Appendix 1. Fault seal modelling methods and calculations

Capillary seal dependencies
Capillary seals fail when the fluid buoyancy pressure exceeds the capillary pressure (in this context also termed ‘threshold capillary pressure’). Fluid migration through capillary leak may continue until the initial buoyancy pressure is reduced by up to 50% due to pore drainage effects (Schowalter, 1974).

Capillary threshold pressure is a key fault rock attribute used in the hydrocarbon exploration industry to determine the sealing potential of the fault and calculate maximum column heights, using the relationship between the height of the fluid column and the buoyancy pressure it exerts on the sealing rocks:
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where:
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 – fluid buoyancy pressure
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 - density of hydrocarbons (h) or water (w)

g – acceleration due to gravity

h – column height
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 – maximum column height
The same principle can also be applied in CO2 sequestration context, whereby  [image: image12.png]
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 attributes are used to evaluate CO2 storage capacity of a faulted reservoir. 

The interfacial tension and wettability are key properties controlling capillary seal and depend on many factors including pressure, temperature, fluid type, fluid density and rock mineralogy (e.g. Iglauer et al., 2015; Nordgard Bolas et al., 2005; Øren and Bakke, 2003; Radke et al., 1992; Schowalter, 1974). The influence of these factors is a key concern in describing fault zone behaviour and are further discussed in the methodology and discussion sections. The advantage, however, is that the characteristics of fluids and their affinity to reservoir rock can be approximated as these two input parameters, and therefore applied in the same manner to systems involving hydrocarbons, CO2 or any other fluid type of interest.

Buoyancy pressure exerted on the fault rock by the column of fluid is greater with increasing density contrast between the wetting and the non-wetting phases. In reservoir conditions, density of methane ranges between 100 – 300 kg/m3, CO2 in supercritical phase is 400 – 600 kg/m3 and oil density can vary between 700 – 1000 kg/m3. It is therefore apparent from Equation 2, that a fault rock with a certain capillary threshold pressure would retain a smaller column of methane than of CO2 or oil, if the other parameters were the same. However, the differences between interfacial tension and wettability between CO2 and hydrocarbons have been suggested to reduce the threshold capillary pressure of the fault rock in CO2-brine system (Chiquet et al., 2007). The interplay between IFT, wettability and fluid density therefore are key parameters to consider in applying fault seal modelling techniques to CO2 sequestration. 

Fault seal modelling

SGR is equal to the clay content of the slipped interval of the faulted rocks and assumes that wall rocks are mixed into the fault zone (Yielding et al., 1997):  
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is the volumetric clay content of a bed, [image: image20.png]Az



 is bed thickness and[image: image22.png]


 is the fault throw. SGR is a fault attribute that can be calculated on a 3D surface of a fault model to spatially identify areas of potential seal or leakage. 
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is derived from wireline log data. An index of degree of shaliness is most commonly obtained from Gamma Ray (GR) logs. High GR readings correlate with increasing shale content because of the concentration of radioactive material in clay minerals. However, clean sandstones may also produce high GR readings if potassium feldspar is present in significant quantities (Rider, 1986). GR data can be complemented with Density-Neutron porosity logs and Spontaneous Potential (SP) logs, both of which are used to differentiate between low and high clay content. Density-Neutron porosity method is not applicable to gas, while SP logs are distorted by and not applicable to hydrocarbons (Asquith et al., 2004). 
1.1.1.1 Calibration of fault rock algorithms
Two different approaches have been developed to link capillary threshold pressure to SGR. One approach is based on laboratory experiments of mercury-air injection tests in micro-fault samples and subsequent correlation of measured capillary pressures to sample clay content (Gibson, 1998; Knipe, 1997; Sperrevik et al., 2002). The second approach uses data from known hydrocarbons traps sealed by faults to empirically correlate the maximum observed threshold capillary pressures to SGR values (Bretan et al., 2003; Yielding, 2002; Yielding et al., 2010). The two approaches have been termed ‘deterministic’ and ‘empirical’ respectively, and will be referred to as that in the forthcoming text. The two methods are often used in conjunction and have been shown to produce similar results in certain but not all SGR/burial depth configurations (Yielding et al., 2010). To date, the application of these methods to CO2-brine system has been limited (Bretan et al., 2011).
1.1.1.1.1 Deterministic approach
The most widely applied deterministic calibration by Sperrevik et al. (2002) is based on laboratory measurements of fault rock permeability from a variety of fault structures within reservoir core samples. Capillary entry pressures were measured by mercury-air injection. This method establishes a relationship between fault rock shale content, maximum burial depth and depth at the time of faulting (Fig. 1):
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where 
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 – fault rock permeability (mD)
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 – fault rock clay fraction, equivalent to SGR
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 – maximum burial depth (m)
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 – depth at the time of faulting (m)
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 – Mercury-air threshold pressure (psi)

a1-5 – constants derived by multi-component regression

The method uses SGR as an input for [image: image40.png]


 and, combined with data of maximum burial depth and depth at the time of faulting, derives the capillary threshold pressure for mercury-air system. This can then be converted to hydrocarbon-water or CO2-brine system by using appropriate values for IFT and contact angle ([image: image42.png]


) between the fluid and the wetting phase. 
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where n and ma denote wetting/non-wetting phase of choice and mercury/air, respectively. 

This approach has been developed based on millimetre scale fault-structures in core samples and therefore assumes that the relationships observed in the micro-scale are replicated in the macro-scale. Another important assumption is that SGR reflects the true shale content of the rock samples ([image: image46.png]


), determined by petrological analysis, at the appropriate scale. The data used in determination of this relationship includes a wide range of fault rocks (from disaggregation zones to clay smears) but the sample range is geographically limited to the North Sea (Sperrevik et al., 2002).  
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Figure 1. Laboratory measurement data of micro-fault structure clay content and permeability, grouped by different burial depths with best-fit lines fitted. This data formed the basis of the Equations 4 and 5 (Sperrevik et al., 2002). 

1.1.1.1.2 Empirical approach

The empirical approach is based on a compilation of SGR values and across-fault pressure differences (AFPD) of known sealing faults. Increase in SGR correlates with a systematic increase in maximum AFPD values that can be supported by the fault rock. The data define three seal-failure envelopes for maximum burial depths of less than 3km, 3-3.5 km and 3.5-5.5 km, with sealing capacity increasing with increasing maximum burial depth (Fig. 2) (Bretan et al., 2003). The observed correlation between SGR and AFPD can therefore be used in a predictive manner, to assign capillary threshold pressure values to every point on a fault plane according to the calculated SGR values:
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where:

AFPD – Across-fault pressure difference (bar)

SGR – Shale gouge ratio, in %

C – Burial depth-dependent parameter. C = 0.5 for burial depths shallower than 3km, 0.25 for burial depths between 3 and 3.5 km and 0 for burial depths deeper than 3.5 km. 

The data compilation and AFDP dependency to SGR was presented in Yielding (2002) and Bretan et al. (2003) and later refined in Yielding et al. (2010). The data used for the empirical calibration includes extensional basins occurring >2 km depth with variable maximum burial depth estimates. The global compilation includes basins in the North Sea (UK and Norway), Columbus Basin (Venezuela), Gulf of Thailand, Gulf of Mexico, Niger Delta, Vietnam and The Grand Banks (Canada) (Yielding, 2002). The data set includes oil and natural gas traps but does not include natural CO2 fields. 

The empirical approach uses SGR as a proxy to fault sealing capacity rather than equating it to the true volume of clay in the fault rock (Yielding et al., 2010). As discussed above, large scale faults are complex and contain various deformation components not restricted to uniformly mixed material, so in this view, SGR also reflects the combined sealing capacity of these heterogeneous structures. 
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Figure 2. Shale Gouge Ratio (SGR) versus AFPD for a variety of different basins where hydrocarbon columns are retained by the fault rock. The data are coloured according to burial depth. The seal envelopes define the maximum values of AFPD (Yielding et al., 2010). 

Appendix 2.

Supplementary Figure 1. Formation fluid pressure profiles
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Fig. S1. Formation fluid pressure profiles with calculates pressure gradients used for fault seal modelling for a) the Katnook field b) The Boggy Creek field. Water pressure gradient displayed as a solid line, gas pressure gradient – dashed line. GWC sourced from well logs (Katnook-2, Boggy Creek-1), gas pressure gradient calculated based on gas mixture densities, derived using the Peng-Robinson equation of state.  
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