be kept in mind that the course of the 
river has changed drastically in recent centuries. Before an earthquake related major avulsion in 1762 the 
river ran east of Dhaka joining the Meghna River (Figure 42), subsequently its course moved ~80 km 
westwards, discharging into the Padma branch of the Ganges. 

3.4.4 Reservoir-scale models  

The goal of the reservoir-scale modelling is to investigate the spatial extent of the reservoir architecture of 
the Wonnerup Member, e.g. foreset dip orientation, foreset bedding interaction that might have an impact 
on CO2 plume migration. Or alternatively, at the reservoir scale, the Wonnerup Member is relatively 
homogenous, with poro-perm variations more dependent on diagenesis, cementation, compaction and 
deformation (cataclasis / fractures). The modelling was conducted using a regular grid of 4 x 4 km, with 20 x 
20 x 2 m cells. The models were derived from the Harvey-4 image log interpretation data and the well-bore 
scale model. The model location is hypothetical and none of the existing Harvey wells are included in this 
model. The parameters that are varied in this modelling exercise are: channel orientation, width, curvature, 
depth profile, and fill facies. Permeability is mapped into the models constrained by the results of the facies 
distribution (figure 46).  

The modelled channels are oriented with a mean direction of ~080o overall orientation to match the 
Wonnerup Member (un)rotated data (Roestenburg 2015) as opposed to following the Brahmaputra River 
flow direction towards ~210o. In all other respects the channel parameters are designed to replicate those of 
the Brahmaputra, the orientation of the channels are given a standard deviation of 60o which is large enough 
to replicate the extreme orientations (+- ~130o) of flow directions observed in the Harvey-4 image log data 
and the Brahmaputra River satellite images. These flow direction parameters are not varied between the 
models. 

As opposed to the flow direction, channel width input was varied throughout the modelling. The properties 
of the channel curvature, depth, and profile are to some degree dependant on the width of each channel. 
Like the channel orientation, the channel widths are modelled as a normal distribution with the standard 
deviation being used to vary the widths. The distribution is clipped with a minimum channel of 10 m, which 
is academic as this is below cell resolution, but statistically will slightly skew the normal distribution.  

The models assume that channel depths approximately scale linearly with width. Randomly selected lookup 
tables are then used to vary channel profiles between more stepped or smoother cross-sections. Channel 
curvature / straightness is also varied in relation to on channel width. Brahmaputra River satellite imagery 
indicated that the larger channels curve on a scale larger than the 4 km x 4km model, effectively being linear 
to gently curving through the model. Smaller channels are given smaller radius curves.  
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Figure 44. Modelled channels. The colouring is arbitrary to give some impression of the different channels 
in the model. For reference the models are a) sof_120_120_500_300_80 and b) sof_120_80_600_400_60. 
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Figure 45. Three-dimensional model showing facies which mainly equates to sand rich lithology. The 
modelled facies numbers and relative facies scheme A-G from Olierook et al. (2014) derived from core 
observation is indicated. The top 20 layers have not been subjected to many erosion events of subsequent 
layers so there is higher proportion of palaeosol / splay / abandoned channel fill preserved at the top of 
these models which does not remain lower down in the model and as such are disregarded for modelling. 
For reference the models are again a) sof_120_120_500_300_80 and b) sof_120_80_600_400_60. 
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The eroded channels are filled with seven facies depending on the vertical position of each cell within the 
channel. The facies vary from channel basal lag, massive unstructured coarse sands, through four grades of 
cross-bedded sands to silty abandoned channel fill and palaeosols, these facies are illustrated in figure 46. 
The models retain tiny fragments of palaeosol and silty splay, which in the case of the Brahmaputra River and 
Wonnerup Member is unlikely, however this replicates outcrop observations from the Hawkesbury 
Sandstone (Rust and Jones, 1987; Conaghan and Jones, 1975). 

The model is built by varying episodes of aggradation and erosion. Many tens of erosional events occur for 
each incidence of aggradation resulting in the production of a highly erosional sequence. Palaeosols, splays, 
abandoned channel fill, etc. and lower energy environment deposition occurring at the later stages of the 
channel fill process are almost entirely removed by later erosion. As such, the process predominantly 
preserves the lower parts of the succession. The resulting sequence is dominated by massive basal sands and 
cross-bedded sands. The process of replicating the Wonnerup Member / Brahmaputra River / Hawkesbury 
Sandstone Analogues in this exercise is fundamentally a balance between the number of erosional events 
and the channel width (hence the other derived dimensional parameters). 

Figure 47 illustrates the foreset dip azimuths modelled for the channel bodies. The resulting spread of the 
channel orientations is dominated by those oriented 060o to 090o, with outliers spreading in most directions. 
Only channels orientated to ~300o are absent, this spread of data matches both the Brahmaputra River 
observations and the Harvey-4 image log dataset. Figure 48 illustrates that the resulting models have 
erosionally produced chunks / lumps / patches of channel remaining that are commonly less than a few 
hundred meters square. These chunks of sand will, depending on foreset orientation, have a contrasting 
permeability orientation to the adjacent chunks. The goal of the modelling is to see whether these lithological 
bodies interact with each other significantly enough to have an impact on the shape of an injected CO2 plume. 

Permeability is mapped into the models based on the distribution of the facies and the orientation of the 
channels, assuming foresets are perpendicular to channel orientation. Three cases for the range of 
permeability were created. The lower range models permeability ranging from 100 mD to 1 D, with the 
largest range from 20 mD to 2D, with an intermediate case (75 mD to 1.5D). These permeabilities are based 
on MICP data for the Lesueur Sandstone. The largest permeability range case is potentially unrealistically 
large to occur across a foreset (although it is a reasonable range for sandstone in general), but is modelled 
as an extreme. Figure 49 illustrates the impact on the variation of horizontal permeability resulting from the 
modelling. Porosity is modelled by using the permeability relationship measured for the Wonnerup Member. 
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Figure 46. Foreset dip azimuths. The main thing to note is how purple-blue the models are, indicating the 
dominance by channels oriented 060o – 090o, with outliers spreading in most directions (only yellow 
coloured, ~300o oriented, channels are absent), this spread of data matches both the Brahmaputra River 
observations and the Harvey-4 image log dataset. Again the models are a) sof_120_120_500_300_80 and 
b) sof_120_80_600_400_60. 
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Figure 47. Model sof_120_80_600_400_60 with a filter based on channel orientation to illustrate the result 
of the erosional processes happening to the sand bodies within the models. There is no real relevance to 
the orientation. It is just convenient to filter on to illustrate the morphology of the eroded bodies. In model 
a) with bodies oriented between 180o and 210o it becomes clear that the channels are eroded into little 
chunks and patches, so if the foreset orientation controls the CO2 flow, then occurrence of these small 
units needs to be understood. Model b) with channels oriented between 000o and 030o has more channels, 
so it is not so easy to make out individual bodies, using the 060o – 090o sector with the most channels would 
be totally pointless for this illustration. 
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Figure 48. Output a) x permeability and b) y permeability. Model sof_120_80_600_400_60. 
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 CO2 injection flow simulations  

This section presents the impact of the sedimentology and geometric controls (as presented in the previous 
section) on the migration and trapping of the CO2 plume in the Wonnerup Member. Numerical flow 
simulations of CO2 injection were performed on the 14 geological realisations built using the process 
discussed in section 3.4. to test the impact of the formation dip and the uncertainty of the kv / kh of the 
Wonnerup Member. Four different scenarios are tested for the 14 realisations: 

 Scenario 1: non-dipping geometry 

 Scenario 2: non-dipping geometry and vertical permeability multiplier of 0.1 

 Scenario 3: 10° West to East dip (based on average dip/azimuth of the mapped horizon) 

 Scenario 4: 10° West to East dip and vertical permeability multiplier of 0.1 

As the dataset used as input for the geological modelling was acquired at Harvey 4, to constrain the reservoir 
model, geological modelling is representative of this geographic location. The static geological models were 
created on a 201x201x120 cells Cartesian mesh of the subsurface between 1,600m and 1,800m depth. A 
51x51x100 cell subset of these models was used as input to the flow simulations. Other inputs to the dynamic 
simulations are relative permeability as presented in the previous section, aquifer support modelled as a 
Fetkovich aquifer with 2 km of reservoir volume on each lateral boundary and 200m above and below. 
Considering the capillary pressure dataset and interpretation presented before and considering that no 
Leverett-J function was able to be confidently derived from the datasets, two different capillary pressure 
curves were generated from Brooks and Corey (1956) for drainage and Li and Horne (2001) for imbibition 
(Figure 49). For every flow simulation an injector well is located at the centre of the model with a 10m 
injection interval located at 1,750m where the model spans from 1600 m to 1800 m. The injection occurs for 
6 months followed by 18 months of post-injection monitoring. 

 

Figure 49. Capillary pressure curves for Facies 2 (CO2 height 1.5 m) and Facies 3 (CO2 height 0.5 m). 
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3.5.1 Scenario 1 

In this scenario, 30,000 tons of supercritical CO2 are injected over 6 months. Post-injection monitoring occurs 
for the following 18 months. Results are presented in the form of material balance, trapping efficiency, 
bottom hole pressure, dimension along X, Y and depth, and footprint (volume and area of impact of the 
plume over time. Additionally, top view maps are extracted of the CO2 thickness density (mass of CO2 per 
area unit) and cross-sections along Easting and Northing of the CO2 saturation (mobile + residual) plume at 
different times. The same type of graphic visualisations are used for all four scenario descriptions. 

During injection, the bottom-hole pressure (Figure 50) varies by up to 5% between the different models. All 
models enable the entire CO2 mass to be injected (Figure 50). During the injection 70% of the CO2 is directly 
trapped residually with 17% trapped as mobile CO2 and 13 % dissolved in water. The proportions (Figure 50) 
of residually trapped CO2 are stable over time and comparable for the results of the different models. The 
proportions of dissolved and mobile CO2 change considerably in the early stages before stabilising, once the 
plume reaches a pseudo steady state growth. Some differences can be observed between the different 
models in terms of the proportions of mobile and dissolved CO2.  

During the post-injection phase, the bottom-hole pressure decreases to a stabilized value which is uniform 
across the different models. It can be observed that at early times (200 days into the post-injection phase), 
the residual trapping increases significantly while the mobile CO2 mass decreases in the same magnitude and 
dissolved CO2 mass increases slightly. At late times, the proportions of mobile CO2 reduce to close to zero. At 
2 years after the start of injection, two models still predict some mobile CO2, however, it is under 200 tons 
(less than 1% of the injected mass). At the end of the post-injection phase, 85% of the injected CO2 mass is 
stored as residual and 15 % as dissolved CO2. The different models predict the same proportions of trapping 
mechanisms. The reduction of mobile CO2 is very fast with most of the CO2 trapped within 1 year post-
injection. The dissolution proportion evolves slowly with time and most of the mobile CO2 is trapped 
residually. 

In a statistical sense, the geometry of the plume (approximated as a bounding box) shows a symmetrical 
development centred on the well (Figure 51). During the injection, the plume increases laterally and 
vertically. Some variations of size can be observed between the different geological models. The lateral 
spread of the plume does not change during the post-injection phase. As expected the plume rises during 
the post-injection phase to a maximum height less than 100 m above the injection interval. Some variations 
can be observed along the North-South direction. It can be observed that the plumes are slightly larger in the 
North-South direction than in the West-east direction. The plume area, reservoir bulk volume and pore 
volume contacted by the plume (Figure 52) do not change significantly between the different models. 
However, one model (Model 1) has a plume area twice as big as the others. It can be observed that the plume 
surface area does not change during the post-injection phase, hence there is no lateral migration. The bulk 
and pore volume contacted by the plume varies at the early stage of the post-injection phase but stabilises 
soon thereafter. 

Figure 53 shows the thickness of the CO2 plume at the end of injection for Model 1 and Model 2 (plume 
representative of the 14 different model results). The cross-section shows a CO2 saturation plume located 
around the well with limited vertical displacement but with large north-south invasion. Model 1 has more 
lateral migration during the injection phase, and hence a limited vertical migration during the post-injection 
phase. 

The heterogeneity represented in the different geological models does not result in significant differences in 
plume distribution and trapping efficiency. 
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Figure 50. (Top left) Evolution of the mass of mobile, residual and dissolved CO2 over time for all scenario 
1 multiphase flow simulation results. Red is total mass of injected CO2, Blue is total mass of residually 
trapped CO2, magenta is mobile CO2 mass and black is mass of dissolved CO2. (Top right), Proportion of 
mobile (magenta), residual (blue) and dissolved (black) CO2 to the total mass injected. (Bottom) Bottom-
hole pressure history at the injection interval. 
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Figure 51. Ranges in plume radius for different Scenario 1 model parameters: (top) along the X-direction, 
(middle) along the Y-direction, and (bottom) in the Z-direction. The blue bar represents the injection phase. 
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Figure 52.(Top) Projected area of the plume (Area of Impact). (Middle) Bulk volume explored by the plume 
along time. (Bottom) Pore volume explored by the plume along time. The three blue bars represent the 
three injection pulses. 
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Figure 53. (Top left) CO2 cumulative mass per area (kg/m2) for model 1 at end of injection (Top right) CO2 
mass density (kg/m2) for model 2 at end of injection. (Bottom left) Cross-section along the X direction, CO2 
saturation for model 1 at end of injection (top) and after 18 months of post-injection (bottom). (Bottom 
right) Cross-section along the Y direction, CO2 saturation for model 1 at end of injection (top) and after 18 
months of post-injection (bottom). 
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3.5.2 Scenario 2 

In this scenario, 30,000 tons of supercritical CO2 are injected over 6 months. Post-injection monitoring occurs 
for the following 18 months. For this scenario, the vertical permeability is multiplied by 0.1. 

During injection, the bottom-hole pressure (Figure 54) varies by up to 5% between the different models. 
However, the bottom-hole pressure is higher than for the same models in scenario 1 due to reservoir 
permeability changes. All models enable the entire CO2 mass to be injected (Figure 54).  During injection, 75% 
of the CO2 is directly trapped residually with 17% as mobile CO2 and 8% as dissolved. The proportion (Figure 
54) of residually trapped CO2 is stable over time and comparable between the models results. The 
proportions of dissolved and mobile CO2 change rapidly at early stages before stabilising, once the plume 
reaches a pseudo steady state growth. The proportions of residual, mobile and dissolved CO2 are almost 
identical for the different models. 

During the post-injection phase, the bottom-hole pressure decreases to a stabilised value uniform across the 
different models. It can be observed that the proportions of dissolved CO2 increase slightly over time with all 
models having similar values. Residual and mobile CO2 mass proportions change over time in an opposite 
way. The proportions vary significantly between the different models. At the end of the post-injection phase, 
between 80 and 90 % of the injected CO2 mass is stored as residual, between 10 and 12 % as dissolved 
CO2.and between 2 and 9 % is still on the form of mobile CO2. Most of the models still have mobile CO2 but 
two of them have nil. 

In a statistical sense, the geometry of the plume (approximated as a bounding box) shows a symmetrical 
development centred on the well (Figure 55) along the West-East direction. During the injection, the plume 
extent increases laterally and vertically. Some variations of size can be observed between the different 
models, which are slightly larger along the West-East direction but much larger in the North-South direction. 
The lateral spread of the plume does not change during the post-injection phase. The plumes in the various 
models are larger laterally than in scenario 1. As expected the plumes grow during the post-injection phase 
to a maximum spread less than 40 m above the injection interval. It can be observed that the plumes are 
slightly larger in the North-South direction than in the West-east direction. The plume area and reservoir bulk 
volume (Figure 56) invaded by the plume varies significantly between the different models. The plume area 
is twice as big as in scenario 1. However, the total pore volume has less variability across the different models 
than in scenario 1. As for scenario 1, one model (Model 1) has a plume area twice as big as the others. It can 
be observed that the plume surface area does not change during the post-injection phase, hence no lateral 
migration. The bulk and pore volume changes investigated increase slightly along the course of the post-
injection phase. 

Similarly to the results in scenario 1, the heterogeneities presents in the different geological models does not 
create large significant differences in term of plume distribution and trapping efficiency. Only one model 
seems to differentiate substantively from the others. 
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Figure 54. (Top left) Evolution of the mass of mobile, residual and dissolved CO2 over time for all scenario 
1 multiphase flow simulation results. Red is total mass of injected CO2, Blue is total mass of residually 
trapped CO2, magenta is mobile CO2 mass and black is mass of dissolved CO2. (Top right), Proportion of 
mobile (magenta), residual (blue) and dissolved (black) CO2 to the total mass injected. (Bottom) Bottom-
hole pressure history at the injection interval. 
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Figure 55. Ranges in plume radius for different Scenario 2 model parameters: (top) along the X-direction, 
(middle) along the Y-direction, and (bottom) in the Z-direction. The blue bar represents the injection phase. 

 

0 100 200 300 400 500 600 700 800
Time since simulation start (days)

-200

-100

0

100

200

0 100 200 300 400 500 600 700 800
Time since simulation start (days)

-500

0

500

0 100 200 300 400 500 600 700 800
Time since simulation start (days)

1500

1550

1600

1650

1700

1750

1800



 

The Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member  |  107 

 

Figure 56.(Top) Projected area of the plume (Area of Impact). (Middle) Bulk volume explored by the plume 
along time. (Bottom) Pore volume explored by the plume along time. The three blue bars represent the 
three injection pulses. 
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3.5.3 Scenario 3 

In this scenario, 100,000 tons of supercritical CO2 are injected over 6 months. Post-injection monitoring 
occurs for the following 10 years. A 10° West to East dip is now included in the geometry to match the West 
to East dip of the Top Wonnerup Member horizon. 

During the injection phase, out of the 14 models, the total CO2 volume could not be injected within the 
pressure limit (90% of the fracture pressure calculated from a pressure gradient of 12 MPa/km) for 3 of them 
(Figure 57). However, between 60 and 80% of the total CO2 mass was still injected. The bottom-hole pressure 
is higher than for the previous scenarios as a consequence of an increased injection rate. During the injection 
phase, there are no significant differences in the trapping proportions between the different models. The 
trapping proportions shows that both residual and mobile CO2 represent 45% of the injected CO2 mass while 
10% of the injected CO2 mass is dissolved in the formation water. There are differences in lateral and vertical 
spread of the plumes (Figure 58). While the displacement towards the east is more or less identical, two 
trends can be seen for the western migration. The lateral movement in the North-South direction show an 
almost symmetrical spread. Three different trends can be seen in the vertical spread of the plume spanning 
100 m by end of injection. 

During the post-injection phase, residual trapping increases uniformly between the different models while 
dissolution and mobile CO2 are more variable. At the end of the post-injection phase, between 68 and 72 % 
of the injected CO2 mass is residually trapped, while dissolution trapping and the remaining mobile CO2 
represents between 19-24 % and 6-10 % respectively. During the post-injection phase, the North-South 
spread of the plume does not change with time and the Eastern edge of the plume is also static. The Western 
edge of the plume shows movement of the plume towards the edge of the model with time. The vertical 
edge of the plume evolves over time during the post-injection phase and at end of the post-injection, there 
is significant variation in the vertical spread of the plume (over 200m). 

Three different types of plume behaviours can be observed. To illustrate the first behaviour (Figure 60 and 
Figure 61), we use Model 1, presented before. During injection, the plume spreads laterally with some 
migration of the CO2 towards the western edge of the model (similar to scenario 1, Figure 38). During the 
post-injection phase, the plume continues to migrate only towards the western edge of the model boundary 
with the CO2 mass area density decreasing. It can be observed that the centre of the plume migrates away 
from the well. In Figure 61 the plume does not extend in the North-South direction and the plume growth is 
only towards the western edge, with most of the evolution at the top of the plume. The bottom graphs of 
Figure 61 show that the mobile CO2 has reached negligible levels at end of post-injection.  

The second behaviour is illustrated by Model 2 (presented in scenario 1, Figure 62 and Figure 63). During 
injection, the plume spreads laterally with some migration of the CO2 towards the western edge of the model 
(as compared to scenario 1). During the post-injection phase, the plume grows continuously only towards 
the western edge of the model boundary with the CO2 mass area density decreasing. However, the reduction 
of CO2 density is less than in Model 1. In Figure 62, it can be seen that the plume does not grow in the North-
South direction and that the growth only occurs towards the western side with most of the changes located 
at the top of the plume. Figure 63 shows that during the injection, the plume has moved vertically. This 
vertical migration continues until it reaches the top of the model and then follows the top model surface 
until it reaches the western boundary of the model. The bottom graphs of Figure 61 shows that the mobile 
CO2 has reached negligible levels at the end of the post-injection phase at the well location, however, high 
mobile CO2 saturation exists at the top of the model. 

The last behaviour is illustrated by Model 3 (Figure 64 and Figure 65). During injection, the plume spreads 
laterally with some migration of the CO2 towards the western edge of the model. During the post-injection 
phase, the plume only grows towards the western edge of the model boundary with the CO2 mass area 
density decreasing. However, the spread is less pronounced than in the two previous models. In Figure 64, it 
can be seen that the plume does not grow in the North-South direction and that the extension only occurs 
on the western side. Figure 65 shows that during the injection, the plume has moved slightly vertically. This 
vertical migration continues during the post-injection phase with a trend towards the western side which is 
purely vertical.  
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The bottom graphs of Figure 65 shows that the mobile CO2 has reached negligible levels at end of the post-
injection phase. 

In contrast to the previous scenarios which assume a flat geometry, the addition of the formation dip 
enhances some of the differences between the different geological models.  

  

 

Figure 57. (Top left) Evolution of the mass of mobile, residual and dissolved CO2 over time for all scenario 
1 multiphase flow simulation results. Red is total mass of injected CO2, Blue is total mass of residually 
trapped CO2, magenta is mobile CO2 mass and black is mass of dissolved CO2. (Top right), Proportion of 
mobile (magenta), residual (blue) and dissolved (black) CO2 to the total mass injected. (Bottom) Bottom-
hole pressure history at the injection interval. 
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Figure 58. Ranges in plume radius for different Scenario 3 model parameters: (top) along the X-direction, 
(middle) along the Y-direction, and (bottom) in the Z-direction. The blue bar represents the injection phase. 
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Figure 59. (Top) Projected area of the plume (Area of Impact). (Middle) Bulk volume explored by the plume 
along time. (Bottom) Pore volume explored by the plume along time. The three blue bars represent the 
three injection pulses. 
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Figure 60.Map views of the plume growth through time represented by CO2 cumulative mass per area 
(kg/m2) for reservoir model 1. 
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Figure 61. Profiles of CO2 saturation for various times for reservoir model 1. Left: east-west cross section 
and Right: north-south cross section. 
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Figure 62. Map views of plume growth through time represented by CO2 cumulative mass per area (kg/m2) 
for reservoir model 2. 
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Figure 63. Profiles of CO2 saturation for various times for reservoir model 2. Left: east-west cross section 
and Right: north-south cross section. 
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Figure 64. Map views of plume growth through time represented by CO2 cumulative mass per area (kg/m2) 
for reservoir model 3. 
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Figure 65. Profiles of CO2 saturation for various for reservoir model 3. Left: east-west cross section and 
Right: north-south cross section.  
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3.5.4 Scenario 4 

In this scenario, 100,000 tons of supercritical CO2 are injected over 6 months. Post-injection monitoring 
occurs for the following 10 years. A 10° west to east dip is now included in the geometry to account for the 
eastward dipping angle of the Top Wonnerup Member horizon. For this scenario, the vertical permeability is 
multiplied by 0.1. 

During the injection phase, in four out of 14 cases the total CO2 volume could not be injected within the 
pressure limit (90% of the fracture pressure calculated from a pressure gradient of 12 MPa/km) (Figure 66). 
However, at least 50 % of the total CO2 mass was still injected. The bottom-hole pressure is higher than for 
the previous scenarios as a consequence of an increased injection rate. During the injection phase, there are 
no significant differences in the trapping proportions between the different models. Similarly to scenario 3, 
the trapping proportions show that residual and mobile CO2 each represent 45% of the injected CO2 mass 
while 10% of the injected CO2 mass is dissolved in the formation water. There are differences in lateral and 
vertical spread of the plumes (Figure 67). While the displacement towards the east is more or less identical, 
three trends can be seen in movement on the western edge. The lateral movement on the north-south 
direction shows an almost symmetrical spread. One model shows some movement towards the northern 
boundary. The vertical spread of the plume is narrower than in Scenario 3 spanning 50 m by end of injection. 

During the post-injection phase, dissolution trapping increases uniformly between the different models while 
residual and mobile CO2 are more variable. At the end of the post-injection phase, between 65 and 70 % of 
the injected CO2 mass is trapped residually, while dissolution trapping and remaining mobile CO2 represents 
between 19-24 % and 10-15 % respectively. During the post-injection phase, the north-south spread of the 
plume and the eastern edge of the plume do not change with time. The Western edge of the plume shows a 
movement of the plume towards the edge of the model with time. For a few models, the plume reaches the 
Western boundary with the first one after only 2 years. The vertical edge of the plume evolves slowly over 
time during the post-injection phase, at end of the post-injection, there is limited variation in the vertical 
spread of the plume (over 50m). The plume moves faster laterally than vertically.  

Three different plume behaviours can be observed. To illustrate the first behaviour (  

Figure 69 and Figure 70), we use Model 1, which were presented before. During injection, the plume spreads 
laterally with very limited migration of the CO2 towards the western edge of the model (as compared to 
scenario 1 and 3). During the post-injection phase, the plume extend only towards the western edge of the 
model boundary with the CO2 mass area density decreasing. It can be observed that the plume increase 
uniformly towards the west. In Figure 70, it can be seen that the plume does not extend along the North-
South direction and that the extension is only located on the western side with most of the development 
located at the top of the plume. The bottom graphs of Figure 70 show that the mobile CO2 has reached 
negligible levels at end of post-injection.  

The second behaviour is illustrated by Model 2 (presented in scenario 1 and 3, Figure 71 and Figure 72). 
During injection, the plume spreads laterally with some migration of the CO2 towards the western edge of 
the model (similar to scenario 1 and 3). During the post-injection phase, the plume continues to grow only 
towards the western edge of the model boundary with the CO2 mass area density decreasing. It can be 
observed that the plume grows from the southern half of the plume and reaches the western boundary of 
the model over more than 200m. In Figure 71, it can be seen that the plume does not grow in the North-
South direction and that the growth only occurs on the western side with most of the development located 
at the top of the plume. Figure 72 shows that during the injection, the plume has moved vertically. This 
vertical migration continues within the same unit until it reaches the western edge of the model. The bottom 
graphs of Figure 61 shows that the mobile CO2 has reached negligible levels at the end of the post-injection 
phase at the well location, however, a high mobile CO2 saturation exists at the top of the model. 

The last behaviour is illustrated by Model 3 (as presented before in scenario 3 Figure 73 and Figure 74). During 
injection, the plume spreads laterally with some migration of the CO2 towards the western edge of the model. 
During the post-injection phase, the plume only grows towards the western edge of the model boundary 
with the CO2 mass area density decreasing. However, the spread is less pronounced than in the two previous 
models as in scenario 3. In Figure 73, it can be seen that the plume does not grow in the north-south direction 



 

The Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member  |  119 

and that the extension is only located on the western side. Figure 74 shows that during the injection, the 
plume has moved vertically slightly. This vertical migration continues during the post-injection phase with a 
trend towards the western side being more pronounced than in Model 2 where the migration is purely 
vertical. The bottom graphs of Figure 74 show that the mobile CO2 has reached negligible levels at the end 
of the post-injection phase. 

Similarly to scenario 3, the geometry dip enhances the difference between the different models.  

  

 

Figure 66. (Top left) Evolution of the mass of mobile, residual and dissolved CO2 over time for all scenario 
1 multiphase flow simulation results. Red is total mass of injected CO2, Blue is total mass of residually 
trapped CO2, magenta is mobile CO2 mass and black is mass of dissolved CO2. (Top right), Proportion of 
mobile (magenta), residual (blue) and dissolved (black) CO2 to the total mass injected. (Bottom) Bottom-
hole pressure history at the injection interval. 
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Figure 67. Ranges in plume radius for different Scenario 1 model parameters: (top) along the X-direction, 
(middle) along the Y-direction, and (bottom) in the Z-direction. The blue bar represents the injection phase. 
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Figure 68. (Top) Projected area of the plume (Area of Impact). (Middle) Bulk volume explored by the plume 
along time. (Bottom) Pore volume explored by the plume along time. The three blue bars represent the 
three injection pulses. 
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Figure 69. Map views of plume growth through time represented by CO2 cumulative mass per area (kg/m2) 
for reservoir model 1. 
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Figure 70. Profiles of CO2 saturation for various times for reservoir model 1. Left: east-west cross section 
and Right: north-south cross section. 
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Figure 71. Map views of plume growth through time represented by CO2 cumulative mass per area (kg/m2) 
for reservoir model 2. 
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Figure 72. Profiles of CO2 saturation for various times for reservoir model 1. Left: east-west cross section 
and Right: north-south cross section. 
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Figure 73. Map views plume growth through time represented by CO2 cumulative mass per area (kg/m2) 
for reservoir model 3. 
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Figure 74. Profiles of CO2 saturation for various times for reservoir model 1. Left: east-west cross section 
and Right: north-south cross section. 

  



128   |  The Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member 

3.5.5 Discussion 

Four dynamic modelling scenarios for CO2 injection were simulated for the 14 geological realisations of a 
fluvial system (described in section 3.4) in the context of the SW Hub. These scenarios investigated the 
influence of three parameters of interest which are: the dip of the Wonnerup Member, the vertical 
permeability uncertainty and reservoir heterogeneity distribution (14 realizations of the sedimentology 
model presented in the previous section). These were assessed for their impact on the injectivity and trapping 
of CO2. 

In scenario 1, all models have the capacity to inject the CO2 without pressure build-up issues, the migration 
of the injected CO2 is mostly vertical and the timing of trapping is very quick. Residual trapping is the most 
effective trapping mechanism over the timescale investigated. The CO2 plume starts to migrate during the 
injection process due to high vertical permeability. The plume shows more invasion in the north-south 
direction than in the west-east direction. The geological models incorporated a main east to west direction 
of deposition. Hence the foresets are perpendicular to that direction. At the scale of the foresets the 
permeability anisotropy is greater along foresets rather than perpendicular to that direction, as discussed in 
section 3.4. As such, the elongation of the plume in the north-south direction is consistent with the local 
anisotropy of the foresets. This is especially highlighted with the plume distribution obtained with geological 
Model 1 which shows the biggest anisotropy contrast for the foresets. In such a case, the resulting plume is 
larger but has a limited vertical migration. 

Results from scenario 2 shows that all models have adequate injectivity and reinforce the general conclusions 
of scenario 1. In this case, the vertical anisotropy of 0.1 limits the vertical migration during injection, and the 
trapping processes are delayed. The different trapping efficiencies during the post-injection phase are more 
clearly visible as the high vertical anisotropy highlights the differences between the different models. Yet, 
the lateral distribution of the plume is more pronounced in the North-South direction than in the west-east 
direction. 

In Scenario 3, the main consequence of the dipping angle is the acceleration of the migration towards the 
western boundary. Three different types of plume behaviour can be observed with two extremes, the first 
one (Geo Model 1) with the plume reaching the top of the model and then continuing up-dip until it reaches 
the model boundary. The other extreme (Geo Model 3) is a well contained plume localised closer to the well 
and moving slowly vertically. In the context of the SW Hub and with the aim of maximising the pore space 
and the surface area, the second extreme is of interest. 

With Scenario 4, both dip and vertical anisotropy were considered. The results shows that the main 
mechanisms for trapping the CO2 is still residual trapping. In this situation, most of the model shows limited 
vertical span but very good lateral spread which again is very favourable to maximising trapping at a given 
depth. The same well could then be used to inject at shallower depth on the same principle, maximising use 
of the vertical space. 

Of the 14 different models, Model 1 and 2 are the only two models with extreme high permeability contrasts 
within the foreset (as described in the geological modelling section). The other models have variable numbers 
for erosion events, mean channel width and channel width standard deviation. Only Model 1 and 2 show 
extreme plume behaviour and the other models show a behaviour closer to Model 3. Thus the behaviour 
seems to be resulting from the permeability contrast rather than from variables associated with the 
geometries in the depositional models. The extreme plume behaviour can be seen on scenario 1 for Model 
1 but not for Model 2 probably due to the well intersecting a stack of connected channels. The asymmetric 
plume behaviour is resulting from the dip. 

 

  



 

The Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member  |  129 

 Summary 

An investigation into the impact of reservoir parameters, including reservoir heterogeneity and vertical 
diagenetic trends, was conducted to understand their effect on injection/ trapping. 

The study progressed incrementally from the analysis of one dimensional models, to radial models, to full 3D 
heterogeneous modelling to investigate the sensitivities and heterogeneity uncertainties impacting the 
storage concept. 

Separate key influences were investigated to inform SW Hub considerations, such as:  

• porosity and Sgr for trapping 

• vertical permeability for containment 

• horizontal permeability trends for injectivity 

Previous modelling studies assumed the presence of a high permeability zone at the bottom of the Wonnerup 
Member that is regionally extensive. This study found that the regional trend of decreased permeability with 
depth impacts both injectivity and containment. The higher permeability zone in the deeper part of Harvey 
1 will be critical for achieving the rate of injectivity planned for the SW Hub. It is still highly uncertain if this 
high permeability zone is limited to the Harvey 1 area or if it is characteristic of the Wonnerup Member on a 
regional scale.  

The one dimensional study also investigated the maximum trapping capacity per area unit providing insights 
into the minimum likely area of impact of a commercial plume. 

Complementary to the other modelling studies performed to date, the 3D numerical modelling study 
considered a wide range for sedimentology distribution and investigated the impact of these on the CO2 
plume and trapping capacity. 

With regard to the sedimentological heterogeneity modelling several observations were made: 

 The lateral distribution of the plume is more pronounced in the North-South direction than in the 
west-east direction. 

 Preferential North-South plume development is only evident in the intermediate and extreme 
horizontal permeability anisotropy cases (i.e. those cases which exceed one order of magnitude of 
difference in the Kx and Ky directions). 

 In the dipping models, perhaps unsurprisingly, the influence of the foresets and the preferential 
development of a North-South oriented plume is masked by the plume’s preference for up-dip 
migration. 

 Decreasing vertical permeability intensifies the impact of the sedimentological anisotropy and again 
unsurprisingly, increases lateral spread of the plume, which has potential benefits for storage 
efficiency. 

In the context of the SW Hub objectives, the common thought is that lateral migration of the CO2 plume is 
desirable to maximise sweep efficiency. Indeed the modelling has confirmed that high vertical permeability 
will enable enhanced vertical migration during the injection stage, and more free gas reaching the top of the 
storage complex, a highly unwelcome situation. However, the modelling study has also shown that although 
lateral migration is mostly desirable during the injection stage, in the post injection stage, if a steep 
stratigraphic dip in combination with a highly anisotropic reservoir (an extreme case) is encountered, the 
area of impact of the storage project may be greatly increased. Again, this situation is not ideal. This study 
has also shown that in the Wonnerup Member, geological heterogeneity is a second order influence on plume 
geometry, and that the primary influence on plume shape and extent are structural dip, and the degree of 
permeability anisotropy. 
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APPENDIX A – Previous dynamic modelling at the 
SWHub site 
 

WA DMP funded projects 
Subsurface Modelling Update, Schlumberger Carbon Services, 2013 

First dynamic simulation work performed on the first geological static model. This work took place after 
drilling Harvey 1 and before the 3D seismic survey and drilling of Harvey 2, Harvey 3 and Harvey 4. It presents 
the first full subsurface assessment of the South West Hub project. As part of this work, dynamic simulation 
of injectivity on radial models were performed. The results from them was used for the design of CO2 injection 
simulation on sector models. Finally, Probabilistic modelling was used to assess injectivity performances. The 
study concluded that multi-well development storage scenario would be necessary and that key uncertainties 
remains.  

Dynamic modelling of CO2 sequestration in the Harvey area, ODIN Reservoir 
Consultants, July 2016 

The most recent CO2 injection simulation work. It took place after drilling of Harvey 1, Harvey 2, Harvey 3 and 
Harvey 4, and the 3D seismic survey commissioned by DMP. 

The objective of the simulation study is to provide a suite of full field simulation models which cover a range 
of subsurface uncertainties that provides confidence that the CO2 plume stays below 800 mTVDss and within 
the storage complex for 1000 years. The results of this study will enable a Go/No Go decision on additional 
data acquisition in the Harvey area.  

The results of the modelling show that it could be feasible to inject 800,000 tpa of CO2 over 30 years in the 
Yalgorup and Wonnerup members in the Harvey area. A reference case, eight uncertainty scenarios and two 
stress simulations were performed (TableA- 8). The modelling studies show that all of the injected CO2 
remains in the Wonnerup and that the main factors controlling CO2 plume migration are trapped gas 
saturation and the solubility of CO2 in brine. Uncertainties in end point relative permeability, vertical 
permeability or the fraction of high energy facies in the Wonnerup are a second order effect. The study also 
highlights the lack of SCAL, steady state trapped gas saturation in particular, and water salinity data from the 
Harvey area which can be used to further constrain the range of results from the simulation studies. 
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TableA- 8. List of scenarios tested by ODIN Reservoir Consultant. 

 

 

ANLEC R&D funded projects 
7-0212-0202 - Stratigraphic Forward Modelling comparison with Eclipse for SW 

Hub 

This study investigates simulation of commercial scale CO2 injection in a static model build using stratigraphic 
forward modelling methods (Sedsim software) and compare the outputs with simulation performed in the 
Schlumberger static model. Both static models were built with knowledge of the 2D seismic lines and the 
Harvey 1 well only.  

The study concluded that the Sedsim model have significant geological (structural and petrophysical) 
differences leading to: 

Case Name Geological Model Description
Reference_NaCl46 Reference 800,000 tpa.

Faults no t sealing Trapping  saturation=0.19 krg=0.12,  krw=0.37
Brine salinity=45600 ppm (NaCl Equivalent)

HighKrg_NaCl46 Reference 800,000 tpa.
Faults no t sealing Trapping  saturation=0.19 krg=0.12,  krw=0.37
Brine salinity=45600 ppm (NaCl Equivalent)

LoHyst_NaCl46_800 Reference 800,000 tpa.
Faults no t sealing Trapping  saturation=0.10 krg=0.12,  krw=0.37
Brine salinity=45600 ppm (NaCl Equivalent)

LoSo l_NaCl200 Reference 800,000 tpa.
Faults no t sealing Trapping  saturation=0.19 krg=0.22,  
krw=0.37
Brine salinity=200000 ppm (NaCl Equivalent)

Fault_Trans_NaCl46 Reference model with fault 
transmissibility multiplier o f 

0.1

800,000 tpa.
Trapping  saturation=0.19 krg=0.12,  krw=0.37
Brine salinity=45600 ppm (NaCl Equivalent)

Hikvkh_NaCL46 Vertical and horizontal 
permeability are equal.

800,000 tpa.
Faults no t sealing Trapping  saturation=0.19 krg=0.12,  krw=0.37
Brine salinity=45600 ppm (NaCl Equivalent)

HighPerm_NaCl46 Increased the average 
permeability in the 
Wonnerup from 198 to 372 
mD.

800,000 tpa.
Faults no t sealing Trapping  saturation=0.19 krg=0.12,  krw=0.37
Brine salinity=45600 ppm (NaCl Equivalent)

Seismic_Facies_7a_N
aCl46

Used Seismic Trend 
(Deterministic Case) to  
populate Paleosols in the 
Wonnerup.

800,000 tpa.
Faults no t sealing Trapping  saturation=0.19 krg=0.12,  krw=0.37
Brine salinity=45600 ppm (NaCl Equivalent)

Ho ley  Faults_NaCl46 Vertical permeability of cells 
adjacent to  faults is 
increased by 10 times.

800,000 tpa.
Faults no t sealing Trapping  saturation=0.19 krg=0.12,  krw=0.37
Brine salinity=45600 ppm (NaCl Equivalent)

HighRate Reference 3 million tpa. Faults no t sealing
Trapping  saturation=0.19 krg=0.12,  krw=0.37
Brine salinity=45600 ppm (NaCl Equivalent)

LowSol_LoHyst_NaCl
200

Reference 800,000 tpa.
Faults no t sealing Trapping  saturation=0.10 krg=0.22,  
krw=0.37
Brine salinity=200000 ppm (NaCl Equivalent)

Stress Scenario s
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 increase on bottom-hole pressure, 

 less dissolved CO2 volume, 

 less residually trapped CO2 volume, 

 larger volume of mobile CO2 volume in the Yalgorup Member. 

7-1012-0210 - Desktop design study on enhancing residual and dissolution trapping 

This study presents the numerical reservoir simulation and economic modelling results of CO2 injection 
options for the SW Hub Project. Both analyses are based on an updated static model developed by 
Schlumberger in 2013. The study investigate methodology for optimising the residual and dissolution 
trapping in the storage formation by determining the most technologically feasible and economically 
favourable injection schemes among various options. The considered options are: 

 horizontal wells 

 simultaneous or alternating injection of CO2 and water (SWAG or WAG), 

 injecting water pre- saturated with CO2 (carbonated water), 

 pre-flushing the formation with low-salinity water and 

 diverting CO2 into low-permeability regions through reservoir pressure management, fines migration 
or foam flooding.  

Key conclusions from this study are as follows: 

a) Vertical grid refinement has an insignificant effect. However, areal grid refinement around injection 
wells gives a 12% increase in the cumulative CO2 injected, fluctuations in residual trapping and a 7% 
decrease in dissolution trapping. 

b) Increasing the salinity from 48,000 ppm to 80,000 ppm would result in a 7% decrease in the 
cumulative CO2 injected, an 8% increase in residual trapping and a 13% decrease in dissolution 
trapping. 

c) Compared to closed faults, open faults would lead to a 27% increase in the cumulative CO2 injected. 
Open faults give a negligible increase in residual trapping and a 5% decrease in dissolution trapping. 

d) Doubling the absolute permeability of the entire storage formation would increase the cumulative 
CO2 injected by 19%. It would increase residual trapping by 4% and decrease dissolution trapping by 
3%. 

e) Different vertical well placements in the storage formation can give a 7% variation in the cumulative 
CO2 injected, a 3% change in residual trapping and a 4% change in dissolution trapping. 

f) Introducing a high permeability streak would lead to a 3% increase in the cumulative CO2 injected, a 
1% change in residual trapping and a 3% increase in dissolution trapping. 

g) Activating the capillary pressure option leads to a 5% decrease in the cumulative CO2 injected, a 1% 
increase in both residual trapping and a 2% increase in dissolution trapping. 

h) Introducing a low-permeability barrier between Yalgorup and Wonnerup formations would result in 
a 9% decrease in the cumulative CO2 injected, a 1% decrease in residual trapping and a 1% decrease 
in dissolution trapping. 

i) Activating the salting-out option has almost no impact on the cumulative CO2 injected and residual 
trapping. However, there is a 1% decrease in dissolution trapping. 
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j) For the water production cases, we place water production wells in between the injection wells. This 
is to relieve pressure, which allows us to inject more cumulative CO2. All the cases with a perforation 
interval equal to or greater than 500 m inject the full 230 Mt of CO2. However, CO2 breakthrough for 
most cases occurs after roughly 8 years.  

k) WAG analysis shows that – 

 Longer perforations increase CO2 trapping and enable more injection, 

 Injecting more water compared to CO2 enhances dissolution trapping considerably, 

 Of all of the engineering designs we examine, WAG wells enhance overall trapping the most, 
but 

 The gain in dissolution trapping is offset by the loss of injectivity (yet, lost injectivity could be 
regained by producing water), and 

 We test WAG with vertical water production wells at a given position, which leads to CO2 
production. Varying the positions of the water production wells may reduce cumulative CO2 
produced or potentially eliminate CO2 production. 

 SWAG encourages residual trapping and dissolution. This is because water and CO2 flow in 
opposite directions. In addition, we force imbibition very early on and enhance diffusion. 
SWAG easily leads to CO2 breakthrough and must be designed very carefully. Low 
permeability layers minimise contact between water and the CO2 injected. As a result, SWAG 
might not be best suited for this type of reservoir. 

Table A- 9 summarizes the conclusions we make from our NPV and TBI analyses. Vertical wells are the most 
economically attractive, but show intermediate overall trapping benefit. WAG wells are the least 
economically attractive, but show the highest overall trapping benefit, especially early in the injection period. 

Table A- 9. Summary table of enhanced assisted trapping methods. 

 
 

3.6.1.1.1 7-1012-0214 - Desktop design study for SW Hub monitoring wells 

This project in two parts investigated recommendations for data acquisition and drilling requirements 
of the shallow wells: Harvey 2, Harvey 3 and Harvey 4; and the well-based monitoring scenarios for 
commercial scale projects. 

As part of the data acquisition and research requirements study, a generic vertical interference test 
design study was conducted using the Harvey 1 dataset and available knowledge at the time. The 
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background on vertical interference testing was presented (available in the current report in well 
test design section). Four numerical modelling studies were conducted for four different production 
scenarios. These studies concluded that not all the Yalgorup Member thickness could be addressed 
by the VIT unless a very significant amount of water withdrawn. 

The following recommendations were made: 

(a) Conduct a detailed water test design study focused on a specific target with revised 
parameter evaluation to provide better knowledge of the sensitivities of key parameters 
required to achieve the test objectives. Study to include an evaluation of the pressure 
change detection limit, produced water volume and include a well test interpretation 
component.  

(b) The uncertainties associated with the well test be used to inform the overall data 
acquisition component of the drilling campaign 

(c) Prior to the final well test design all available information be integrated into the reservoir 
model to reduce the uncertainty associated with the key parameters, including data from 
the 3D seismic and from drilling Harvey-2 and Harvey-3 

(d) Produced fluid re-injection be considered as it may increase the options for testing, 
although re-injection at a different depth from the production interval could lead to 
increased well design complexity. Fluid samples would be required for this. 

(e) Cement bond log be undertaken to confirm isolation of the impermeable units 

(f) A drawdown at a constant flow rate followed by a build-up test is considered the best 
option for the water production test.  In a single well configuration, multiple monitoring 
sites within the well should be considered. In this configuration, a dual interval test 
option will reduce the uncertainty in the results. 

(g) The two wells option be considered, depending on the geology 

(h) Measurement of pressure, flow rate via production logging should be considered at the 
producing well for assessing vertical permeability distribution, as close as possible to the 
producing interval to reduce wellbore storage effects. 

(i) Monitoring stations should be at an optimum distance from the producing interval with 
accurate and high frequency (1/sec) measurements of pressure at all monitoring stations 
to capture small changes in pressure.  

(j) Develop a workflow for the interpretation of the test data that integrates data collation, 
signal processing, pressure and flow rate analysis with the geological input such as core, 
wireline logs and fault estimates via analytical and near-well bore numerical modelling 
analysis. 
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7-0515-0246 - Estimating Vertical Permeability in the Lesueur Formation  

This scoping study investigates the suitability and sensitivity of passive pressure monitoring for determining 
the large-scale vertical permeability of potential CO2 storage formations and associated confining layers. The 
investigation was performed primarily by numerical modelling combined with notional inversions and data-
‐‐worth analyses.  

One and two dimensional numerical models were developed to analyse the pressure response to Earth tide 
and barometric fluctuations within and across different CO2 storage formations and associated confining 
units. The models simulate fluid flow and pressure propagation triggered by the imposed loading effects and 
associated fluid pressure changes. The two dimensional models include hydrogeological and geomechanical 
variabilities, which represent the presence of elongated facies (such as floodplain palaeosols and vertisols) 
that may act as local confining layers. Heterogeneity within a given facies is also included in the geostatistical 
model. 

The analyses suggest that the pressure fluctuations observed in deep boreholes may be used to infer 
hydrogeological and geomechanical properties. However, because the pore pressures induced by barometric 
and Earth-‐‐tide loading and the dissipation of these pressure perturbations are controlled by the local 
hydrogeomechanical properties rather than the large-‐‐scale hydrostratigraphic features of the CO2 storage 
system (including medium-scale heterogeneity due to the deposition of high- and low-energy facies as well 
as small-scale heterogeneities within facies), it appears unlikely that reliable estimates of vertical 
permeability and/or continuity of the confining layer can be obtained by analysing pressure fluctuation data. 

Accurate pressure data may be useful, however, to detect the presence and track the migration of a CO2 
plume during the operational and monitoring phase of a carbon storage project. 

 

7-0115-0242 – The Lesueur: Vertical connectivity, injectivity and residual trapping 

This project investigates the role of fine scale heterogeneities on the scCO2 plume migration. This is enabled 
by considering a simpler physics (invasion percolation) of the migration (neglecting viscous forces and 
accounting gravity and capillary forces). Numerical simulations based on Darcy’s law (where viscous forces 
are included) and simulations using an invasion percolation model have been undertaken using the most 
recent geological model of the SW Hub. The results of these simulations demonstrate that these approaches 
to modelling the migration of CO2 produce significantly different plume geometries.  

In contrast to the conventional Darcy flow simulations, where the CO2 plume migrates upwards as a single 
continuous structure (FigureA- 75, top), complicated plume migration is predicted by the invasion percolation 
model. In particular, these simulations predict significant lateral migration from the injection well, which was 
not observed in the conventional Darcy flow simulations. This lateral migration occurs as the CO2 encounters 
a rock of higher capillary threshold entry pressure as it migrates upwards. It then migrates below that rock 
facies until it reaches a rock of lower capillary entry pressure, after which it continues upwards. This 
behaviour leads to the complicated migration pathways presented in the FigureA- 75 (bottom row) for two 
realisations of capillary entry threshold pressures. 

 



 

The Influence of heterogeneity and diagenesis on injectivity and containment in the Wonnerup Member  |  143 

 

  

 

  

 

 

FigureA- 75. (Top row) Results of CO2 injection simulations in the Wonnerup Member using a Darcy flow model 
(TOUGH2) for injection of 150 tonnes of CO2 after (a) 5 days, and (b) 50 days. Vertical range of plot is 90 m. Horizontal 
range is 120 m. Numerical model has approximately 2.6 million cells, refined to 0.8 m lateral spacing near the injection 
well. (Bottom row) Results of CO2 injection simulations in the Wonnerup Member using invasion percolation for two 
different models of threshold entry pressure distribution. Background shading represents high (dark) to low (light) 
capillary threshold pressures of rock. Injection volume is 150 tonnes of CO2. Vertical range of plot is 90 m. Horizontal 
range is 120 m. Cells invaded by CO2 are coloured to indicate invasion order from first (blue) to last (red). The number 
of cells in these models is approximately 2.5 million. 
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Appendix B: Visualising reservoir quality and 
uncertainty. 

Technical notes to accompany 3D visualisation .segy data cube 

Tess Dance & Allister Caird, CSIRO Perth 

Summary  

The purpose of this document is to describe a combined 3D geophysical dataset that may be used 
to interrogate and visualize properties in 3D during the decision making process for future work at 
the South West Hub. We also present a methodology to incorporate 3D data in a visualisation that 
provides insight for decision makers at other potential sites. We have created a tool that could be 
used in different ways. The data set was particularly challenging however, and the analysis as part 
of the project provided insights of when the data is interpretable and where care must be taken. 
This product provides a means to visualize this. 

 

Objectives 

In the initial over-arching project proposal for ANLEC project 7-1215-0263, one of the main aims 
was to somehow visualise the uncertainty at the storage area of interest (AOI). It was proposed 
that various sources of data would be reconciled into the static model to create a “three 
dimensional visualisation” showing parts of the AOI that have high, medium, or low prospectivity 
and highlight regions with greatest uncertainty. This was in order to deliver a practical “site 
assessment tool”. This tool would be a 3D model that could be used to easily identify the areas 
that either need more data, or have the highest chance of success for meeting storage objectives 
and to provide support for planning any future drilling operations.  

This technical briefing note describes the 3D mapping product that has been created to meet this 
objective. A 3D volume of continuous attributes has been created from seismic data. This allows 
for interrogation of the data by the application of variable cut-offs to filter a region or create a 
discrete classification, for example to highlight regions with porosity above or below a certain 
threshold.  

Figure B1 is a schematic (that was presented in the original project proposal) whereby reservoir 
characterisation data and outcomes from the seismic attribute analysis are mapped onto the static 
geological structural model and then classified in terms of a “traffic light” system that assigns 
qualitative values of good, moderate, and poor to regions of the 3D volume. 

 

ENERGY BUSINESS UNIT  
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Figure B1: Schematic of the proposal workflow. Reservoir characterisation data and seismic QA/QC data are 

integrated into the geological model to produce a reservoir quality assessment model and could be potentially used 
by stakeholders to visualise optimal well locations  

 

Method  

Inputs 

Figure B2 shows the input data used to define the visualisation cube structure and lateral extents 
Figure B3 shows the seismic data and porosity volume produced from the inversion sampled back 
into the static model grid. These provided the basis for the properties used to produce the 
visualisation cube. Primarily inputs consisted of:  

• Surface/grids in depth from the ODIN static model including top of Yalgorup Member, 
Wonnerup Member, and Sabina Sandstone. 

• Seismic cubes from ANLEC project 7-0 115-0241 (PSDM velocities, PHIT inversion volume) 
and the 3D FOLD quality attribute that was generated from this project (Milestone 4 
report: Glubokovskikh et al, 2018). 

• ODIN 3D Structural model grid (model framework) 

• Wells (Harvey-1, 2, 3 &4) 

Sub-sampling the data into the static model 

In order to sub-sample the seismic based property data (in TWT) into the static model grid 
framework (in depth) the seismic had to be converted into the depth domain (figure B3). The 
workflow was as follows: 

1. Create a velocity model from the PSDM velocities depth corrected to input surfaces  

2. Depth convert the 3D Fold and PHIT seismic cubes 

3. Sample the depth converted seismic cubes into the structural model grid cells as properties 
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Figure B2: Key Surfaces used to define the limits of the 3D visualisation model include Yalgorup Member (top), 
Wonnerup Member (mid), Sabina Sandstone (base) viewed looking to the north. Surfaces are coloured in depth 
metres (TVDSS). 
 
 

  
Figure B3: co-located seismic cubes sampled into the static model grid representing seismic fold (left image), and 
porosity (right image) from the inversion. 

Input data 

Porosity Cube 

Experience with the SW Hub data has shown a consistent relationship between the acoustic 
impedance and the total porosity estimates from log data within Wonnerup Member of the 
Lesueuer Formation (see, e.g., Pervukhina et al. 2018). The ANLEC project 7-1215-0241 
(Glubokovskikh, 2017) has produced a prediction of total porosity (PHIT) using an iterative signal 
to noise ratio (SNR) inversion (Figure B4).  
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Figure B4: vertical and horizontal slices through the total porosity obtained from the variable SNR scenario 
inversion.  
 

Seismic Fold 

The large commercial 3D seismic survey acquired over the South West Hub AOI in 2013-2014 has 
an extent over 115 km2. As part of Milestone 4 of this project, before inversion, we performed a 
quality assessment of the available seismic data. We found that the data suffer from variety of 
issues including an uneven fold distribution. The study validated the long-standing hypothesis that 
the acquisition geometry has crucial effect on the recorded seismic amplitudes of the large 3D 
seismic. Figure B5 shows the restricted land access for the 3D seismic survey. As a result, seismic 
data were acquired using somewhat handicapped geometries with limited coverage and an 
uneven distribution of the seismic fold. This has led to poor resolution of the shallow section, 
especially in areas with small density of near-offsets.  

Figure B6 shows the 3D distribution of the seismic fold calculated by the number of source-
receiver pairs that take part in imaging of a given reflection point. Note that the fold is low at the 
edges of the survey as the source effort decreases. Another feature evident is the gradual increase 
of the fold with depth. As reflection points get deeper, more sources contribute to the target 
interval in the seismograms. 
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Figure B5: Outline of the acquisition geometry for the 3D survey. 
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Figure B6: A 3D distribution of the seismic fold for the Large3D seismic 
 

Proximity to existing wells 

 Another property used in the analysis is the proximity to wells. This could be used to visualise 
parts of the area of interest where there is relatively little new value in drilling near an existing 
well (unless the desire is to understand lateral continuity of individual reservoir layers and 
interbeds, and hence define the lateral extent of baffles). Thus distance to existing wells shown in 
figure B7 provides a means to visualise this. 
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Figure B7: Proximity to existing wells. 

 

Avoidance 

A further property could be avoidance of undesirable subsurface (and perhaps surface) features. 
The example property shown in figure B8 is the proximity to mapped faults. This data is important 
when planning injection location in order to avoid faults. Similarly it may be desirable to avoid 
areas where one could not do effective monitoring, or avoid areas where surface access is difficult 
or expensive. The visualisation cube could be used in this way with spatial data overlays.  

 

 
 
Figure B8: Proximity to faults, and example of an “avoidance” property. 
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Defining qualitative discrete properties 

Using the depth converted cubes (now properties) as inputs, we then use the property calculator 
to create a visualisation of the continuous properties into a discrete classifications or cut-offs. For 
example a reservoir quality attribute (based on porosity) is shown in figure B9.  Areas within the 
Harvey 3D inversion cube that had > 0.16 porosity were classified as “good” reservoir potential, 
and those less than 0.16 = “poor”. It is noted however, that other cut-offs may be applied to the 
visualisation cube relevant to the user.  

More complicated expressions are combined to further classify regions of the area of interest that 
meet several criteria. For example, the “good” classification in figure B10 is based on both fold and 
porosity, and proximity to faults. The acquisition and advanced processing of the large Harvey 3D 
seismic survey was designed assuming that the seismic fold ~64 would provide a reasonable 
magnitude of reflected waves at the relatively deep Wonnerup Member of the Lesueur Sandstone 
using far offsets (Pevzner et al, 2015). 60 fold data and above were deemed as sufficient for 
structural interpretation. Thus in the example classification visualisation we considered regions 
that had an evaluation of fold of < 60 to be classified as “poor” on that basis. Regions greater than 
100m from a fault are also good.  

These three considerations were incorporated in the generation of a combined quality and 
uncertainty property using the following expression where: 

• 0= Good 

• 1= Moderate  

• 2= Poor  

Expression used: 
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Results 

The components comprising the quality and uncertainty property are shown below in figure B9. 
The high fold area (>180) is concentrated in the vicinity of Fault 10, which is also reasonably good 
porosity and thus produces an area that is visualised as “good”. 

 

all 
 

filtered on good  
Legend 

  

filtered on poor 

Figure B9: the quality/visualisation property model, and each classification. Harvey-1 is in the foreground with the 
view looking south.  

The image in figure B10 shows the aerial extent of the “poor” areas in a 3D view. The 
transparent surface above is the Wonnerup Member horizon. Wells can be seen intersecting 
the Wonnerup Member, though only the Harvey-1 (top left) intersects “poor” property. 

 
Figure B10: extent of the “poor” areas in 3D viewed from the top. 
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Visualisation onto 2D maps 

In order to view the 3D properties on 2D maps, thickness maps have been created by plotting the 
total combined vertical thickness of a given 3D property at each coordinate point on the 2D map 
(figure B11). This work has parallels with similar mapping performed for the CarbonNet project 
whereby 2D cross-sections and maps are used to represent the 3D results for stakeholders 
(Hoffman & Alessio, 2017). The colour scale reflects the total amount of “poor” cells (left) and 
“good” cells (right) with maximum=red and minimum =grey. These are presented here to more 
readily visualise the regions of the 3D property model in a 2D map. 

 

(a) total thickness of “poor” cells  (b) total thickness of “Good” cells 
Figure B11: 2D maps of the total cumulative thickness of cells (in metres) in the model with (a) “poor” classification, 
or (b) “good” classification projected on to the depth structure surface of the Top Wonnerup Member depth map. 
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Figure B12: section between Harvey-1 to Harvey-4. (N.b. Fold values not equally scaled between wells. Low values 
in purple, higher values in blue to green to red). 
 

It is noteworthy from figure B12, in this classification approach, FOLD appears to have a greater 
influence on the visualisation property. Where porosity is high (>30%), FOLD is often low and 
therefore the output of the discrete classification is deemed “moderate”. Conversely toward the 
base of Harvey-1, both fold and porosity are low therefore the result is classified as “poor”. 

 

Conclusions 

This final part of the project represents a step towards developing decision-making tools related to 
uncertainty, as measured by seismic data, and then leading to decisions how to appraise an area 
and feed well geological information into the 3D seismic volume. Geophysical uncertainty has 
been used here to translate as “geophysical information value of drilling a new well at a particular 
location and depth”. 

When combined with Project objectives and understanding of the stratigraphy and storage 
concept, one can then highlight those geophysical uncertainties that relate to upsides or 
downsides to the project, rather than being of lesser effect. A particular location may be perhaps 
equal geological “value” but since they are in the “poor” interval or location, this value does not 
translate to a commercial benefit. The model can be updated with new data if and when it becomes 
available. 
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Deliverables 

For the purpose data sharing, the Quality/visualisation property was output as SEGY and is made 
available to ANLEC. 

3D visualisation software (freeware) for non-specialists can be downloaded from here:  

http://www.mirageoscience.com/our-products/software-product/geoscience-analyst 
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