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To optimize programmes of carbon capture and storage, it is crucial to understand how subsurface heterogeneity
may control CO, dispersal in sedimentary reservoir successions. It is therefore necessary to evaluate the impact of
subsurface modelling techniques on predictions in lithological and petrophysical heterogeneity, and on resulting

o ] dynamic behaviours. In this study, alternative idealized, unconditional static models were created that incor-
Dynamic simulation . . ips . . . .
Carbon capture porate different types of sedimentary heterogeneities typical of fluvial meander-belt sedimentary successions, at
ccs different scales. These static models were produced using two different geostatistical algorithms based on
multipoint statistics: SNESIM and DEESSE. Two alternative sets of geocellular grids were created that capture (i)
macroscale levels of heterogeneity only (architectural elements) and (ii) both macro- and mesoscale (point-bar
lithologies) heterogeneities, respectively. The geocellular models were populated with petrophysical data from a
selected geological analogue (Barracouta Formation, Australia), imposing a depth-related trend based on the
analysis of literature data. Porosity and permeability models were obtained via Gaussian random function
simulations. These static models were used to simulate subsurface CO; injection over a 30-year period to enable
tracking of plume propagation and a comparison between models incorporating different levels of facies het-
erogeneity. The study highlights the influence of the underlying facies framework on CO3 dynamic simulations,
since aspects of reservoir pressure redistribution and caprock pressure relief only emerge from models incor-
porating mesoscale features. Furthermore, predicted CO, plume displacement, injection rates and cumulative
injected volumes are also affected by the facies-modelling approach. Modelling categories and strategies must be
carefully selected in subsurface modelling workflows applied to plan CCS projects.

1. Introduction

In the coming decades, subsurface Carbon Capture and Sequestration
(CCS) projects are expected to serve as a major solution to mitigate the
effects of global warming (Global CCS Institute, 2020; Ringrose et al.,
2021). CCS projects are increasingly recognized by the international
community as a solution for controlling the concentration of anthro-
pogenic carbon dioxide (CO3) in the atmosphere. Currently, the majority
of COy emissions come from fossil fuel combustion (Nalley and LaRose,
2021). The burning of fossil fuels is estimated to account for 73% of total
greenhouse gas emissions and for 92% of total anthropogenic CO,
emissions in the USA. Approximately 170 million tonnes of oil equiva-
lent (Mtoe) of energy were used in the UK in 2020, with the majority of
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this (78%) coming from fossil fuels for heating and electricity produc-
tion (UK Office for National Statistics, 2022). As part of the Paris
Agreement (UNFCCC, 2018), 194 countries pledged to implement new
low-carbon technologies, and Carbon Capture and Storage (CCS) was
cited as a possible mitigation pathway. Although many CCS projects are
already operational (e.g., Big Sky in Montana, USA; Sleipner, offshore
Norway; Southwest Hub project, Australia), there exists uncertainty
with respect to the safety, efficiency and commercial viability of
large-scale CCS ventures. Thus, the construction of geologically sound
reservoir models will play a significant role in the development and
management of CCS projects. For a CCS project to be successful, a sub-
surface carbon repository should provide: (i) sufficient storage volume;
(ii) the capability to sustain operational injection rates; (iii) the ability to
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host and confine CO, safely, without leakage and preserving wellbore
stability (Espinoza and Santamarina, 2017); and (iv) the capacity to
undergo injection at a depth where the CO, can exist as a supercritical
fluid (Ambrose et al., 2008). Several mechanisms act to trap CO3 in the
subsurface: (i) structural or stratigraphic trapping in the reservoir rock
(Iglauer, 2018); (ii) solubility trapping of CO» that becomes dissolved in
the reservoir brine (Riaz and Cinar, 2014); (iii) capillary residual trap-
ping of CO3 in pore spaces (Gershenzon et al., 2017), and (iv) mineral-
ization due to chemical reactions of CO, with minerals in the reservoir
rock (Al-Khdheeawi et al., 2017).

In depleted hydrocarbon reservoirs, oil and gas extraction leaves
behind a permeable and porous volume that can potentially be filled
with CO,. The original presence of hydrocarbons over geological time-
scales proves the suitability of the reservoir volumes for long-term CO,
storage (Spiteri et al., 2005; Bennion and Bachu, 2008). Yet, predictions
of the ultimate fate of the injected CO; and planning of the injection
process require accurate understanding of geological heterogeneity.
Thus, skills and practices associated with the investigation of conven-
tional hydrocarbon reservoirs, and reservoir modelling in particular,
play a significant role in the prediction of volumetrics, injection rates,
seal integrity, and injected-plume behaviour (Bachu et al., 2007; Budinis
et al., 2018).

Sedimentary heterogeneity acts as a primary control on the distri-
bution and mobility of resources in subsurface sedimentary successions.
Hence, reservoir models incorporating lithological heterogeneities are
routinely used to predict how fluids will move through subsurface
reservoir volumes (Walker, 1984; Hickin, 1993; North, 1996;
Brandseeter et al., 2001). Lithological heterogeneity has also been shown
to exert a fundamental control on the performance of CO, sequestration
plays (Reading, 2001; Lunt et al., 2004; Ringrose and Bentley, 2015).
Static reservoir models incorporate structural geological features and
sedimentary architectures and heterogeneities (henceforth facies).
Commonly, geologically unrealistic facies models are a root cause for
discrepancies between volumetric analysis and production forecasting
against actual production results (i.e., history-matching discrepancies)
(Caers and Zhang, 2004). Robust facies models, built using appropriate
modelling algorithms and incorporating relevant sedimentary archi-
tectures and heterogeneities, are important for obtaining realistic pre-
dictions of the behaviour of a CO3 plume in the subsurface (Flett et al.,
2007; Singh et al., 2010; Eiken et al., 2011; Dai et al., 2014; Stalker et al.,
2014; Soltanian et al., 2016; Nguyen et al., 2017). Special attention
should be given to issues of stratigraphic compartmentalization, which
may impede the lateral propagation of injected CO;, and to
facies-related heterogeneity in petrophysical properties and relative
permeability curves, which impact CO2 plume dynamics (Flett et al.,
2007; Spiteri et al., 2005; Juanes et al., 2006; Nguyen et al., 2017).

A class of sedimentary successions that is of interest for CCS projects
and that is noticeable for the presence of significant heterogeneities at
multiple scales is the stratigraphic record of meandering fluvial systems
(Cabello et al. 2018; Sun et al. 2023). The morphodynamics of
meandering rivers results in the deposition and preservation of a com-
plex arrangement of geo-bodies of variable geometry and lithological
make-up (Miall, 1985, 1988, 2016; Bridge, 2003; Gibling, 2006). The
spatial distribution, internal heterogeneity and connectivity of channel
fills, barform elements and related overbank (e.g., levee, crevasse-splay)
elements is highly variable and difficult to predict. In meander-belt
successions, two broad categories of heterogeneity expressed at
different scales can be identified: in this study, these are termed
‘macroscale’ and ‘mesoscale’ levels (cf. Friend 1983; Tyler and Finley
1991; Riordan et al. 2004; Colombera et al., 2013; Issautier et al. 2013).
Macroscale heterogeneity pertains to the architectural products of
deposition in specific meander-belt sub-environments, that is, they
represent facies associations expressed as architectural elements (cf.
Miall 1985; Colombera et al. 2013). At this scale, static reservoir models
seek to represent the arrangement of sandbodies (e.g., point-bar ele-
ments) embedded in or juxtaposed with relatively fine-grained deposits
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(e.g., floodplain deposits, channel-abandonment mud plugs) (Fig. 1).
The term mesoscale refers to smaller-scale lithological variability
observable inside macroscale architectural elements: this might be
expressed as beds and bedsets, commonly arranged in a predictable
manner within their parent architectural elements (e.g., stratal packages
defining fining-upward trends in a point-bar element). Smaller-scale
heterogeneities at sub-bed scale are also present but are not consid-
ered in this study. It has been shown that representation of both
macroscale and mesoscale heterogeneities in 3D reservoir models de-
termines the ability of dynamic simulations to effectively map and
predict fluid recovery or injection efficiency and storability (Cabello
et al., 2018; Puig et al., 2019; Willis and Sech, 2019a, 2019b).

From a practical standpoint, however, producing static reservoir
models for the successions of meandering fluvial systems that incorpo-
rate both macro- and mesoscale heterogeneities is not straightforward,
due to the geometric, lithological and topological complexity of these
heterogeneities. A major challenge is to design workflows that enable
such elements to be incorporated effectively in 3D geocellular models
while honouring conditioning data (i.e., hard data, such as borehole
observations, and soft data, such as geophysical attributes). Tradition-
ally, a variety of geostatistical methods have been used to model strat-
igraphic architectures. Yet, common methods based on two-point
statistics (variograms) are largely ineffective at producing geologically
realistic outputs (Pyrcz and Deutsch, 2014). Object-based methods are
able to generate geometrically sensible representations of geobodies, but
commonly suffer from convergence issues with large conditioning
datasets (Haldorsen and MacDonald, 1987; Holden et al., 1988; Larue
and Hovadik, 2006). Rule-based methods have shown promise as a way
to produce geologically sound models, but are only applicable in special
cases where meander-belt accretion geometries can be mapped or
reconstructed in some detail (Colombera et al., 2018).

By contrast, modelling approaches based on multipoint statistics
(MPS) use idealized geological models as training images to integrate
geological information into reservoir models. This class of models
combines the ability to fully honour well data with the capability to
reproduce complex geometries and spatial relationships (Guardiano and
Srivastava, 1993; Strebelle, 2002; Liu et al., 2004). These advantages
make MPS methods well-suited for modelling fluvial meander-belt
successions (Montero et al., 2021).

1.1. Aim and objectives

This research seeks to understand how scales of sedimentary het-
erogeneity considered in facies models for fluvial meander-belt sedi-
mentary successions may impact CO; plume injection in a CCS reservoir
volume. The specific objectives of this study are as follows: (i) to assess
how the scale of focus at which sedimentary heterogeneities are repro-
duced in facies models (macroscale vs mesoscale) affects dynamic sim-
ulations of CO5 injection over decadal timescales; and (ii) to evaluate the
impact of the choice of geostatistical facies-modelling algorithm (‘single
normal equation simulations’ vs ‘direct sampling’) on static model
outputs and resulting dynamic behaviour, relative to the impact of the
heterogeneity modelling scale.

2. Methodology

The workflow followed in this study includes the following steps: (i)
unconditional geostatistical facies modelling of successions of fluvial
meandering systems using MPS methods; (ii) construction of property
models of porosity and permeability constrained by the facies models
and informed by geological analogues; and (iii) dynamic simulations of
CO3 plume injection in the property models (Fig. 2).

2.1. Facies modelling

In meandering river systems, point-bar elements form due to
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° Point-bar elements
e Crevasse-splay elements

e Lateral-accretion packages
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Fig. 1. A) Satellite image of a reach of the Rio Negro channel belt, Argentina, exhibiting the typical planform architecture of meander-belt sedimentary units. B)
Block diagram and associated cross-sections of a sedimentary succession of a meandering fluvial system showing both macro- and mesoscale heterogeneities
(Modified after: Ghazi and Mountney, 2009; Shiers et al., 2014). Ranges of typical vertical and horizontal scales are indicated.

meander-bend migration and concurrent deposition on the inner bank of
a channel, until that channel is eventually abandoned following bend
cut-off or avulsion. The abandoned channel can then be infilled by
sediment transported in suspension by floods. Meander belts typically
consist of mosaics formed by multiple preserved point-bar elements
bordered by channel-fill deposits: these elements are the macroscale

features of interest in this study (Fig. 1). Internally, these features may
exhibit smaller-scale heterogeneities: these are the mesoscale entities
considered here (Fig. 1).

This study applied a workflow for modelling meander-belt succes-
sions based on MPS modelling algorithms; the workflow and its outputs
are discussed in detail by Montero et al. (2021) (Fig. 2). In the workflow,
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Montero et al. (2021)
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Fig. 2. Workflow for static modelling and dynamic simulation followed in this study. See text for explanation.
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Fig. 3. Four realizations obtained from SNESIM (A, C) and DEESSE (B, D) using training images for macroscale (A, B) and mesoscale (C, D) features. Vertical

exaggeration set to a factor of 25.
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MPS training images were created using a forward stratigraphic
modelling software (Point-Bar Sedimentary Architecture Numerical
Deduction, PB-SAND; Yan et al., 2017) that simulates fluvial
meander-bend evolution and resulting point-bar facies organization.
PB-SAND model inputs were defined based on data from multiple
geological analogues included in a relational database which stores
sedimentological data from many fluvial sedimentary successions (the
Fluvial Architecture Knowledge Transfer System, FAKTS; Colombera
etal., 2012a, 2012b, 2013, 2017). The training images that were derived
this way were applied to two different MPS algorithms: SNESIM (Single
Normal Equation SIMulation; Strebelle, 2002), and DEESSE (Direct
Sampling; Mariethoz et al., 2010). A key difference between the two
approaches is that in the case of SNESIM spatial patterns are saved in a
search-tree database, whereas in the case of DEESSE the patterns are
extracted by directly scanning the training image. MPS modelling al-
gorithms tend to produce spatially stationary outputs; yet auxiliary
variables can be used to force incorporation of spatial trends (e.g., facies
proportions, element orientations) in the models (cf. Montero et al.
2021).

A set of eighty facies realizations has been produced via MPS
modelling, of which four are employed in the work presented here.
These four realizations result from the combination of: (i) two training
images, each incorporating different types of lithological heterogene-
ities, and (ii) the two modelling algorithms (SNESIM and DEESSE). The
two training images, and their corresponding facies realizations, incor-
porate sets of three and five lithological (‘facies’) types, corresponding
to macroscale and mesoscale heterogeneities, respectively. In facies
models with macroscale focus, three rock types are included: (i)
mudstone that was accumulated in floodplain areas; (ii) sandstone
deposited in point-bar settings in the channel belt of a meandering river,
of which the main reservoir units are made; and (iii) mud-prone chan-
nel-fill deposits that can act as baffles or barriers to the flow in the
channel-belt deposits. In facies models with mesoscale focus, point-bar
deposits are themselves differentiated into three different categories of
point-bar lithologies (mesoscale heterogeneities): (i) coarser lower
point-bar deposits that accumulated near the channel thalweg; (ii) sand-
prone mid point-bar deposits; and (iii) finer-grained point-bar top de-
posits. These three categories are arranged according to a vertical fining-
upward trend reproduced in the training images used to obtain the MPS
realizations. At a larger scale, the stacking pattern of meander-belt de-
posits is representative of the infill of an alluvial valley (Montero et al.,
2021).

The four selected facies realizations (Fig. 3) are used as frameworks
for the creation of property (porosity and permeability) models, as
explained below. Details on the inputs to the facies modelling algorithms
are presented in Montero et al. (2021).

2.2. Selection of petrophysical data and property modelling

The idealized facies models used in this investigation were populated
with representative petrophysical data derived from geological ana-
logues (Supplementary Material 1). Data on porosity and permeability
of sedimentary units from fluvial successions were compiled by drawing
data from the scientific literature and technical reports; this dataset was
collated to facilitate the creation of property models in data-poor con-
texts; a similar approach has been commonly adopted in compiling other
analogous databases (e.g., P3 — Petrophysical Property Database, Bar
et al., 2020; BritGeothermal database, British Geological Survey; Na-
tional Geothermal Data System, United States Geological Survey). The
dataset collated for this study is unique in that it brings together
analogue data on petrophysical properties in a way that enables such
properties to be linked directly to sedimentological characteristics. The
collated dataset incorporates more than 4000 records of petrophysical
parameters (mainly porosity and permeability) from 48 case studies
(Supplementary Material 1), stored alongside additional attributes,
such as sedimentary structures, petrographic composition, lithofacies
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type, architectural-element type, age of the deposit, formative palae-
oenvironment, and associated metadata. The data are extracted from
outcrop, core and well-log datasets of fluvial sedimentary deposits.

The petrophysical data included in the database were used in two
ways: (i) to identify analogue datasets of petrophysical properties
(porosity and permeability) relevant to fluvial successions targeted for
CCS; a specific geological analogue was chosen in view of its match in
terms of depositional context and geological architecture and its po-
tential as a CCS target (see Section 2.2.1 below); (ii) to assess correla-
tions and spatial trends for petrophysical properties of specified types of
sedimentary units.

Property models for each of the four facies models described above
were obtained by populating the 3D grids with petrophysical properties
whose distributions are constrained by the modelled facies. Porosity and
permeability models were created in Schlumberger Petrel™ using the
Sequential Gaussian Random Function Simulation (GRFS) algorithm. In
the GRFS algorithm, anisotropy in the property being simulated is
controlled via variogram models with specified ranges. Arbitrary values
of major, minor (both on the horizontal plane), and vertical variogram
ranges were selected based on visual analysis of the size of point-bar
features observed in the previously built facies models (Table 1). An
exponential variogram model was used for all property models. The
GRFS algorithm was also conditioned on trends that describe correla-
tions between different properties (namely, between depth and porosity
and between porosity and permeability) and spatial relationships (often
expressed by vertical and lateral trends) between different modelling
categories (facies). Equations obtained via regression were used as fol-
lows: (i) a depth-porosity transform for each facies type was used in the
creation of porosity models; (ii) porosity-permeability transforms were
applied to previously modelled 3D porosity volumes for each facies type
in the creation of permeability models. No horizontal trends are incor-
porated in the simulations. The inputs to the porosity and permeability
models are summarized in Table 1. The petrophysical trends were
derived from the analysis of the analogue petrophysical dataset for the
sedimentary units included in the facies models. A range of geological
analogues was considered for deriving relevant data on petrophysical
properties. Analogue-derived information employed in the property
modelling and the grid configuration are summarized in Table 1. For
both macro- and mesoscale property models, a single reservoir zone was
modelled as a grid of 250 cells along both horizontal directions, and 50
cells along the vertical direction. The cell size was set at 20 m along both
horizontal directions and 1 m vertically. The modelled gridded volume
was treated as occurring over depths of 2,350-2,400 m.

2.2.1. The Latrobe Group

A specific geological analogue was used in this study for extracting
petrophysical data with which to constrain the property models: the Late
Cretaceous-Eocene Latrobe Group in the Gippsland Basin (SE Australia),
as observed in cores of the Tarwhine-1 well (WAPIMS database -
Western Australia Department of Mines, Industry Regulations and
Safety). The Latrobe Group sandstone units are the primary reservoirs in
the Gippsland Basin (Petroconsultants, 1996), but are also considered as
potential targets for CCS programmes (Bunch et al., 2011; Langford,
2016). Thus, several projects are now investigating the suitability of this
succession, and the Gippsland Basin more widely, for CCS (Quinn,
2022). The Tarwhine-1 well intersects the Barracouta Formation, which
comprises a gas-prone reservoir (Moore et al., 1992) and includes
reservoir units targeted for CCS. The Barracouta Formation is part of the
Halibut Subgroup, which is Maastrichtian to early Eocene in age (ca. 75
to 45 Ma) and was accumulated in a rift-related extensional basin. Parts
of the Barracouta Formation are interpreted as having been deposited in
a meandering fluvial environment, whose preserved stratigraphy is
characterized by significant sandbody compartmentalization. Fluvial
reservoir sandstone bodies are commonly made of texturally mature and
moderately well-sorted sandstone, with porosity values that are typi-
cally in the 15-25% range. The Barracouta Formation includes
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Table 1
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Summary of inputs to porosity and permeability models. ® = porosity, z = depth, k = permeability.

Porosity models

Permeability models

Model macroscale

Point-bar elements

Model mesoscale

Lower bar elements

Upper bar elements

Transform + 3D volume
porosity (co-kriging)
Log10(k) = — 0.66 +
0.14*®

9mD

10 mD

9.6 mD

200 x 200 x 5

250 x 250 x 5

Transform + 3D volume
porosity (co-kriging)
Log10(k) = 1.88 + 0.26*®

29 mD

37 mD

32.82 mD

300 x 300 x 5

250 x 250 x 5

Transform + 3D volume
porosity (co-kriging)
Log10(k) = 1.96 + 0.15*®

0.2 mD

0.33 mD

0.24 mD

300 x 300 x 5

250 x 250 x 5

Model Model mesoscale
macroscale
Point-bar Lower bar Upper bar
elements elements elements
Method Transform (co- Transform (co- Transform (co-
kigring) kigring) kigring)
Porosity and @ = 0.0039 + @ = 4305.58 — ® = 3374.61 —
permeability 21.001%*z 147.83%*z 111.09%z
transform
Minimum value 0.11 0.12 0.08
Maximum value 0.12 0.14 0.1
Mean value 0.117 0.1307 0.09
Variogram range 200 x 200 x 5 300 x 300 x 5 300 x 300 x 5
SNESIM (m)
Variogram range 250 x 250 x 5 250 x 250 x 5 250 x 250 x 5
DEESSE (m)

high-quality sandstone, some of which displays multi-Darcy perme-
abilities. However, porosity and permeability values from observations
made in the Tarwhine-1 well are in the lower end of the overall ranges
for the formation. Secondary porosity due to dissolution of dolomite
cement associated with hydrocarbon emplacement is the main porosity
contributor in the Latrobe Group, whereas authigenic kaolinite growth,
chlorite filling, quartz cementation and overgrowths occluded part of
the original porosity (Bunch et al., 2011). Porosity-versus-depth plots
indicate a severe decline in porosity with depth,; this limits the reservoir
viability beneath approximately 4,000 m depth (Clark and Thomas,
1988).

2.2.2. Porosity models

In facies models incorporating mesoscale heterogeneities, a constant
effective porosity equal to zero was selected for floodplain and channel-
fill deposits, so that corresponding cells would be deactivated in the
dynamic simulations. Thus, floodplain and channel-fill deposits behave
as non-permeable barriers in the macroscale facies models.

For point-bar deposits, a porosity-depth relationship was used to
account for sediment compaction in the Latrobe Group; the derived
function (transform) was applied for constraining the porosity re-
alizations. In the petrophysical analogue dataset, different linear depth-
porosity trends were observed corresponding to different compaction
regimes: a relationship between porosity and depth applicable to the
Latrobe Group was considered (Table 1), on the basis of the moderate
compaction reported in the completion report for well Tarwhine-1. The
trend was then applied to the simulations as a secondary variable in
collocated co-kriging, on both SNESIM and DEESSE facies models. No
horizontal trend was included. Fig. 4 shows two representative porosity
realizations based on facies models produced with SNESIM and DEESSE.

A similar workflow was followed for the facies models with meso-
scale focus. Porosity-depth trends to be used as secondary variables were
chosen for each of the three point-bar lithological categories. Analogue
data on the porosity of lower point-bar and point-bar top deposits yield
the porosity-depth trends in Table 1. The Latrobe Group porosity values
considered for point-bar deposits in the facies models for macroscale
heterogeneity were applied to the middle point-bar facies type. Porosity
realizations for the facies models with macroscale focus are shown in
Fig. 4.

2.2.3. Permeability models

The approach taken to model permeability also includes the use of
secondary data. For facies models with macroscale heterogeneities only,
permeability modelling of point-bar strata was undertaken by (i)
applying a porosity-permeability trend derived from analysis of the
Latrobe Group (Table 1), and (ii) by using previously built porosity re-
alizations to condition the permeability values (Fig. 4). Because of the

narrow range in porosity values, the permeability field is characterized
by effectively constant values across the point-bar domains. Although
this scenario is not realistic from a geological standpoint, it allows the
influence of the presence of effectively impermeable units acting as flow
barriers to be examined. For facies models with mesoscale heterogene-
ities, three different porosity-permeability trends were used for lower
point-bar, middle point-bar and point-bar top facies: two transforms
were determined for lower and upper point-bar deposits (Table 1),
whereas the porosity-permeability relationship used for point-bar de-
posits in the macroscale model was applied to the middle point-bar class.
The previously built porosity models were also used to co-krige the
simulations. This results in a permeability field that is more geologically
realistic than the one obtained for macroscale models. In both sets of
models, cells corresponding to floodplain and channel fill deposits were
set arbitrarily as having a porosity equal to zero, so that they would
become deactivated in the dynamic simulations; as such, no perme-
ability value was required to be assigned to these cells. Inputs to the
geostatistical modelling algorithm are reported in Table 1. Example
permeability realizations are presented in Fig. 5.

2.3. Dynamic simulations

The grid resolution of the facies and property models (20 m hori-
zontally, 1 m vertically) was maintained for the dynamic simulations, in
view of the need to capture detailed facies and petrophysical hetero-
geneity. Dynamic simulations of COy injection were run using the
simulator Schlumberger Eclipse E300. The operational set-up includes a
master injection well (INJ-1, located at X: 2250, Y: 2500), which is the
main focus of the analyses, and a second injector well (INJ-2; X: 2250, Y:
3450), which acts as a comparison well for assessing the representa-
tiveness of the results. Both wells were completed over the entire depth
interval of interest, from 2,350 m to 2,400 m.

A fluid model including gas and water was defined in the depleted
gas field targeted by the Tarwhine-1 well at 2,350 m. The fluid-flow
model corresponds to a standard pre-set of CO5 gas and water. A con-
stant water saturation of 0.98 (S,,) was considered such that the gas
saturation constant (Sg) is equal to the complement of water saturation
(Sg=1-Sy). The reservoir was then initialized as almost fully saturated
with brine at the beginning of the simulations to replicate a gas reservoir
that has been produced up to the gas critical saturation point (Sgp).
Injected CO, and water solubility effects in the reservoir were consid-
ered in the simulations. CO, physical properties, including density,
viscosity, solubility and supercritical behaviour, were defined based on
experimental data that are typical for CO5 storage conditions (12-250 °C
and up to 600 bars; Haghbakhsh et al., 2013). No thermal exchange was
considered in the simulations. Maximum reservoir pressures in the
model were set to 442.27 bar, in agreement with a calculated fracture
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Fig. 4. Porosity models for corresponding facies models with macroscale (A, B) and mesoscale (C, D) focus, obtained via geostatistical modelling operated on SNESIM
(A, C) and DEESSE (B, D) realizations. Vertical exaggeration set to a factor of 25.

gradient using sonic-log data as pressure indicator obtained from the
WAPIMS database for well Tarwhine-1. The pore pressure at 2,350 m
was set as 281.9 bar according to Eaton’s method. A geothermal
gradient of 55 °C/km was selected based on data from the Snapper field
(Glenton, 1991), the closest offset field where an accurate geothermal
gradient was calculated. This results in temperatures between 129 °C
and 132 °C in the interval of investigation. A saline aquifer has been
included that extends across the boundaries of the model.

The permeability and porosity models were used as inputs to the
dynamic simulations. Permeability values in vertical and horizontal
directions were considered to be equal. Relative permeabilities were
considered in this study based on Corey’s permeability curves (Corey,
1954) for each of the model elements (Fig. 6) and considering a
compositional fluid model of gas and brine. Corey’s relative

permeability relationship, which was created to describe oil and gas
flow in porous media, can effectively be applied to CO3 and brine flow
(Bennion and Bachu, 2006; Moodie et al., 2014). Hysteresis effects in
relative permeability have not been considered in the simulations.

Using this approach, the residual water saturation (Sy;) and the
critical gas saturation (Sg) endpoints were calibrated for each of the
lithological categories (facies). A standard compaction model for
consolidated sandstones was established using a minimum pressure of
262.10 bar (hydrostatic gradient at 2,350 m) and a maximum pressure
of 442.27 bar (fracture gradient at 2,350 m). Rock compressibility was
set to 1.45x107 bar. The modelled porosity values were additionally
used to control porosity-depth dependencies in the rock compressibility
model. No adsorption or Leverett J-function for capillary pressure were
taken into account in this study.
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SNESIM (A, C) and DEESSE (B, D) realizations. In the colour scale, blue domains labelled with ‘deactiv.’ refer to cells that were set as deactivated in the subsequent

flow simulations. Vertical exaggeration set to a factor of 25.

A development plan was considered where CO; is injected at con-
stant 430 bar bottom-hole pressure; it should be noted that this value is
only marginally lower than the fracture pressure (442 bar), and so may
not be compliant with CCS regulations globally. The simulation time
length considers the average life span of a CO,-emitting coal-fired power
station, which is approximately 30 years. Therefore, three different time
steps were evaluated for injection over 5, 10 and 30 years, for each of the
realizations (SNESIM and DEESSE; macro- and mesoscale facies). Years

five and ten were considered as intermediate steps for monitoring plume
migration. Each grid consisted of a total of 3.125 million cells. Dynamic
simulations were optimized so as to limit runtime to up to 4 h per 5 years
of simulation time. To do so, all cells with permeability values below 0.1
mD were deactivated. This allows the dynamic simulations to run faster.
The average runtime for the facies models with macroscale heteroge-
neities only was approximately 45 min per year of simulation, using a
conventional personal computer with a 6-core CPU (AMD Ryzen 5 3,600
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macroscale models and the mid-point-bar deposits of the mesoscale models.

MHz) and 16 GB RAM. The average runtime for facies models including
mesoscale heterogeneities was approximately twice as long.

3. Results

Results are presented separately for simulations run on macro- and
mesoscale static models. Qualitative visual analyses are undertaken in
this study with consideration of simulated pressure distribution, storage
and injection rates.

3.1. Dynamic behaviour of macroscale models

Dynamic simulations of models incorporating macroscale heteroge-
neity only (sand-prone point-bar deposits with extremely limited pet-
rophysical heterogeneity, and mud-prone channel-fill and floodplain
deposits treated as effectively impermeable), produced with both SNE-
SIM and DEESSE, portray a rapid spread of the injected CO;y over the
initial five years of injection (Fig. 7). Yet, brine displacement initiating
from the original well location appears as discontinuous and non-linear
through time. The CO5 plume front does not spread homogeneously as it
progresses in the grid; instead, the plume expands in a tortuous manner
due to the presence of low-permeability obstacles incorporated in the
MPS models and representing abandoned channel-fill deposits (mud
plugs) or remnants of floodplain deposits, both of which may act as
intra-channel-belt baffles to flow. However, differences in dynamic
behaviour are seen, in relation to how mud-plug features vary in ge-
ometry across outputs from SNESIM and DEESSE. In simulations run on
the DEESSE static model, the CO5 plume takes a slightly more digitate
planform morphology and more pronounced spatial variability in
migration rates along the vertical column. The presence of mud-prone
intraformational barriers at different elevations in the modelled valley
fill impacts CO storage by facilitating pressure relief on the overburden
seal (Fig. 8).

From year 5 to year 30, preferential COy flow pathways emerge,
following an ENE-WSW direction in both SNESIM and DEESSE models.
Along these pathways, the plume spreads at a faster horizontal rate than
in the previous earlier stage. This is due to the presence of laterally
connected sand-prone point-bar deposits, and therefore reflects the
limited ability of the MPS modelling algorithm to reproduce laterally
continuous mud plugs with loop-like planform shapes. In vertical sec-
tions it can be observed that the migration of CO; results in a funnel-
shaped plume in realizations created with both SNESIM and DEESSE;
however, vertical variability in plume propagation remains higher in the
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DEESSE realization. Although CO, saturation and pressures are slightly
higher at shallower depths during the 30 years of injection, alarmingly
high values of pressure or CO, saturation near the caprock are not
attained. After 15 years, brine displacement occurs at a slower rate
compared to the first stages of injection, as the surface area of the plume
increases in size (Fig. 8).

3.2. Dynamic behaviour of mesoscale models

In dynamic simulations run on static models that incorporate
mesoscale heterogeneities, the early stages of injection (initial five
years) are again characterized by CO; flow that is mainly controlled by
the presence of flow barriers (channel-fill and floodplain deposits) in the
proximity of the wells, and by the connectivity and geometry of sand-
prone facies. Once more, the plume propagates more rapidly in wider
and thicker sand-prone conduits; however, the finer-scale petrophysical
heterogeneity related to point-bar fining-upward trends becomes
important in this case. Notably, the development of preferential path-
ways is more prominent in the simulation run on the SNESIM static
model (Fig. 9). This reflects the relatively larger lateral continuity of
higher-permeability lower and middle point-bar deposits in the SNESIM
realization compared to the one obtained with DEESSE.

Compared to the results of dynamic simulations run on the facies
model with macroscale heterogeneities only, in simulations of mesoscale
models the COy plume exhibits more significant variability in both
propagation rate and direction of migration of its front. This becomes
particularly apparent in the evolution of the CO; plume from year 5 to
year 30, as seen on horizontal sections of both the SNESIM and DEESSE
models. In planview, a markedly asymmetric propagation of the plume
front is evident in these cases, with CO; flow pathways dictated by the
presence and connectivity of lower and middle point-bar facies acting as
thief zones (Fig. 10). At the same time, the point-bar top facies experi-
ence low saturation values and behave as baffles that force the CO5 front
towards the flow conduits, enhancing the lateral fingering of the plume.
In vertical sections, the effects of lithological heterogeneity on CO; flow
and saturation are also related to differences in relative permeabilities
that exist between lower and middle point-bar deposits. Together with
the presence of intraformational seals (non-permeable channel-fill and
overbank deposits), the considered petrophysical heterogeneity helps
distribute the CO, column at different elevations in the stratigraphic
volume, reducing the pressure on the top seal.

3.3. Pressure distribution

In terms of pressure distribution, reservoir pressure values in facies
models with both macro- and mesoscale focus are seen to depend on the
geological heterogeneity found in proximity of the well. An example of
this behaviour can be seen in dynamic simulations of facies models with
macroscale heterogeneities only (Fig. 11): the model created with
SNESIM is characterized by higher injection pressure values compared
to the one created with DEESSE. This is due to presence of thicker and
more continuous flow barriers located closer to the area of influence of
the well, which affect sand-body connectivity and CO, flow pathways.
On the contrary, the DEESSE facies framework, having higher sandstone
connectivity, is characterized by flow conduits that exert a more pro-
nounced pressure relief. However, the opposite behaviour can be
observed for SNESIM and DEESSE models created for facies architec-
tures considering mesoscale heterogeneities (Fig. 11). The geological
heterogeneity in the models also affects pressure dissipation through
time. In the models created with both SNESIM and DEESSE, pressure
values around the injector decrease progressively after the first years of
injection following water displacement in the proximity of the well.
However, in models created with DEESSE, pressure dissipation is more
effective in the grid that only includes macroscale heterogeneity,
whereas in models created with SNESIM reservoir pressure is more
readily dissipated in the grid that also incorporates mesoscale features.
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Fig. 7. Plume evolution on horizontal and vertical sections for macroscale-only facies models produced with SNESIM and DEESSE, for one, three and five years of
injection. The blue colour indicates brine-saturated volumes. Barriers to flow are represented in white. Horizontal sections are extracted at Z = 21 (out of 50 slices).
Black dashed frames highlight CO, accumulation under intraformational barriers. Black stars highlight interconnections between stratigraphic compartments.
Vertical sections cross the location of the injector well INJ-1. Vertical exaggeration set to a factor of 25.

After 30 years of simulation, the majority of sand-prone reservoir vol-
umes record a pressure effect due to injection, in facies models with both
macro- and mesoscale focus. However, broad-scale reservoir pressuri-
zation is only seen taking place for SNESIM and DEESSE models that
contain mesoscale heterogeneities, after 22 and 26 years, respectively.
This pressurization event is not observed on simulations run on models
that only include macroscale heterogeneities (Fig. 11).

3.4. Storage and injection rates

The dynamic behaviour of the different models has also been ana-
lysed in terms of storage capacity and injection rates. Results associated
with injection at the primary injector well (INJ-1) have been com-
plemented with those of dynamic simulations associated with the INJ-2
well, operated over 15 years. For the facies models with macroscale
heterogeneity only, notable differences are observed for injection at INJ-
1 and INJ-2, and across models built with different algorithms (Fig. 12).
Cumulative CO5 injected volumes are similar for SNESIM and DEESSE
grids (Fig. 12A) when injection takes place at INJ-2; by contrast, cu-
mulative volumes are different for the SNESIM and DEESSE grids when
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injection takes place at INJ-1, and these values are themselves different
compared to INJ-2 results.

Discrepancies in storage capacity and injection rate between the four
dynamic simulations reflect the effects of sedimentary architectures and
associated petrophysical heterogeneity located in the surroundings of
the injectors. The highest injection rates and injected volumes are seen
for the simulation run on the DEESSE model with macroscale features
only, with injection at well INJ-1. This well is drilled through well-
connected sand-prone volumes with homogeneous petrophysical char-
acteristics: these volumes provide efficient pathways along which the
plume can migrate since the early injection stages. Temporal changes in
injection rates can be identified in all simulations. The injection rate
increases rapidly in the first few months due to bottom-hole pressure
injection effects (430 bar), and subsequently declines in relation to near-
wellbore pressure build-up. The dissolution of CO5 into the brine ham-
pers the formation of a distinct CO5 phase in the reservoir, which has an
impact on the relative permeability of CO,. Afterwards, as the pore
volume becomes saturated in COo, the formation of a distinct CO5 phase
leads to an increase in the injection rates. As CO saturation increases,
injection rates vary steadily through time because of the effect of
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Fig. 8. Plume evolution on horizontal and vertical sections for macroscale-only facies models produced with SNESIM and DEESSE, for ten, fifteen and thirty years of
injection. The blue colour indicates brine-saturated volumes. Barriers to flow are represented in white. Horizontal sections are extracted at Z = 11 (out of 50 slices).
Black arrows indicate the general elongation of preferential flow paths along which the plume tends to propagate. Vertical exaggeration set to a factor of 25.

changes in relative permeabilities.

Dynamic simulations of facies models with mesoscale features
created with SNESIM and DEESSE and associated with injection at INJ-1
exhibit similar storage capacities (Fig. 13A). Instead, injection rates
during the initial phase of injection differ significantly for the SNESIM
and DEESSE grids. Unlike the simulation run on the DEESSE grid, which

11

demonstrates a drop in injection rate in the first few months similar to
the one described above for the facies model with macroscale focus, the
simulation of the SNESIM grid is characterized by a less rapid but
continuous increase in injection rate. The injection rate for the SNESIM
grid overtakes the rate for the DEESSE grid in year 3, after which the rate
increases relatively steadily in the simulations of both models.
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Fig. 9. Plume evolution on horizontal and vertical sections for facies models encompassing mesoscale heterogeneities, produced with SNESIM and DEESSE, for one
and five years of injection. Horizontal sections are extracted at Z = 2 (out of 50 slices). Black dashed frames highlight CO5 accumulation under intraformational
barriers. Black arrows indicate the general elongation of preferential flow paths along which the plume tends to propagate. On the right, corresponding sections of the

static facies models are shown. Vertical exaggeration set to a factor of 25.

Variations in injections rates reflect the impact of the higher sand-
body connectivity of the SNESIM mesoscale facies model compared to
the DEESSE one, and the absence of significant flow barriers near the
area of influence of the well. The differences in architecture across the
SNESIM and DEESSE mesoscale models might have resulted in different
times at which high CO4 saturation was reached in the reservoir brine. In
both cases, a decrease in injection rates is observed in the last years of
injection, even though this is more prominent in the simulation run on
the SNESIM grid (Fig. 13B). The decrease in injection rates is due to
pressurization of the entire reservoir (Fig. 11), and so an artefact related
to the size of the total volume being defined in the dynamic model.

The inclusion of mesoscale heterogeneities has a larger impact on
dynamic behaviour compared to the MPS modelling method or the
injector location (Fig. 14).

Larger CO5 cumulative injected volumes and injection rates are seen
for facies models including mesoscale heterogeneities, created with both
SNESIM and DEESSE. This reflects how the corresponding static models
are characterized by different average values of porosity and
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permeability, which tend to be larger on average for models with
mesoscale focus. Vertical profiles of petrophysical properties for the
injector well display differences in reservoir quality across the four
considered grids; yet these variations do not appear to have exerted a
major control on injection rate or storage capacity. The injector wells are
in communication with sand-prone deposits over more than 75% of their
profile for all models.

4. Discussion

In the planning of CCS projects, the suitability for CO5 sequestration
of highly heterogeneous successions, such as those produced by
meandering fluvial systems, has been widely debated (Issautier et al.,
2014; Cabello et al., 2018; Sun et al., 2021, 2022, 2023). It is therefore
especially important to understand the likely CO, plume displacement,
injection rates and storage capacity that may be expected for hetero-
geneous sedimentary successions like those of meander-belt origin (Sun
et al., 2021, 2022, 2023; Norouzi et al., 2022).
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Fig. 10. Plume evolution on horizontal and vertical sections for facies models encompassing mesoscale heterogeneities, produced with SNESIM and DEESSE, for
fifteen to thirty years of injection. On the right, corresponding sections of the static facies models are shown. Horizontal sections are extracted at Z = 12 (out of 50
slices). Black arrows indicate the general elongation of preferential flow paths along which the plume tends to propagate. The rectangular frames indicate intra-
formational barriers to flow. The oval frames highlight sections where the point-bar fining-upward trend affects CO, saturation. Yellow stars indicate flow baffles

determined by point-bar top facies. Vertical exaggeration set to a factor of 25.

Differences in the outputs of the simulations presented here reveal
the impact of different scales of sedimentary heterogeneity on the
displacement of a CO5 plume. Facies models that only consider macro-
scale heterogeneity incorporate point-bar sandbodies that are com-
partmentalized by mud-prone channel-fill and floodplain deposits
(Pickup et al., 1994; Pranter et al., 2007; Colombera et al., 2017; Willis
and Sech, 2019a, 2019b). By contrast, models that consider mesoscale
heterogeneities additionally encapsulate the facies organization of
point-bar deposits. The use of the latter type of facies models for scopes
of dynamic simulation enables consideration of lithological controls on
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CO; fluid flow, which have been shown to be important in terms of
forecasted injection history. Even though there exist limitations in our
ability to use MPS geostatistical modelling to reproduce the sedimentary
architecture of meander-belt successions (Montero et al., 2021), the
results presented in this work highlight how the level of detail with
which we model the facies heterogeneity of channel-belt deposits has a
larger impact on predicted dynamic behaviour compared to the choice
of MPS modelling algorithm. This should be taken into account in
reservoir modelling work of similar successions.

Additionally, the outcomes of this study permit a comparison
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Fig. 11. Pressure distribution over the area of investigation over time (between year 5 and 30) for SNESIM and DEESSE facies models with macro- and meso-

scale focus.

between variably heterogeneous meander-belt successions and more
homogeneous reservoir types. It has been shown that successions of
meandering fluvial systems can provide sufficiently large and inter-
connected storage capacity, which could make a CCS project economi-
cally viable. This is especially the case where individual sand-rich point-
bar elements are physically connected with each other. Nonetheless,
CO;, storability will be reduced by point-bar compartmentalization in
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the presence of mud plugs (channel-fill deposits), whose shape and
continuity are in part misrepresented in the MPS models employed here.
Furthermore, mud-prone rocks (channel-fill and overbank deposits) may
be present in significantly larger fractions, ultimately leading to signif-
icantly reduced net volumes. Also, vertical and horizontal heterogene-
ities that have not been considered here, for example related to the
occurrence of fine-grained sediments (e.g., mud drapes) or mud-clast
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conglomerates within the sandbodies, will significantly affect reservoir
properties and flow behaviour (Tyler and Finley, 1991; Miall, 1996;
Corbett et al., 2012).

Although heterogeneous successions of meandering fluvial systems
may be limited in terms of storage capacity and injectivity, compared to
more homogeneous successions, there are aspects revealed by this study
that may render them well suited in terms of safety and efficiency of CO5
storage. With regards to valley-fill successions made of vertically
stacked channel belts, such as those considered in this study, relatively
low-permeability point-bar top units may act as intraformational seals
that can help dissipate pressures horizontally, thereby reducing the
pressure exerted over the caprock, helping maintain topseal integrity.
This effect may also be facilitated by trapping caused by capillary dif-
ferences between rock types, which may further extend the CO plume
horizontally. Additionally, this will result in more limited chemical re-
actions between the caprock and the CO5 plume, which may otherwise
facilitate leakage. The presence of mud-prone bar-top units may also
enable density-driven convective mixing of the brine to take place at
different levels through the storage reservoir; compared to an archi-
tecturally simpler reservoir, this condition might accelerate CO, disso-
lution (Emami-Meybodi et al., 2015). Also, the tortuosity of flow paths
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caused by the occurrence of mud-prone rocks will increase the surface
area of the plume and therefore the exchange surface between the plume
and the reservoir brine, as well as the contact surface with the host rock;
this will in turn increase (i) the chance of CO; dissolution, ensuring the
permanent storage of CO within the reservoir rock; (ii) the likelihood of
trapping via mineralization, which may take place thousands of years
after injection (Zhang and DePaolo, 2017). However, sand-body tortu-
osity is also a factor that tends to slow down the rate of spread of the
plume and hinder the development of initial flow pathways. This is an
especially important element to consider in the characterization of sa-
line aquifers targeted for CCS, for which the likely dynamic behaviour
and sealing capacity are particularly uncertain and yet unquantified.
Several aspects of this study may be refined in future work. The very
narrow ranges of porosity and permeability values considered in
macroscale models allow examination of the influence of larger-scale
architectures, but are generally unrealistic. Future studies of this type
should additionally aim to incorporate capillary effects, which were
disregarded in the current research, but which are crucial to the post-
injection evolution of the injected plume (Krevor et al., 2015). There
is also scope for improved consideration of relative permeability re-
lationships, which have been shown to control rates of overall plume
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heterogeneities.

spread. This could be done by: (i) considering alternatives to the Corey’s
relative permeability relationships used in this study, such as the Van
Genuchten function (Van Genuchten, 1980); (ii) employing bespoke
relative-permeability functions for specific lithological categories (cf.
Dana et al., 2002; Krevor et al., 2012). Also, the potential impact of
permeability anisotropy and microscale (bed-, lamina- and grain-scale;
cf. Li and Benson, 2015) heterogeneity in porosity and permeability
has been ignored in this research. In particular, the effects of mud drapes
mantling bar fronts and of the presence of heterolithic packages deserve
further consideration given their widespread occurrence in
meander-belt deposits and their impact on static connectivity and pet-
rophysical properties (cf. Thomas et al., 1987; Colombera et al., 2018;
Yan et al., 2019). The possible role of diagenesis or fractures on petro-
physics could also be considered in future studies.

5. Conclusions

This study elucidates the importance of sedimentary heterogeneities
at different scales and of their representation in static models by appli-
cation of geomodelling tools on the dynamic flow behaviour of a pro-
gramme of CO; injection, with specific focus on successions of
meandering fluvial systems. Sedimentary architectures representative of
a fluvial valley fill composed of amalgamated meander-belt deposits
have been modelled using two MPS geostatistical modelling algorithms:
SNESIM and DEESSE. Facies models were produced that consider two
alternative levels of detail in the representation of meander-belt facies
architecture: (i) macroscale architectural elements only (point-bar and
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channel-fill elements); and (ii) both macroscale architectures and
mesoscale lithological variations within point-bar elements. Static
models of porosity and permeability based on geological analogues and
constrained on these facies models were employed in dynamic simula-
tions of COs injection over 30 years to investigate the impact of scales of
heterogeneities and modelling method on the behaviour of an injected
CO3 plume.
The study reaches the following conclusions:

e Geological heterogeneities in the successions of meandering fluvial
systems control the behaviour of injected CO5 plumes, in terms of
trapping efficiency, injection rates and ultimately storage capacity.
Higher permeability lower-bar facies act as preferential CO, path-
ways (thief zones), whereas point-bar top facies may act as baffles
that retard CO, flow. The geometry of mud-prone channel-fill and
floodplain deposits control plume tortuosity, which determines the
plume surface area, thus impacting dissolution in the brine. Intra-
formational barriers or baffles related to abandoned channel fills,
floodplain deposits and relatively low-permeability point-bar top
deposits affect local CO, saturation and pressures, reducing the
pressure exerted directly on the caprock and CO2 concentration in its
vicinity; this has implications regarding seal integrity. Thus, the
choice of resolution at which static models are built should consider
the expected impact of architectural features at different scales.

e Plume behaviour and trapping are mainly controlled by petrophys-
ical heterogeneity reflecting the underlying sedimentary framework.
Reservoir pressure dominates the behaviour of early injection stages
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before a separate CO, phase emerges. Permeability contrasts become
more important in simulations that consider mesoscale heterogene-
ities in point-bar elements, which affect the spatial variability in CO,
saturation content.
In the type of sedimentary succession modelled here, injection rates
are seen to vary through time in relation to temporal variations in the
relative importance of: (i) bottom-hole pressure, (ii) CO, dissolution
in brine, and (iii) emergence of a separate CO, phase. The impor-
tance and timing of these factors vary in relation to the reservoir
connectivity near the well.

e The particular type of facies-modelling approach selected when
modelling reservoirs targeted for CCS has a considerable impact on
predicted COy plume behaviour. This is true even for different
modelling algorithms that are based on the same general principles
(multipoint statistics) and are constrained using the same geological
inputs (identical training images).

This investigation demonstrates that, compared to more homoge-
neous reservoir types, successions of meandering fluvial systems may be
preferable if architectural characteristics are present that may enhance
CO., trapping and facilitate pressure management. However, this study
also demonstrates that decision making should be supported by a sound
reservoir modelling effort that accounts for different forms of
heterogeneities.
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