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Abstract 

Predicting CO2 plume migration is an important aspect for the geological sequestration of CO2. In 

the absence of experimental data, the storage performance of CO2 geo-storage can be assessed 

through the dynamic modelling of the fluid flow and transport properties of the rock-fluid system 

using empirical formulations. Using the van Genuchten empirical model, this study documents a 

Darcy flow modelling approach to investigate different aspects of CO2 drainage in a sandstone 

formation with interbedded argillaceous (i.e. mudstone) units. The numerical simulation is based 

on the Sleipner Gas Field storage unit where several thin argillite layers occur within the sandstone 

of the Utsira Formation. With respect to forward modelling simulations that have used Sleipner 

Formation as a case study, it is noted that previous attempts to numerically calibrate the CO2 plume 

migration to time-lapse seismic dataset using software governed by Darcy flow physics achieved 

poor results. In this study, CO2-brine buoyant displacement pattern is simulated using the 

ECLIPSE ‘black oil’ simulator within a two-dimensional (2D) axisymmetric geometry and a three-

dimensional (3D) Cartesian coordinate system. This investigation focused on two key parameters 

affecting CO2 migration mobility, namely relative permeability and capillary forces. Examination 

of these parameters indicate that for the gravity current of CO2 transiting through a heterogeneous 

siliciclastic formation, the local capillary forces in geologic units, such as mudstone and 

sandstones, and the relative permeability to the invading fluid control the mass of CO2 that 

breaches and percolates through each unit, respectively. In numerical analysis, these processes 

influence the evaluation of structural and residual trapping mechanisms. Consequently, the 

inclusion of heterogeneities in capillary pressure and relative permeability functions, where and 

when applicable, advances a Darcy modelling approach to history matching and forecasting of 

reservoir performance. Results indicate that there is a scope for a revision of the basic premise for 

modelling flow properties in the interbedded mudstones and the top sand wedge at the Sleipner 

Field when using Darcy flow simulators. 
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1 Introduction 

Sedimentological processes such as variation in grain size and sorting can result in relative 

permeability and capillary heterogeneity in a geological formation.1 Such heterogeneities are a 

source of uncertainty in CO2 storage performance because they influence fluid flow paths and the 

position of flow units within the reservoir formation.  

Bear2 defined the concept of flow unit as the representative elementary volume (REV) or mappable 

portion of the reservoir which possess analogous petrophysical properties that affect fluid flow and 

differ from other sections of the reservoir rock volume. Although the accurate characterisation of 

flow units in a reservoir formation helps to reduce the uncertainty in CO2 sequestration and oil 

production forecast,3,4 many reservoir simulation studies overlook relative permeability and 

capillary heterogeneity in dynamic flow modelling. Such practice could introduce further 

uncertainty in the assessment of dynamic flow processes during CO2 injection.  

A typical reservoir rock with mudstone intervals contains varying amount of clay minerals,5 which 

can result in different flow units for CO2 storage. To this end, this study identifies the effect of 

incorporating heterogeneity in relative permeability and capillary pressure functions on Darcy 

flow analysis of CO2 storage performance in a heterogeneous siliciclastic formation. As a case 

study, an overview of Darcy flow analysis of CO2 injection is centred on the Utsira Formation of 

the Sleipner reservoir unit6 (a good example of a sandstone formation with interbedded 

mudstones). 

The Utsira Formation in the Norwegian North Sea is a saline aquifer that lies at a depth of 800 m 

below sea level (mbsl).6 It is a 200 – 300m thick sandstone formation in the Sleipner area overlain 

by 50 – 100m thick ‘shale’ of the Nordland Group, acting as the primary reservoir caprock, and 

underlain by the Hordaland Group (Figure 1). The Utsira Sand is mostly unconsolidated and 

largely uncemented with no evidence of faults. It has an average porosity of 36% and a 
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permeability range from 1000 and 8000 mD.7 Geophysical well logs acquired around the Sleipner 

area show laterally extensive thin beds of argillite within the Utsira Formation, about 1 – 1.5 m 

thick, and a 5 – 6.5 m thick argillaceous layer separating an eastward thickening sand body, 

commonly referred to as the ‘sand wedge’, from the underlying Utsira Sand7. These interbedded 

mudstone layers are characterised by spikes of higher gamma readings which are similar to those 

of the overlying Nordland Shale.  

 

Figure 1. a) Isopach map of the Utsira Sand showing the Sleipner injection point and two surround 

wells and b) representative geophysical well logs showing the Utsira Sand characterised by 

generally low gamma-ray and low resistivity values. [Adapted from Chadwick et al.,8] 

CO2 injection began in the Sleipner reservoir unit in 1996 at an average annual rate of 1 Mt. A 

time-lapse monitoring programme was initiated in 1994 to monitor the migration and dispersal of 

the CO2 plume. Interpretations of the seismic reflection surveys show that by 1999, three years 

after injection commenced, the Sleipner CO2 plume had breached the mudstone barriers within the 



 

6 
 

Utsira Sand and ascended from the injection point to the reservoir-caprock interface via nine 

reflective layers (Figure 2).  

 
Figure 2: a) Time-lapse seismic images of the CO2 plume N-S inline through 1994 (prior to 

injection), 1999 and 2001 datasets with C denoting the main chimney and the solid circle depicting 

the injection point. b) Absolute amplitude maps of the interpreted layers showing plume 

development in the 1999 and 2001 seismic surveys. Black disc denotes injection point. [Adapted 

from Chadwick et al.,8]. 

In Figure 2a, the vertical zones within the plume, annotated by C, are interpreted as the main 

conduit for CO2 upward migrated and referred to as chimneys.9 Of all nine layers, the top layer is 

imaged most clearly by the seismic surveys. This top layer of CO2 accumulation is the sand wedge 

(Figure 1b) and it is regarded as the main determinant of storage integrity in the medium to longer 

term.10 A north-trending linear propagation of the layer is particularly prominent and corresponds 

to CO2 migrating northwards along a linear ridge at the reservoir top (Figure 3). 
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Figure 3: The mapped distribution of CO2 in the uppermost layer beneath the caprock (Layer 9) as 

interpreted from 4D time-lapse seismic. [Source: Cowton et al.,11] 

 

2 Problem statement 

The nature of the CO2 supply to the Utsira sand wedge and the distribution of CO2 plume within 

it depend on the transport properties of Utsira mudstones and the sand wedge, respectively. 

Explanations for the observed growth of the CO2 plume in the topmost layer include:  

a) the unlikelihood that CO2 migration through the mudstones is entirely governed by visco-

capillary Darcy flow but rather via some form of pathway flow12 and 

b) the presence of high permeability channels, herein referred to as ‘thief zones’, within this 

layer with a preferential north-south flow direction (see Figure 4). 

Suggestions on the origin of pathway flow include faulting or minor collapse induced by 

fluidisation within the main feeder chimney identified in Figure 2a13 and the presence of ‘holes’ 
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in the Utsira mudstones possibly due to erosion or sand mobilisation.7 Regardless of the origin of 

these pathways, the flow property of the mudstones plays a vital role in moderating the upward 

migration rate of the CO2 plume.14 For instance, the relative permeability to CO2 in the mudstone 

baffles is likely to increase as they become more saturated with CO2.
10  

The influence of channelling in the top sand wedge on the CO2 plume migration has been 

investigated by Williams and Chadwick15 and Cowton et al.’16 through the effects of permeability 

heterogeneity and plume temperature. This approach yielded a better match between the observed 

and calculated CO2-water contact (CWC) for most of the sand wedge but failed to match the 

observed migration rate of CO2 along the prominent northern ridge. 

 
Figure 4: Shaded isochore map (ms) of the top sand-wedge from seismic mapping. Cold colours 

denote thicker reservoir (channels) with the blue and red arrows show individual channels. Warm 

colours highlight thinning in the reservoir above mud diapirs. The red polygon outlines a 20 ms 

isochore. The white polygon delineates the margins of the topmost CO2 layer in 2010. The dotted 

line shows the location of the seismic section. [Source: Williams and Chadwick15] 
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The seismic time-lapse datasets have been applied using various simulation approaches to assess 

uncertainties that exist and approximate history match at the Sleipner storage formation.14,17–19 

These include the pressure performance,20 the reactive transport in Layer 9,21,22 and a greater 

emphasis on the quantification of CO2 plume.11,23–27 Zhu et al.’s28 history matching of CO2 plume 

migration in the Utsira Formation, through simulating sensitivity on pressure, temperature, 

intrinsic permeability, relative permeability curves, feeders, spill rates and methane (CH4) content 

in the CO2 stream, concluded that the CO2 plume extent is only sensitive to permeability 

anisotropy, temperature and CH4 content.  However, the concept of relative permeability 

sensitivity was not elaborated on in the text and requires further clarification. Additionally, the 

lack of sensitivity to relative permeability as established in Singh et al.,18 was based on a steady-

state upscaling of kr – Sw  curves using the viscous-limit assumption. Nevertheless, relative 

permeability functions have been shown to have a significant impact on estimations of CO2 

trapping mechanisms such as structural, residual and even solubility trapping.29–31 

The term ‘viscous-limit’ is used to describe viscous-dominated displacements where fluids are 

transported in response to an applied external force i.e. the viscous force. The magnitude of the 

viscous force is mainly dependent on the pressure gradient and the fluid viscosities, and not the 

fluid and rock interactions i.e. capillary forces. Consequently, this study investigates the sensitivity 

of CO2 plume to relative permeability based on the capillary-limit assumption. This process 

employs the establishment of casual relationships between the pore-size parameter and the 

Capillary Pressure – Relative Permeability – Wetting Saturation (Pc – kr – Sw) curves described in 

Onoja et al.,32 to characterise the dynamic flow state of interbedded mudstone units and high 

permeability sand channels in the Utsira Formation using the van Genuchten33 empirical model. 

To this end, the current study is especially interested in two key performance measures:  

i) How the Pc – kr – Sw functions of the intra-sand mudstones influence the maximum vertical 

migration distance of CO2 from the injection point to the top of the reservoir, and 
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ii) How the Pc – kr – Sw functions within ‘thief zones’ in the sand wedge influence the plume 

footprint area. 

The flow simulations presented in this study are based around the time-lapse seismic monitoring 

programme at the Sleipner Field. This is to enable the exploration of the performance measures 

stated above in the numerical simulation of CO2 injection in a sandstone aquifer interbedded with 

laterally continuous mudstones. It is important to stress that this study does not attempt to 

reproduce observed fluxes of CO2 plume derived from the seismic data but to investigate the 

impact of capillary-limit relative permeability curves in the interbedded mudstone and high 

permeability sand channels on the growth of CO2 plume. 

3 Numerical flow simulation 

The flow simulations employ two modelling scenarios to review and analyse the performance 

measures identified in the preceding section. The first case study simulates the Darcy flow of CO2 

through saturated porous media using an axisymmetric model (Section 3.1) while the second case 

study investigates the temporal evolution of the topmost CO2 layer in three-dimensions using the 

Sleipner Benchmark model of the topmost reservoir layer or ‘sand wedge’ (Section 3.2). ECLIPSE 

100 ‘black oil simulator’ is used to simulate CO2 injection in both cases. 

The default solution procedure in ECLIPSE 100 for all black oil runs is fully implicit. This 

generally allows for large time-steps in the simulation and uses Newton’s method34 to solve the 

non-linear equations. For dynamic simulations herein, the fully implicit solution option is activated 

to avoid convergence problems that may arise from flow reversals. This is because a fully implicit 

solution solves all the variables simultaneously in the linear solver, unlike the other options in 

ECLIPSE, i.e. IMPES (implicit pressure, explicit saturations) and AIM (adaptive implicit) 

methods, which may rely on some solution values from the previous time-step.35 
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In order to avoid convergence problems that may arise from phase change behaviour during 

simulation, the default maximum length of time-steps in the fully implicit option, i.e. 365 days, is 

reduced to 20 days. This limit is used to ensure time-step chopping and that the multiphase solution 

does not move too quickly through a grid block because the front between the two phases may not 

be actually tracked through that block. Additionally, the maximum number of Newton iterations 

is increased from the default value of 25 to 60. These are implemented by activating the TUNING 

option in the SCHEDULE section and adjusting the time-stepping and iteration controls.36 NB: 

Time-step chopping is what happens when the solution does not converge within the maximum 

number of non-linear iterations. In that case the time-step is chopped – its size is reduced tenfold 

– and the step is repeated to see if convergence can then be obtained.35 

Finally, a control is included in the simulation data to stop running following any time-step 

convergence failure. This is done by activating and tuning the 27th item in the OPTIONS keyword 

within the SCHEDULE section of the data-file.36 

3.1 First Case Study 

A radial axisymmetric mesh that incorporates the properties of the Utsira Formation is used to 

simulate the growth of CO2 plume. The model is kept relatively simple to allow multiple model 

scenarios to be run within a reasonable computation time. The outer boundary of the model is set 

at radius of 6 km to accommodate the lateral spread of the CO2 plume during the injection period. 

Horizontally, cell dimensions start at 2.5 m at the axis expanding to 5 m between radial distances 

of 100 m and 200 m, 10 m between 200 m and 400 m, 20 m between 400 m and 800 m, 30 m 

between 800 m and 1500 m with further expansion thereafter reaching 50 m at the outer boundary. 

The modelled reservoir domain is 220 m thick and contains seven thin mudstones which should 

allow up to eight spreading layers of CO2. The vertical spacing of the mudstones match the 

estimated spacing between the mapped reflections37 and are described in Figure 5. 
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Figure 5: Schematic description of the model geometry in the r-z cross section showing the 

reservoir zones [RS1 – RS8] and the interbedded mudstone layers [MS1 – MS7] as well as their 

thicknesses in bracket. Not to scale.  

Pc – kr – Sw relations (Figure 6) are computed using the van Genuchten function illustrated in 

equations 1 – 4 below:  

𝑆𝑒𝑤 =  
𝑆𝑤− 𝑆𝑤𝑟

1 − 𝑆𝑤𝑟 
         (1) 

𝑆𝑒𝑤 =  [1 + (
𝑃𝑐

𝑃𝑒
)

𝑛

]
−𝑚

        (2) 

  𝑘𝑟𝑤 =  (𝑆𝑒𝑤)0.5  [1 −  (1 − (𝑆𝑒𝑤)
1

𝑚⁄ )
𝑚

]
2

     (3) 

  𝑘𝑟𝑛 = 𝑘𝑜 ∗ [(1 − 𝑆𝑒𝑤)2 ∗ (1 − 𝑆𝑒𝑤
2 )]      (4) 

where Sew is the effective wetting phase saturation, Sw is the wetting saturation, Swr is the residual 

wetting saturation,  Pc is the capillary pressure, m and n are pore geometry parameters related by 

the assumption that m = 1 – 1/n, Pe is the capillary entry pressure, krw is the relative permeability 
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to brine, krn is the relative permeability to CO2, and ko is the maximum relative permeability value 

for the nonwetting phase. NB: The van Genuchten empirical model described in equations 1 – 4 

describes a Pc – kr – Sw relationship that is more applicable to a wider variety of sediments.38 This 

model results from the coupling of van Genuchten’s33 analytical and Mualem’s39 geometrical 

formula to describe capillary pressure and relative permeability functions during fluid flow 

through porous media. The Mualem formula can only be integrated analytically to the van 

Genuchten formula if m = 1 – 1/n. 

 
Figure 6: Pc – kr – Sw relationship for the reservoir sand 
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Assumptions for the reservoir sand include an average permeability and porosity of 2000 mD and 

0.36, respectively.18 Pc – kr – Sw relations based on a capillary entry pressure [Pe] of 0.00172 MPa 

(which correlates experimental values for the Utsira sand)40, an arbitrary residual wetting 

saturation [Swr] of 0.3, and a pore geometry parameter [m] of 0.56 for clastic sandstone.32 

In the modelled domain a single vertical injection well is located at r = 0 with CO2 injection at an 

annual rate of 1 million tonnes for twenty years. The injection rate applied herein is based on the 

average injection rate at the onset of CO2 injection in the Sleipner Field.8 Two flow scenarios are 

modelled in the numerical flow simulation. At the outset, CO2 migration through the mudstones is 

inferred to occur by viscous-dominated Darcy flow along discrete pathways. These pathways are 

assumed to originate at r = 0 of each intra-sand mudstones with a constant aperture of 2.5 m. This 

was adopted as the only position for holes in the thin shale layers since previous research by 

Cavanagh and Haszeldine17 confirmed that the CO2 stacked layers are insensitive to variations in 

the precise position of holes in the shale layers. It is noted that the viscous force usually dominates 

the displacement process at the field scale and its magnitude is dependent on the applied pressure 

gradient (i.e. externally applied force) and the fluid viscosities.41 The second scenario assumes 

CO2 migration through the mudstones is strictly by capillary-dominated Darcy flow. Capillary 

forces dominate the displacement process in the pore scale. Breakthrough pressures and Pc – Sw 

curves for porous media manifest the capillary forces at the interface between CO2 and brine in 

the pore throats of the porous media. The sensitivity analysis of both scenarios is expected to 

provide insights into the buoyant migration of supercritical CO2 across low permeability mudstone 

baffles and barriers within a sandstone reservoir. 

3.1.1 Pathway flow analysis 

Initial flow properties of the mudstones are based upon a capillary entry pressure of 1.72 MPa for 

the Nordland Shale.12 The permeability of intra-sand mudstones are considered to be ultra-low 

with an intrinsic permeability value of 0.001 mD and a porosity of 0.35, after the Nordland Group 
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caprock. The Pc – kr – Sw function of the thin mudstones is computed using a pore geometry 

parameter [m] of 0.29 and a residual wetting saturation [Sw] of 0.605. Pathways in the interbedded 

mudstones are represented by either increased permeability values, Pc – kr – Sw functions for the 

reservoir sand, or both in some cases.  

Flow simulation indicates that the injected supercritical CO2 (scCO2) ascends due to the gravity 

segregation resulting from the density contrast between the invading gas and in situ brine. The 

flow properties of each reservoir are constant with an average permeability of 2000 mD, which 

implies that capillary forces within the sand units are not an issue for the mobility of the plume. 

However, in the presence of intra-sand argillite units, as is the case here, if the capillary pressure 

[Pc] of the invading fluid does not exceed the entry pressure of the thin mudstone layer, the fluid 

will pond beneath the capillary barrier, migrating laterally along its topography until a spill-point 

or an opening for vertical migration is reached. The assumption of vertically aligned pathways in 

the mudstone layers invariably serves as a conduit for viscous-driven Darcy flow to produce a 

multi-layered CO2 plume in the reservoir formation.42,43 In the first instance, the sensitivity cases 

described in Table 1 highlights the sensitivity of the CO2 plume contact area to the flow properties 

of these pathways. A qualitative insight into the plume dynamics is provided through two 

distinctive elements: the vertical migration of the plume, where the mobility of the gas through 

each sand layer is mainly a function of the pathway’s flow properties, and the amount of free gas 

(mobile and immobile) within layers of reservoir sand at the end of simulation. 

In Figure 7, a comparison of the sensitivity cases in pairs, i.e. P0 vs P1, P2 vs P3, and P4 vs P5, 

support the proposition that the relative permeability functions could serve to enhance or retard 

the mobility of non-wetting fluid through the aperture. This is irrespective of the presence or 

absence of capillary forces in the pathway. Although pathways modelled by the intrinsic 

permeability value alone promote the development of a multi-layer plume, the inclusion of the 

relative permeability curve for a less compact lithology improves the mobility of gas through the 



 

16 
 

aperture. This serves to increase the quantity of CO2 in each overlying layer and shows that the 

relative permeability function of the pathway in the thin argillite layers, especially the first 

argillaceous layer, is fundamental to fluid flow through the reservoir. This is highlighted in Figure 

8 where cases P0 and P3, modelled with the same effective permeability for pathway flow, show 

the ease of gravity drainage from RS1 into overlying reservoir zones: RS2, RS3 and RS8. The 

sensitivity of pathway flow to capillary forces and relative permeability is emphasised in Figure 

7c. In this illustration for cases P4 and P5, the mudstones act as impermeable barriers that lead to 

the accumulation of a single layer of CO2 beneath the first mudstone (MS1) in the reservoir 

formation.  

The presence of pathway flow in P4, modelled via Pc – kr – Sw functions of the reservoir sand 

where the capillary entry pressure is 1.72 KPa, allows the buoyant migration of CO2 through the 

first mudstone layer (MS1) into the overlying sand layer, unlike case P5 (see Figure 8b). This 

identifies two main hypotheses:  

i) The capillary forces acting in a porous media can significantly impede the rate of CO2 

migration through it; and 

ii) At an intrinsic permeability value of 0.001 mD and a capillary entry pressure of 1.72 

MPa, the relative permeability distribution along a 1m-thick laterally extensive argillite 

layer becomes an important feature for assessing fluid migration through the flow 

barrier. 

In the absence of capillary forces, as seen in cases P2 and P3, the pathway flow becomes a function 

of the effective permeability of the aperture. Figure 8d further illustrates the relevance of relative 

permeability functions in the transport properties of the aperture when comparing cases P2 and P3. 

The sandstone kr – Sw curves modelled into the vertically aligned pathways in case P3 resulted in 

the increase of CO2 volume flow to the top of the reservoir i.e. RS8. 
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Figure 7: Comparison of CO2 plume distribution at the end of simulation for cases a) P0 & P1, b) 

P2 & P3, and c) P4 & P5. NB: Depth and distance in metres (m) 
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Figure 8: Volume of CO2 in place in reservoir zones a) 1, b) 2, c) 3 and d) 8 at the end of simulation. 

NB: Red circles in 8c & d depict zero CO2 accumulation in the respective case. 
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3.1.2 Capillary flow analysis 

In this section, CO2 migration through the intra-sand mudstones is assumed to occur by capillary-

limit flow. The permeability and capillary entry pressure of the intra-sand mudstones play a key 

role in moderating the rate of upward migration of CO2 through the reservoir. These properties are 

adjusted so that the flow simulation matches the arrival of CO2 at the top of the reservoir in the 

third year of injection, as detected by the time-lapse seismic monitoring programme at Sleipner 

site.8 The assumed permeability of the mudstones for this analysis was empirically derived under 

viscosity-dominated Darcy flow where the mudstone layers are modelled without Pc – Sw 

functions, i.e. the absence of capillary forces. The resulting permeability value of 30 mD employed 

in the sensitivity analysis of Darcy flow physics is based on the observation of plume migration to 

the top unit of the reservoir (RS8) in the third year of CO2 injection (Figure 9). 

 
Figure 9: Multi-layered CO2 plume migration for viscosity-dominated flow through reservoir 

argillite units with varying permeabilities. NB: PERMZ = PERMX x 0.1  
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It is worth noting that the plume morphology at the Sleipner site indicates that column heights of 

trapped CO2 plume are low and a capillary entry pressure of 1.72 MPa may not be applicable to 

the Utsira mudstones.17 To this end, a capillary entry pressure value three orders of magnitude less 

than 1.72 MPa was used for the thin argillite layers. This value was chosen by iteration to match 

the arrival time of CO2 at the top of a reservoir formation in the third year of CO2 injection when 

the interbedded mudstones are assigned a permeability of 30 mD. Note that the assigned 

permeability value is a direct consequence of the analysis described in the preceding paragraph. 

Figure 10 supports the hypothesis that the buoyant movement of the non-wetting phase is strongly 

influenced by the capillary forces in the intra-sand mudstone units. In instances where the Pc of 

the CO2 plume exceeds the mudstone entry pressure, the plume breaches the mudstone layer and 

migrates vertically until another capillary barrier is reached. The essential feature is that the total 

driving force for invading fluid flow is just about adequate to overcome the semi-permeable 

mudstone resistance afforded by a capillary entry pressure of 1.72 KPa. Cavanagh and 

Haszeldine17 attribute the possibility of such uncharacteristically low threshold pressures to the 

occurrence of micron-thick fractures in the mudstones. The Darcy flow model in Figure 10d 

portrays the pattern of pooling, breaching and vertical migration of CO2, which matches the 

observed plume distribution in Sleipner. This model is identified as the base case, designated as 

S0, for an analysis on the sensitivity of buoyant plume migration to Pc – kr – Sw functions in the 

thin mudstones. Other sensitivity cases are for various argillaceous units defined in Table 2 are 

shown in Table 3, while Figure 11 illustrates the descriptive Pc – kr – Sw curves applied herein. 
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Figure 10: Buoyant migration of scCO2 through intra-sand mudstone units modelled with 

capillary entry pressure of a) 1720 KPa, b) 172 KPa, c) 17.2 KPa and d) 1.72 KPa 

 
Figure 11: Pc – kr – Sw relationship for the various argillaceous units. 

As CO2 injection proceeds, the gas propagates under gravity along the horizontal semi-permeable 

argillaceous layers. Results of a 20-year injection period show that the volume of CO2 plume 

pooling beneath the capillary barrier is essentially dependent on the transport properties of the 

semi-permeable strata above it (Figure 12). Sandy siltstone, which provides the least resistance to 

buoyant CO2 migration, results in a higher degree of gas percolation through the sand enriched 

argillite, as opposed to the siltstone and mudstone. This is evident in the plume saturation profile 

in RS1 and RS2, i.e. Figure 12 a & c, where the thin argillite layers in cases S0, S1 and S2 are 

modelled as sandy siltstone, siltstone and mudstone, respectively, using the transport properties 

curve map in Figure 11. With a constant injection rate and an equivalent volume of CO2 injected 

in all three cases, the loss of CO2 plume in RS1 results in a higher concentration of mass at the 

front end of plume evolution in RS2. This gives a greater chance for the gravity current to advance 

through the overlying argillite layers. However, the likelihood of such occurrence is entirely 
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dependent on the magnitude of capillary force in the overlying argillite layer that counteracts the 

buoyant force in the migrating plume. Such equilibrium between the capillary force and the 

buoyant force is described by the Young-Laplace equation.44 This equation relates the gravitational 

column height of buoyant fluid to the capillarity of the porous media using the expression below: 

∆𝜌𝑔ℎ =
2𝜎 𝑐𝑜𝑠 𝜃

𝑅
       (5) 

where Δρgh is quantified as the buoyancy force counteracted by the capillary force, Pc. Δρ is 

described as the density contrast between the wetting and non-wetting fluid, g is the gravitational 

constant, h is the column height of buoyant plume, σ is the interfacial tension between the fluid 

phases, ϴ is the wetting angle, and R is the pore throat radius.  
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Figure 12: Profile of CO2 emplaced during the injection period in a) RS1, b) RS2, as well as the 

volume of CO2 emplaced at the end of injection in c) RS3, d) RS4, e) RS5, f) RS6, g) RS7, and 

h) RS8  
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As injection proceeds in cases S0, S1 and S2, pathways emerge for CO2 percolation through the 

thin argillite layers. These pathways are a function of CO2 breakthrough pressure and the column 

height of plume beneath each argillaceous layer. At a constant CO2 pressure in the reservoir, the 

CO2 breakthrough pressure for each argillaceous unit varies according the resistant force acting 

within the argillite layer. The mass of gravity current that then advances through each argillaceous 

unit is attributed to the column height of plume beneath that argillite layer. Hence, the case 

modelled with the least resistant force in each argillaceous unit, i.e. S0, show preferential migration 

of the plume to the top of the formation, i.e. RS8 (Figure 12d). This is due to the greater magnitude 

of buoyant force acting, with respect to the resistant force, at the top of each underlying reservoir 

unit, in contrast to cases S1 and S2. Case S3 elaborates on this theory where the volume profile of 

CO2 plume that migrates through the first argillite (MS1) is akin to that of case S0 (Figure 12a). 

This is because the capillary forces acting within MS1 is the same in both cases. As the buoyant 

plume migrates through MS2, a divergence in the volume profile for cases S0 and S3 is evident 

and sets in due to the greater ease of CO2 percolation to the overlying sand unit in the former 

(Figure 12c). Eventually, the varying capillary forces acting within the overlying argillite layers 

in case S3, which create a higher resistance to buoyant plume migration than the ones in case S0, 

results in shorter vertical migration through the reservoir formation (Figure 12d). This shows that 

the number of layered CO2 plumes resulting from horizontally persistent thin argillite units in a 

homogeneous sandstone is highly dependent on the capillary force acting within each unit. The 

main feature captured by the modelled cases is the impact of the relative permeability and capillary 

pressure curves on the buoyant drainage of CO2 through the thin argillite layers. The introduction 

of variance in capillary pressure curves at the same capillary entry pressure gives rise to local scale 

capillary forces that may lead to partially saturated currents of CO2 in the pore matrix of the 

argillaceous layer. Likewise, varying the relative permeability curves also affects the effective 

permeability of the intra-sand argillite layers. Thus, the rate of plume advancement is dependent, 
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not just on the capillary entry pressure, but also on the correlated structure of the rock fabric’s 

local capillary curve and the relative permeability to the invading fluid. 

3.2 Second Case Study 

Judging from the plume migration trend at Sleipner, where CO2 plume reaches the top layer by the 

third year of the CO2 injection and steadily increases through the ensuing years of injection (see 

Figure 3), it seems most of the injected CO2 will accumulate at the top layer in the longer term. 

Hence, the sensitivity of the topmost accumulation to high permeability channels or thief zones 

within the sand wedge should prove to be a pointer for the longer-term behaviour of the plume. 

This is done using the benchmark model constructed for Sleipner’s uppermost sand wedge, 

commonly referred to as the Sleipner Layer 9 Benchmark Model, which has a grid resolution of 

50 m in the XY direction and 1 m in the Z direction (Figure 13).  

 

Figure 13: Sleipner Layer 9 Benchmark Model showing estimated horizontal permeability.  

Singh et al.,18 defined input parameters derived from best estimates to provide an accurate rock 

and fluid property dataset for the model, including the anticipated injection rate in the sand wedge 

that replicates the volume profile of CO2 within it. Refer to Appendix A of Singh et al.,18 for the 

benchmark model assumptions and input parameters. This study employs relative permeability 

functions to describe thief zones within the sand wedge. It differs from Williams and Chadwick’s15 
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approach which uses absolute permeability to describe the thief zones. The base case for the 

sensitivity study in this section uses the laboratory-measured kr – Sw curve obtained from Singh et 

al.,18. This is fitted to the van Genuchen model using the parameters in Table 4. Cases for analysing 

the influence of channelling in the top sand wedge on the CO2 plume migration through the effects 

of relative permeability heterogeneity are defined in Table 5.  

Different relative permeability curves are computed using varying pore geometry values in Table 

5 while keeping the end-point of relative permeability to the immiscible fluids and their saturation 

values constant. Laboratory-measured Pc data for Utsira Sand40 is used and held constant for all 

the sensitivity cases. CO2 injection is simulated in the Benchmark model for 11 years to replicate 

the distribution of CO2 in the upper layer from 1999 to 2009 using Singh et al.’s18 injection rate 

assumptions. Figure 14 shows the capillary pressure and injection profile used in the study, as well 

as the regions for channelling in the benchmark model. The northerly and southerly channels are 

modelled into the top half of the reservoir column to accommodate CO2 gravity currents that are 

expected to spread radially from the injection point. This is because a common feature of Darcy 

flow simulations for CO2 injection in a homogeneous saline formation is the predictable coning of 

CO2 plume away from the injection location.45 
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Figure 14: Illustration of the a) capillary pressure curve for Utsira Sand, b) the injection profile, 

and c) the regions for channelling in the Sleipner Layer 9 Benchmark Model. 

3.2.1 Pressure-driven analysis 

Figure 15 illustrates the CO2-water contact observed in the top layer of the sand wedge at the end 

of the simulation run. None of the simulation outcome displayed the observed morphology of CO2 

plume at the top of the sand wedge in the seismic data set (Figure 15). Cavanagh46 has shown that 
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a long period for pressure compensation post CO2 injection would allow black oil simulation to 

attain equilibrium, thus improving the plume distribution when calibrating flow simulations to the 

time-lapse seismic observations. Moreover, successful numerical attempts at yielding a close 

match in the observed CO2 plume morphology were through simulated sensitivity on the number 

of feeder wells,46 and the methane content in the CO2 stream,28 the permeability anisotropy,10,37 

and the plume temperature.15 Regardless, none of these parameters was included in this flow model 

because the history matching of the plume morphology in the sand wedge is not within the scope 

of this study. 
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Figure 15: CO2 plume morphology in the top layer of the sand wedge at the end of simulation 

At first glance, Figure 15 showed identical morphology in the northerly and southerly plume 

extensions for all cases. However, on closer inspection of the grid blocks (at an expanded scale of 

500%) the comparable area of plume extension only applied to the following cases: C0, C1, C2, 

C3, & C4; C5 & C6; C7 & C8; and C9 & C10. This could be attributed to the values of m for the 
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cases in each grouping, where m becomes equivalent when it is rounded up to one decimal place 

(see Table 5). As a result, the effect of the relative permeability curve on fluid flow is negligible. 

Building on this narrative, cases C0, C6, C8 and C10 were selected as representative cases for each 

grouping to further examine the plume extension in the northerly and southerly channels (Figure 

16). Recall that the simulation resolution of each grid block is 50 x 50 x 1 m. 
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Figure 16: CO2 plume morphology in the top layer of the sand wedge for the representative cases. 

NB: The white circles on C6, C8 and C10 are used to highlight the regions of plume shortening in 

comparison to the base case, C0. 

In Figure 16, Case C0 was found to show the largest plume extension while C10 showed the least. 

This is readily attributed to the value of m, where higher values would portray a higher relative 

permeability to CO2. The volume of CO2 that migrated to the northerly and southerly channels was 
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quantified and illustrated in Figure 17 for the four cases: C0, C6, C8, and C10. The mass of CO2 

in the both the norther region [NR] and the souther region [SR] was largest for C0 and followed a 

downward trend for case C1 through to C10. This would suggest that the chanelling of gravity 

currents at the top of the reservoir is sensitive to relative permeability functions, however 

insignificant it may seem. The inclusion of heterogeneity in the capillary pressure functions could 

further highlight the sensitivity at this scale. These functions have already been shown to be 

essential in assessing the rate of CO2 leakage seepage in pathway flow (Section 3.1.1). 

 

Figure 17: a) The description of the regions in the top layer of the sand wedge where the volume 

profile of CO2 is assesed for b) the northern region, NR and c) the southern region, SR, during the 

simulation period. 

Reflecting on ‘channelling investigations’ by Williams and Chadwick15 and Cowton et al.,16 a 

better calibration of the migration rate at the northern ridge in Darcy flow simulators could be 
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afforded by introducing heterogeneity in capillary pressure and relative permeability functions 

incorporated in the top sand wedge. It is common that grid resolution limitations may reduce 

sensitivity to relative permeability functions and capillary forces in numerical models due to 

numerical errors. As illustrated by Nilsen et al.,47 “the large size of coarse grid results in a large 

difference between the average of the non-linear relative permeability functions and the relative 

permeability functions evaluated in the average saturation”. Refining the simulation grid will help 

to diminish numerical errors due to poor discretisation. Hence, high-resolution models can be used 

to easily capture the effects of such functions and support a Darcy-based modelling approach. A 

downside to using high-resolution models, however, is the computational efficiency of forward 

modelling within reasonable time scales using full flow physics. This has resulted in the use of 

less complex simulators and/or analytical methods that adopt a vertically averaged formulation of 

the governing equations of multiphase flow (e.g. Gasda et al.,48 Doster et al.,49 Nielsen et al.,50 and 

Cowton et al.16). This usually entails modelling the gravity current in its simplest form based on 

the Vertical Equilibrium (VE) pseudo functions introduced by Coats et al.,51. The VE concept 

assumes gravity forces alone are the driving forces towards equilibrated (segregated) vertical fluid 

distributions. This implies that the phase hydrostatic potential is independent of depth within a cell 

and relative permeabilities are calculated using segregated saturation functions in the vertical 

dimension.52 This may seem ideal for simulation studies in the Utsira ‘sand wedge’ since 

predictions suggest that the plume migration could be primarily buoyancy-driven and not pressure-

driven.18,46 With migration proceeding further away from the injection area, the CO2 plume 

becomes thinner, making numerical errors due to poor vertical discretisation more important.47 

Under the assumption that fluid flow predominates in the horizontal direction, VE models utilise 

the large aspect ratio of CO2 gravity current to reduce the complexity of flow simulations in 3D 

and increase computational efficiency.16 
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3.2.2 Gravity-segregated analysis 

The cell saturation distribution assumed by ECLIPSE’s VE model is based on the assumption that 

the phase hydrostatic potential is independent of depth. In the absence of capillary pressure effects, 

the saturation distribution becomes a step function depending on the fluid contact depths. This 

saturation distribution is taken account of when ECLIPSE calculates relative permeability values 

for the cell faces.53 For the gas-water case shown in Figure 18, water may flow out of the bottom 

of the cell, but not out of the top, at which no mobile water exists. The water flow through the 

sides reflects the fraction of the cell faces over which a mobile saturation exists. If the VE 

assumption of approximate hydrostatic equilibrium is valid, such a segregated saturation 

distribution may provide a more accurate description of fluid flow than a default dispersed option 

in which the fluids are assumed to be evenly distributed over the grid block.52  

 
Figure 18: A cell with approximate hydrostatic equilibrium showing gas-water vertical equilibrium 

The gravity-segregated flow can be modelled in ECLIPSE using the VE option, where the degree 

of fluid segregation is specified using mixing parameters ‘VEFRAC’ and VEFRACP’ for the 

relative permeability and capillary pressure, respectively.52 These keywords enable the 

specification of either dispersed (rock curve) or segregated (VE) saturation functions, or a 

weighted average of the two, for calculating relative permeabilities and capillary pressures. 

VEFRAC gives the VE relative permeability fraction, and VEFRACP the VE capillary pressure 

fraction, for the whole field. 
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Using the VE option, simulation outcome for the sensitivity cases described in Table 5, where 

relative permeability variations are specified for the rock fabric in high permeability channels, 

showed no difference to the plume contact area when total fluid segregation is assumed. This is 

because when VEFRAC equals unity, the simulation disregards the relative permeability curves 

specified for the rock fabric in high permeability channels and only uses the VE relative 

permeability curves in the run. However, the VE option allows for an increase in mobility as both 

phases become relatively mobile in low saturations. The resulting spread in horizontal current 

becomes a function of the degree of fluid segregation assumed. The higher the degree of fluid 

segregation, the faster the spread in horizontal current along the topography of the capillary barrier 

(Figure 19). Figure 20 shows the outline of gas flow in a three-dimensional space where the largest 

plume contact area is discernible for the assumption of total fluid segregation. Even though the 

CO2-water contact in the VE models do not match Sleipner’s time-lapse seismic data, they 

illustrate better northerly and southerly plume distribution than the full Darcy flow physics 

simulated herein (Figure 21).  

The plume distribution trend seen in Figure 21 argues for the value of VE models when calibrating 

petrophysical properties to history-match the plume spread in Utsira’s top sand unit. In the context 

of sensitivity to relative permeability curves, an assumption of partial fluid segregation when using 

the VE option in ECLIPSE affords the modelling of CO2 plume sensitivity to rock curves in the 

simulation. More importantly, high-resolution modelling using the VE option is computationally 

efficient. To quote Singh et al.,18 “as long as high resolution models which include gravity 

segregation are used, good matches to field observations can be obtained using conventional black-

oil simulators”. 
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Figure 19: Gravity current in a cross section of the numerical domain for a VE model with a mixing 

fraction of a) 0.0, b) 0.5 and c) 1.0 at the end of CO2 injection 



 

37 
 

 
Figure 20: Schematic of saturated gas at the end of simulation in the three-dimensional space for 

the Vertical Equilibrium Mixing Fraction (VEMF) of 0.0, 0.5 and 1.0 with colour code for 

superimposed models illustrated as yellow, blue and red, respectively. Black disc indicates the 

injection point.  

 
Figure 21: Results of flow simulation in the benchmark model for coarse and fine grids in E100 

and VE models  
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4 Summary and conclusion 

The first investigation in this study presented an axisymmetric geometry for a fixed-volume release 

of supercritical CO2 into a saline formation with intra-sand mudstone baffles in cases that describe 

drainage of the fluid through: 

i) Viscous-limit pathways in the interbedded mudstone layers, and 

ii) Capillary-limit percolation in semi-permeable mudstone layers. 

The models developed were simplified but provided valuable insight into the effects of relative 

permeability and capillary functions on the propagation of gravity-dominated displacement flow 

in porous rocks. The flow modelling approach presented here suggest that the semi-permeable thin 

argillite layers have an atypically low capillary entry pressure of 1.72 KPa that enables the rapid 

vertical migration of CO2 from the base to the top of the reservoir formation. The possibility of 

such low threshold pressures has been attributed to the occurrence of micron-fractures in the 

argillite layer, probably induced, prior to CO2 injection, by transient fluid overpressure during 

rapid deglaciation at Sleipner.17 The local capillary forces and relative permeability to the invading 

fluid were found to play a key role in moderating the rate of buoyant migration through the 

reservoir, including buoyant migration through pathways in laterally extensive mudstone layers. 

Results show that capillary forces within semi-permeable barriers in a storage formation regulates 

the degree of CO2 mass that breaches the capillary barriers, while the rate of leakage in the gravity 

current passing through the barrier is a function of its relative permeability to the invading fluid. 

The second investigation considered the sensitivity of plume extension to relative permeability 

functions in flow channels within the top sand unit of Utsira Formation. This assumed visco-

capillary Darcy flow as the dominant process in modelling the distribution of CO2 in the Sleipner 

benchmark model. Simulation outcome was found to vary from the observed CO2-water contact 

in the seismic data. The poor performance of Darcy flow physics to simulate seismically-observed 

fluxes at the Utsira Formation, e.g. Chadwick et al.,42 Hermanrud et al.,43 Singh et al.,18 and 
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Cavanagh,46 has been attributed to the underlying governing equation of Darcy’s law which 

requires pressure gradient-driven viscous flow in permeable media. Nevertheless, Cavanagh46 

observed that a pressure-compensated modelling approach improves the performance of Darcy 

flow models in matching the observed distribution of CO2 at Sleipner. Most importantly, 

incorporating detailed depositional heterogeneity of the top sand wedge into Darcy flow models 

have resulted in a closer history match in CO2 plume distribution.15 However, including 

heterogeneity in relative permeability and capillary functions when modelling depositional 

heterogeneity is easily overlooked in the simulation of CO2 geo-sequestration. Although the 

sensitivity of the CO2 plume morphology, particularly within the channels in the top sand wedge, 

to relative permeability functions seemed insignificant in this study, including relative 

permeability heterogeneity in simulation studies, where and when applicable, should not be 

ignored. This is because the introduction of relative permeability variations opens up the 

possibility of investigating uncertainties for fluid flow in model space by facilitating a Darcy 

modelling approach. 
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CASE ID Description 

P0 

Presence of capillary forces in the intra-sand mudstones; Pathway in the 

mudstones based on intrinsic permeability value of 70 mD and Pc – kr – Sw 

function for reservoir sand (where the capillary pressure, Pe, is 1.72 KPa, the 

residual wetting saturation, Sw, is 0.3 and pore geometry parameter, m, is 

0.56). 

P1 
Presence of capillary forces in the intra-sand mudstones; Pathway based on 

only intrinsic permeability value of 70 mD. 

P2 
Absence of capillary forces in the intra-sand mudstones; Pathway based on 

intrinsic permeability value of 70 mD. 

P3 

Absence of capillary forces in the intra-sand mudstones; Pathway based on 

intrinsic permeability value of 70 mD and kr – Sw function for reservoir sand, 

where Pc = 0. 

P4 
Presence of capillary forces in the intra-sand mudstones; Pathway based on 

only Pc – kr – Sw function for reservoir sand. 

P5 
Presence of capillary forces in the intra-sand mudstones; No pathway – Flow 

properties of thin argillites are the same as the caprock. 

Table 1: Description of cases modelled for pathway flow analysis 
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Argillaceous unit Pore-geometry parameter [m] 

Sandy Siltstone 0.29 

Siltstone 0.27 

Mudstone 0.24 

Sandy Claystone 0.19 

Claystone/Caprock 0.08 

Table 2: Descriptive m-value in van Genuchten model for the argillaceous units. [Adapted from 

Onoja et al.,32].
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Case ID Description of intra-sand argillite layers M1 – M6 

S0 All Sandy Siltstone 

S1 All Siltstone 

S2 All Mudstone 

S3 

According to plume thickness in the 2001 Sleipner data set 

(Figure 2b) under the following assumptions: M1 = Sandy 

Siltstone, M2 = Siltstone, M3 = Mudstone, M4 = Sandy 

Siltstone, M5 = Sandy Claystone, and M6 = Siltstone. 

Table 3: Description of sensitivity cases modelled for capillary-dominated Darcy flow analysis. 

NB: Pc – kr – Sw description for M7 is equivalent to the ‘sandy siltstone’ for all cases modelled.
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Parameter Value 

Pore geometry parameter [m] 0.95 

Brine relative permeability end-point 0.54 

CO2 relative permeability end-point 0.75 

Critical brine saturation 0.386 

Connate brine saturation 0.11 

Critical CO2 saturation 0.02 

Connate CO2 saturation 0.00 

Permeability of the sand wedge [mD] 2000 

Permeability anisotropy 0.1 

Porosity of the sand wedge sand 0.36 

Table 4: Parameters used for the simulation of Sleipner Layer 9 in this study. 
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Case ID Description of ‘thief zones’ 

C0 Base case where m = 0.95 

C1 m = 0.96 

C2 m = 0.97 

C3 m = 0.98 

C4 m = 0.99 

C5 m = 0.91 

C6 m = 0.85 

C7 m = 0.81 

C8 m = 0.75 

C9 m = 0.71 

C10 m = 0.65 

Table 5: Description of cases that investigate the sensitivity of temporal evolution of CO2 in the 

topmost layer to relative permeability functions in the high permeability channels. 
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