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Abstract

Three different outcrops are selected in this study, each representing a shallow marine system
with varying heterogeneity provided by siliciclastic-carbonate mixing that may form a small
or large stratigraphic trap. The impact of these styles of mixed facies on CO: storage is
relatively poorly known. This study demonstrates the significance of these systems for safe
CO2 geological storage, as stratigraphic traps are likely to be a significant feature of many
future storage sites. The three 3D models are based on the: 1. Grayburg Formation (US), which
displays spatial permeability linked to variations in the mixture of siliciclastic-carbonate
sediments; 2. Lorca Basin outcrop (Spain), which demonstrates the interfingering of clastic
and carbonate facies; and 3. Bridport Sand Formation outcrop (UK), an example of a layered
reservoir, which has thin carbonate-cemented horizons.

This study demonstrates that facies interplay and associated sediment heterogeneity have a
varying effect on fluid flow, storage capacity and security. In the Grayburg Formation, storage
security and capacity are not controlled by heterogeneity alone but influenced mainly by the
permeability of each facies (i.e., permeability contrast), the degree of heterogeneity, and the
relative permeability characteristic of the system. In the case of the Lorca Basin,
heterogeneity through interfingering of the carbonate and clastic facies improved the storage
security regardless of their permeability. For the Bridport Sand Formation, the existence of
extended sheets of cemented carbonate contributed to storage security but not storage
capacity, which depends on the continuity of the sheets. These mixed systems specially
minimise the large buoyancy force that act on the top seal and reduce the reliance of the
storage security on the overlying caprock. They also increase the contact area between
injected CO2 and brine, thereby promoting the CO, dissolution processes. Overall, mixed
systems contribute to the safe storage of CO,.
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1. Introduction

Carbon capture and storage (CCS) is one of several measures that could be used to stabilize
atmospheric CO, concentrations while still using fossil fuels (Orr 2009; Benson and Surles
2006; Ennis-King and Paterson 2005; IPCC 2005), as economies transition to more sustainable
energy sources (IEA 2019). The storage element of CCS refers to CO; storage in geological
media, mostly deep saline aquifers with high storage capacity (e.g., Pourmalek and
Shariatipour 2019; Shariatipour et al. 2016b; Celia et al. 2015; Peters et al. 2015; Chadwick et
al. 2008; Birkholzer et al. 2009) and depleted oil and gas reservoirs (e.g., Dance 2013;
Underschultz et al. 2011; Vidal-gilbert et al. 2010; Dance et al. 2009).

The risk of leakage of injected CO; in geological media through leaky faults or abandoned
wells is a concern (Bagheri et al. 2018; Busch et al. 2010; Michael et al. 2010), particularly in
the short-term when injected CO; has not been immobilized. However, as Alcalde et al. (2018)
mentioned the amount of CO; lost would probably be small as various trapping mechanisms
are involved in the CO; storage process in order to guarantee CO;, storage security and
integrity. These mechanisms include: capillary or residual trapping (e.g., Ni et al. 2019;
Rasmusson et al. 2018; Raza et al. 2017; Al-khdheeawi et al. 2017; Krevor et al. 2015; Burnside
and Naylor 2014; Krevor et al. 2012; Pentland et al. 2011; Krevor et al. 2011; Juanes et al.
2006; Kumar et al. 2004), dissolution trapping (e.g., Soltanian et al. 2017; Ranganathan et al.
2012; Iglauer 2011; Espinoza et al. 2011; Ozgur 2006; Riaz et al. 2006; Ennis-king et al. 2005;
Xu and Chen 2006), mineral trapping (e.g., De Silva 2015; Gao et al. 2013; Gaus 2010) and
structural trapping (e.g., Ahmadinia et al. 2019). The latter is most often adopted, whereby
impermeable seals (e.g., clayey shale and silty shales) with high capillary pressure acts as a
barrier to buoyant fluids (e.g., Iglauer 2018; Wollenweber et al. 2010), and fluids accumulate
as a result of the geometric configuration of rocks (Biddle and Wielchowsky 1994), known as
traps. Along with structural traps (folds and/or faults), stratigraphic traps, where variations in
local stratigraphy trap fluids, can create an effective mechanism (Shariatipour et al. 2016a).
Although stratigraphic traps are variously classified, they are characterized by their
association (or not) with unconformities (Rittenhouse 1972). The ones associated with
unconformities can be grouped as above or below unconformities. Traps that are not in
contact with unconformities can be termed primary (depositional) or secondary (diagenetic).
In the oil and gas industry, traps that are adjacent to unconformities can form large
stratigraphic traps (e.g., East Texas field, USA (Halbouty 1991), Prudhoe Bay, USA (Specht et
al. 1986), and Bell Creek Field, USA (McGregor and Biggs 1968)). Primary or depositional traps
include buried depositional relief such as carbonate reef and submarine fan deposits (e.g.,
the Devonian reef fields, Canada (Moore 1989), Kashagan field, Caspian Basin (Ronchi et al.
2010), and the Balder oil field of the Norwegian section of the North Sea (Sarg and Skjold
1982)), facies changes (e.g., Wonsits Valley field, USA (Castle 1990), and depositional
pinchouts (e.g., Redwash field, USA (Castle 1990)). These examples are among the very few
giant oil accumulations associated with such traps. Another major group of stratigraphic traps
are formed due to post-depositional alteration of strata (e.g., Scipio-Albion trend in Michigan,



USA (Harding 1974) (see Biddle and Wielchowsky (1994) and references herein). In the CO;
storage experience, such traps can restrict the upward migration of fluids and thus influence
storage security, effectiveness and capacity (Ambrose et al. 2008), and create effective
storage sites (Hovorka et al. 2004).

Another important aspect to be considered in CO; storage context is fluids flow within a
reservoir which is linked to its depositional environment (Okwen et al. 2014). Depositional
environment determines the sediment distribution, grain size and sorting (Bjgrlykke 2014),
and thereby petrophysical properties and reservoir quality. The shallow-marine environments
are defined as depositional environments that lie between the influence of marine and
continental processes (Stow et al. 1996). They formed reservoirs in many of the world’s major
hydrocarbon provinces (Howell et al. 2008) and have high storage efficiency (Okwen et al.
2014) as sediment was deposited in relatively high energy environments and exhibit good
sorting and high porosity (Bjgrlykke 2014). Shallow marine reservoirs are being used or
considered for industrial storage or test sites, include the: In Salah CO, storage project
(Ringrose et al. 2013; Iding and Ringrose 2010), Captain Sandstone (Jin et al. 2012), the
CO2CRC Otway Project (Dance 2013), and Frio Formation (Hovorka et al. 2004). The Sleipner
project in Norway is an excellent stratigraphic trap used for the geological storage of CO,,
where CO; is injected into the Utsira Formation, a shallow marine sequence. CO; is partially
trapped beneath nine, relatively impermeable, intra-reservoir mudstone layers situated
beneath the main caprock (Chadwick et al. 2008; Bickle et al. 2007), as depositional
environments provide reservoir and seal combinations (stratigraphic trap) that can store CO;
effectively.

The importance of realistic geological modelling to reduce the risks and uncertainties
associated with CO; storage in geological media has long been acknowledged (Pourmalek et
al. 2021; Newell et al. 2019; Pourmalek and Shariatipour 2019; Newell and Shariatipour 2016;
Shariatipour et al. 2016b, 2016a; Ashraf 2014; Ghanbari et al. 2006; Hovorka et al. 2004). The
modelling of complex heterogeneity in subsurface permeability, controlled by sedimentary
facies and diagenesis is difficult; however, it is a critical step in identifying uncertainties in
fluid flow, storage capacity and security within stratigraphic traps (Ashraf 2014; Lengler et al.
2010; Ambrose et al. 2008; Flett et al. 2007). A detailed understanding of facies can be
achieved by using outcrop analogue to construct realistic 3D reservoir models (Howell et al.
2014; Barnaby and Ward 2007). Analogue reservoir models were previously used to simulate
and investigate the effects of reservoir architecture on fluid movement (e.g., Zuluaga et al.
2016; Wilson et al. 2011; Rotevatn et al. 2009; Sharp et al. 2006; Brandsater et al. 2005). The
application of analogues in the study of subsurface CO; storage has also been studied (Newell
et al. 2019; Newell and Shariatipour 2016).

In this paper we aim to systematically model three different outcrops, each representing a
mixed shallow marine system with varying heterogeneity that may form a small or large
stratigraphic trap and be suitable for CO; confinement. The impact of mixed facies on CO;
storage is relatively poorly known but may be an important factor in many target formations.
The three 3D models are based on the: 1. Grayburg Formation (US), which displays spatial



permeability linked to variations in the mixture of siliciclastic—carbonate sediments that range
from < 10 percent to > 90 percent quartz sand; 2. Lorca Basin outcrop (Spain), which
demonstrates the interfingering of clastic and carbonate facies, and 3. Bridport Sand
Formation outcrop (UK), an example of a layered reservoir, which has thin carbonate-
cemented horizons. This study will deduce whether such complex systems can act as
stratigraphic traps and allow the safe geological storage of CO».

1.2 Mixed Clastic-Carbonate systems

Numerous clastic-carbonate shallow marine sequences can be found globally in both modern
and ancient sequences (Tucker 2003; Mount 1985). These systems are comprised of both
terrigenous siliciclastic sediment and transported or in-situ carbonates (Zecchin and
Catuneanu 2017; Mount 1985). This mixed depositional system displays transition between
those that are entirely siliciclastic and those that are entirely carbonate (Zecchin and
Catuneanu 2017).

A high flux of siliciclastic sediments into a marine environment generally has a negative effect
on carbonate production and the two facies are often segregated (Catuneanu et al. 2011).
However, there are a number of processes that may bring them into contact, including:
transport and mixing of siliciclastic and carbonate sediments due to rare, extreme events
(e.g., storms); the biogenic production of carbonate on siliciclastic substrates, and sediment
mixing along faulted or other high-relief marine margins where continental and marine
environments interact (Mount 1985). Important interactions between siliciclastic and
carbonate deposits may also continue beyond the primary depositional phase into burial
diagenesis, when even a small proportion of carbonate may induce widespread cementation
and porosity reduction in siliciclastic rocks (Bryant et al. 1988).

Geological formations composed of both siliciclastic and carbonate deposits can exhibit
spatiotemporal facies variability, where facies occupy discrete but coeval belts or vary
through geological time. High-frequency fluctuations in relative sea-level, climate or sediment
supply can alternate siliciclastic or carbonate-rich sedimentation (Zecchin and Catuneanu
2017). For example, carbonate facies will often dominate during the transgressive systems
tracts (TST) when large areas of the continental margin are brought into a zone of high
carbonate productivity, while continental clastics dominate after a highstand and during a
subsequent falling-stage systems tract (FSST) (Catuneanu et al. 2011).

Mixed siliciclastic and carbonate formations can show great variability in lithofacies, from
carbonate grainstone to quartz sandstone (Barnaby and Ward 2007; Bryant et al. 1988).
Studying the effects of these facies on fluid distribution is important, as they have unique
petrophysical qualities (Lucia 2007).

Lateral and vertical heterogeneities resulting from mixed deposits may form baffles and
barriers that influence flow behaviour (Chiarella et al. 2017) and may form stratigraphic traps
as alternating carbonate and sandstones layers, with contrasting permeability, could result in
reservoir and non-reservoir intervals (McNeill et al. 2004). Heterogeneity in such systems can
occur from bed to lithofacies to stratigraphic scales (cm to km) (Chiarella et al. 2017; Tucker



2003). However, in this study, only stratigraphic scale was considered. Due to computational
limitations finer scales were ignored. Furthermore, these systems can show scale-
independent similarities (Chiarella et al. 2017).

1.3 Introduction to the case studies

Three case studies were selected, displaying different styles of carbonate-siliciclastic mixing.
Examples were from cyclic interbedding, the interaction of carbonate and siliciclastic
environments along a ‘steep’ continental-marine margin and from storm mixing.

Section 1 — Grayburg Formation: cyclically interbedded

The Permian Basin is a major hydrocarbon producing area in the US. The Grayburg Formation
(Late Permian) of the Permian Basin is a shallow marine mixed siliciclastic-carbonate
sequence displaying significant heterogeneity due to the cyclical interbedding of different
lithofacies (Parker 2013; Barnaby and Ward 2007; McNeill et al. 2004) (Figure 1). This
formation is subject to enhanced oil recovery (EOR) via waterflooding and gas injection and
the non-reservoir equivalent is considered for wastewater disposal (He et al. 2019). The mixed
carbonate and siliciclastic rocks were categorised into seven end-member lithofacies: six
carbonate lithofacies (from packstone-wackstone to ooid grainstone) and one siliciclastic
lithofacies (quartz sandstone) (Barnaby and Ward 2007). Finer siliciclastics, such as claystone
and siltstone, do not occur.
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Figure 1: Outcrop photo of Grayburg Formation showing major facies (Parker 2103).



Section 2 — Lorca Basin: steep marine margin

The Tortonian (Late Miocene) Parilla Formation of the Lorca Basin, Spain, exhibits siliciclastic-
dominated, mixed siliciclastic-carbonate, and carbonate-dominated cycles. The mixed cycles
developed at mid-ramp bordering an alluvial fan system (Thrana and Talbot 2006). Alluvial
deposits interfinger with marginal marine and carbonate ramp facies and offer a good record
of sea-level change (Figure 2). The Lorca Basin outcrop has been chosen as it exemplifies the
heterogeneity of interfingering siliciclastic and carbonate facies.
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Figure 2: Outcrop photo and Miocene stratigraphy of the Lorca Basin (Thrana and Talbot
2006). The Parilla formation comprises alluvial deposits that grades into and interfingers
with the marginal-marine and carbonate ramp facies.

Section 3 — Bridport Sand Formation: storm mixing

The early Jurassic Bridport Sand Formation outcrops at Bridport on the Dorset coast of
southern England, UK, and is a reservoir at the onshore Wytch Farm field (Hampson et al.
2014). The outcrop offers an appropriate analogue for several Jurassic oil and gas fields in the
North Sea where thin carbonate-cemented horizons compartmentalise shallow marine
sandstones (Bryant et al. 1988; Kantorowicz et al. 1987). The formation is strongly
bioturbated sandstone and forms part of the mixed siliciclastic-carbonate shallow marine
system (Morris et al. 2006). Permeability heterogeneity arises from preferential cementation
of bioclast-rich, clay-poor sediments (Bryant et al. 1988). The distribution of the carbonate
sediment, which is continuous within friable sands, may act as an extensive barrier, while the
discontinuous cemented horizon can act as local baffles to fluid flow (Morris et al. 2006).



The Bridport Sand Formation is overlain by Inferior Oolite limestone and is in turn overlain by
the lower Fuller’s Earth. Towards the top of this sequence, the frequency of cemented
horizons increases and their thickness decreases (Bryant et al. 1988) (Figure 3). Similar
extensive cement horizons that are not exhumed exist in the subsurface (Bryant et al. 1988).
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Figure 3: Bridport Sand Formation: (a) Outcrop gamma-ray profile; (b) mean grain size data;
(c) lithology and interpreted facies (cemented bands is in teal); (d) and outcrop photo of
Bridport Sand Formation showing Inferior Oolite, closely spaced carbonate-cemented beds
and widely spaced, discontinuous carbonate-cemented beds (modified after Hampson et al.
2014).

2. Methodology

To meet the aim of this study, static geological models were generated in Schlumberger’s
Petrel software. The static models were based largely on published information (Barnaby and
Ward 2007; Thrana and Talbot 2006; Bryant et al. 1988) with new observations from outcrop
laser scans in the case of the Bridport Sand Formation. Dynamic modelling studies were
conducted using ECLIPSE 300 with the CO2STORE module. This study assumes no conductive
faults, nor leaky wellbores in the formation. Possible convection-dissolution processes were
also not modelled.

2.1 Static models

The 3D geological models were constructed as closed aquifers assuming that intact, un-
faulted regionally extensive low permeability shale layers exist below and above the models.
Lateral boundaries were also closed to flow and, therefore, the pressure build-up constrains
capacity (Mathias et al. 2011). Each model was uniformly gridded in the three main
dimensions.



Section 1 — Grayburg Formation

Six major carbonate lithofacies, from low porosity and permeability packstone-wackstone to
high porosity and permeable ooid grainstone and one coarse grain siliciclastic lithofacies are
recognised in the Grayburg Formation (Parker 2013; Barnaby and Ward 2007). The model is
a simplified version of the Grayburg Formation outcrop (Figure 1) using carbonate and
siliciclastic lithology percentages based on the study of Barnaby and Ward (2007), where
quartz sand fraction can range from < 10 percent to > 90 percent (Figure 4a).

Models had spatial dimensions of 1000mx1000mx100m, which was discretized into a total of
200,000 active cells (100x100x20). Sequential indicator simulation (SIS) which is
a geostatistical technique has been used here to generate the facies’ distribution. This
method is mainly applied where the shape of the bodies is uncertain. To test the impact of
varying ratios of sandstone to carbonate on flow distribution and storage security, nine
models were considered (Figure 4b), from 10 percent sandstone to 90 percent sandstone (i.e.,
10:90... 90:10). These values were assigned manually. The variogram type used here was
exponential with the nugget of 0.01. Range which is the maximum distance which sample
values are dependent on each other was assigned 1000 in major horizontal direction, 1000 in
minor direction normal to the major and 0 in vertical direction. The azimuth which is the
orientation of the major direction and dip were assigned 0. Two additional models, one pure
carbonate and one sandstone, were also constructed. Unlike the deterministic method which
present only one model of the reservoir, stochastic methods can provide unlimited
possibilities or “realisations”. Choosing the best realisation for flow modelling is the key to
predicting flow movement within a reservoir; however, for the purpose of this study, these
scenarios seem sufficient. Figure 4a shows the static models from the pure sandstone and
carbonate scenarios, and variable sandstone and carbonate percentages. For each realisation,
three models with three different carbonate petrophysical properties (Bennion and Bachu
2010), but the same sandstone petrophysical properties (Bennion and Bachu 2008), were
input for the flow simulation (Table 1). 31 models were constructed. The carbonate are
generally more complex than the siliciclastic rocks (e.g., Ahr 2011; Lucia 2007); consequently,
the values for the sandstone facies were kept unchanged for all models. The Viking sandstone
studied by Bennion and Bachu (2008; 2006b; 2006a; 2005) was used herein - a clean
sandstone that exhibits a unimodal pore size distribution. Three carbonates with varying
properties were used in this study, the:

1. Wabamun carbonate - a low permeability succession with a unimodal pore size distribution
with few macropores (Bennion and Bachu 2010). Its high threshold capillary pressure is due
to the preponderance of micropores and thus, it is assumed that these facies can act as a
barrier to flow and add to storage capacity and security, forming a stratigraphic trap.

2. Nisku carbonate - a homogenous matrix, resulting in a uniform and less concentrated flow,
with the assumption that it can boost effective sweep.



3. Redwater Leduc Reef carbonate - categorised as a high permeability carbonate in Bennion
and Bachu (2010) and was assumed to be suitable for CO; storage as it has a higher pore
volume (Table 1).

The contrast in permeability between the carbonate and sandstone in Model 1 is
approximately four orders of magnitude with a transmissibility of 0.00077 cP.rm3/day/bars
for the carbonate facies. In Model 2 it is less than one order of magnitude with transmissibility
of 1.9612 cP.rm3/day/bars for the carbonate facies while in Model 3 it is 0.18 order of
magnitude with transmissibility of 15.221 cP.rm3/day/bars for the carbonate facies. The
standardized transmissibility of sandstone is 9.9340 cP.rm3/day/bars.
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Figure 4: (a) static reservoir models (1000mx1000mx100m) from pure sandstone (GF-PS),
varying ratio of carbonate to sandstone, and pure carbonate (GF-PC). GF refers to Grayburg
Formation, Cto carbonate and S to sandstone; (b) the percentage of each facies in each model
is denoted by a number, for example the case GF-10S-90C is a model with 10 percent

sandstone and 90 percent carbonate.
Section 2 — Lorca Basin

The static geological model was constructed to capture the interfingering of carbonate and
alluvial clastic facies (Figure 5) as seen at the outcrop (Figure 2) (Thrana and Talbot 2006).
Such a system does not contain closed compartments. The model had dimensions of
1000mx1000mx40m discretised into 195,000 active cells (50x50x78). A Truncated Gaussian
Simulation was used to generate the transitional and interfingering contact between the two
facies. For comparative purposes, one homogenous sandstone model (LB-PS) was also used
for flow simulation. The petrophysical properties of this mixed system are not available,
therefore, the input values were taken from Table 1.
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Figure 5: Static model (1000mx1000mx40m) of the Lorca Basin was constructed based on
outcrop image (Figure 2) showing the interfingering of siliciclastic and carbonate facies.

Section 3 — Bridport Sand Formation

A laser scan of the Bridport outcrop in Dorset (Figure 3) was used to construct static models
(Figure 6). Although four types of cementation were recognised at the Bridport outcrop
(Bryant et al. 1988), only laterally extensive sheets, which are continuous in three dimensions,
were considered for flow simulation. A detailed study of fractures was ignored due to the
limited grid resolution. Furthermore, these fractures are cemented and are mostly limited to
the cemented bands (Bryant et al. 1988) and therefore, probably not act as avenues for flow.
In contrast to the example of Lorca Basin where facies interfingered at the mid-ramp, the
cemented layers in the Bridport Sand Formation compartmentalise the formation at the
outcrop. The model had dimensions of 2100mx2100mx60m discretised into 588,000 active
cells (70x70x120). Five models were constructed for the first part of the study, which were
smaller than the 5 km coastal outcrop due to computational limitations. In each model,
number of cemented horizons were modelled based on their location as observed in the laser
scanned image. The 3D extent of cemented layers in four of the models (BPS-1, BPS-2, BPS-3,
and BPS-4) was 90%, 70%, 50% and 10%. As only 61% of the cemented layers at the outcrop
extended over 90% of the coastal outcrop, a model with cemented horizons of varying extent
was also considered, one which more closely matched that observed at the Bridport outcrop
(BPS-5). The permeability and porosity of the sands and cemented horizons are summarized
in Table 2.

Facies

Carbonate Sandstone

Y-axis

Figure 6: Static models (2100mx2100mx60m) of Bridport Sand Formation were constructed
based on the laser-scanned image (Figure 16d). Towards the top of this sequence, the
frequency of cemented horizons increases and their thickness decreases. The 3D extent of



cemented layers was 90%, 70%, 50% and 10% of the model. Here only the model BPS-2 with
70% cemented layers is shown.

This research was designed to examine the impact of stratigraphic variability within mixed
carbonate and siliciclastic formations and thus no conductive faults, fractures or leaky
wellbores were included in the models.

2.2 Flow simulation

The depth of the reservoir model was set at 1000 metres with the injected CO; in the
supercritical state. Dynamic modelling was conducted under an initial pressure of 10.4 Mpa
(fluid density of 1.06 g/cc at a salinity of 100,240 ppm) and an isothermal condition of 42°C
(using a temperature gradient of 25°C/km). It was initially assumed that the reservoir was
entirely saturated with brine. The constraints for injection were that CO, must remain within
the storage boundary and the injection pressure pulse was not allowed beyond the domain.
In addition, although values differ between authors and basins (e.g., Goater et al. 2013; Noy
et al. 2012; Moss et al. 2003; Law et al. 1996; Breckels and van Eekelen 1982), the injection
pressure limit was set to 90% of the fracturing pressure for Sections 1 and 2 (Bachu 2015; Law
and Bachu 1996) and 75% of the lithostatic pressure for Section 3 (Noy et al. 2012), in order
to maintain geomechanical stability and avoid damaging the reservoir. The injection strategy
for each section is summarised in Table 3.

The relative permeability and capillary pressure curves used in this study were based on the
results of Bennion and Bachu (2010; 2008; 2006b) (Table 1 and Table 2), representing
comparable facies and conditions. They provided relative water-CO, permeability data for
sandstone, carbonate, shale and anhydrite rocks, which allow detailed numerical simulations
of CO; injection and sequestration process (Figure 7). They showed the end-point values and
shape of the capillary pressure curve attribute to pore size distribution and rock
heterogeneity. No hysteresis in the relative permeability was considered in this study.

Table 1: Petrophysical and flow characteristic of the four rock samples used for flow
simulation in Section 1 (Grayburg Formation) and Section 2 (Lorca Basin) (Bennion and Bachu
2010; 2008; 2006b.

Model 1 Model 2 Model 3

Carbonate | Sandstone | Carbonate | Sandstone | Carbonate | Sandstone
Porosity [%] 7.9 19.7 9.7 19.7 16.8 19.7
Permeability [mD] 0.018 233 46 233 353 233
Irreducible water 0.59 0.423 0.33 0.423 0.66 0.57
saturation [Swir]
Endpoint relative 0.528 0.2638 0.1768 0.2638 0.0476 0.2638
permeability to CO: at
Swirr [Krcozmax]
Threshold capillary 4.93 0.29 0.58 0.29 0.21 0.29
pressure [bar]




Table 2: Petrophysical and flow characteristic used for flow simulation in Section 3 (Bridport
Sand Formation) (Bennion and Bachu 2010; 2008; 2006b; Bryant et al.1988).

Very fine sand to coarse silt Carbonate cement bands
Porosity [%] 30 <10
Permeability [mD] 300 Negligible
Permeability anisotropy 0.1 0.1
Irreducible water saturation [Swirr] 0.423 0.59
Endpoint relative permeability to CO: at 0.2638 0.528
Swirr [KrCOZmax]
Threshold capillary pressure [bar] 0.29 4.93
a) = Drainage Krw —Drainage Krg b) ——Drainage Krw —Drainage Krg
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Figure 7: Relative permeability curves used throughout this study: a) Viking sandstone, b)
Nisku carbonate, c) Redwater Leduc carbonate, and d) Wabamun carbonate. K; is relative
permeability (Knw relative permeability for water and K relative permeability for gas) and Sg

is gas saturation.



Table 3: Injection strategy. For Bridport Sand Formation, two injection rates and two
scenarios for perforation locations were considered for flow simualtion.

Case Injector Perforation location Injection Injection Recovery
location rate period period
[m3/day] [years] [years]
Grayburg (i=50, j=50) (K=18-20) 9000 10 150
Formation
Lorca (i=25, j=25) (K=34-38) 5000 10 100
Basin
(K=95-115)

(K1=95-115; K2=93-96; K3=88-91;
K4=83-86; K5=78-81; K6=73-76;
K7=68-71; K8=64-66; K9=60-62;
K10=56-58; K11=52-54; K12=48-
50; K13=44-46; K14=40-42; 20000
K15=37-38; K16=34-35; K17=31-
32; K18=28-29; K19=25-26;

K20=21-23)
Bridport 10 100
Sand (i=35, j=35) (K=95-115)
Formation (K1=95-115; K2=93-96; K3=88-91;

K4=83-86; K5=78-81; Ks=73-76;
K7=68-71; Ks=64-66; K9=60-62;
K10=56-58; K11=52-54; K12=48-50; 30000
K13=44-46; K14=40-42; K15=37-38;
K16=34-35; K17=31-32; K18=28-29;
K19=25-26; K20=21-23)

Cell location containing injector is specified using i and j in X and Y direction, respectively.
K shows locations of well perforation in Z direction.

3. Results
Section 1 — Grayburg Formation

The results of models with low permeability carbonate (Wabamun Formation, Model 1)
demonstrate the highest value of dissolved CO; in the water phase in models with less
carbonates (Figure 8). One extensive low permeability layer (15) exists from Model GF-C20-
S80 (Figure 9), consequently, the upward migration of CO, was completely restricted resulting
in a plume that was not uniformly developed towards the caprock (Figure 10). The highest
gas concentrations beneath the caprock, were therefore observed in the pure sandstone (GF-
PS) or the model with 10 percent carbonate (GF-C10-S90-L), as CO, migration was not
hindered by the low permeability carbonate layer (Figure 8).

As the percentage of carbonate facies increases, and permeability decreases, the ability of a
reservoir to transmit fluid is considerably reduced. Consequently, poor levels of injectivity
were observed in high percentage carbonate, and pure carbonate models (GF-C80-S20-L, GF-
C90-S10-L and GF-PC-L). In these three models, very low injectivity was achieved compared
to other models (e.g., 96%, 5%, and 3% of the cumulative injected gas in models GF-C80-S20-
L and GF-C90-S10-L and GF-PC-L, respectively), while the maximum bottom hole pressure was
reached in models GF-C90-S10-L and GF-PC-L instantaneously. In model GF-C80-S20-L, the



CO2 could be injected into the reservoir until the 9th year of the injection period. Figure 11
compares the total CO; injected, the amount of dissolved CO; in the water phase, and the
pressure in the model at the end of the simulation period in the pure carbonate (GF-PC-L) and
pure sandstone models (GF-PS). This graph shows how rapid the bottom hole pressure limit
was achieved in models with a high carbonate-sandstone ratio, resulting in injectivity issues.
The optimum heterogeneity rate in models C20-S70-L and C30-S80-L makes them the most
suitable configurations for CO; injection, as injection security and capacity were achieved.
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Figure 8: Dissolved and mobile CO; in the reservoir and mobile CO2 beneath the caprock in all
models investigated in Section 1. L, M and H refers to low, medium and high permeability
carbonate facies and GF refers to Grayburg Formation. For properties see Table 1.
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Figure 9: A low permeability layer developed across the entire model, from GF-C20-S80. This
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layer has been hindering the upward migration of CO, and allowing lateral migration.
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Figure 10: Flow distribution in homogeneous models (GF-PS and GF-PC-L) and models with
differing carbonate and sandstone ratios. The properties of the low permeability Wabamun
carbonate (L) are used for the carbonate facies in Model 1. Flow models with injectivity
problem (GF-C80-S20-L, GF-C90-S10-L and GF-PC-L) are not shown. GF refers to Grayburg
Formation, C to carbonate, and S to sandstone.
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the water phase in the pure sandstone (GF-PS) and pure low permeability carbonate model
(GF-PC-L).

The results of models with medium permeability carbonate (Nisku Formation, Model 2)
demonstrates that, unlike Model 1, the injected CO; moved vertically upwards until it reached
the caprock where it moved out laterally beneath it (Figure 12). The flow distribution towards
the caprock was relatively symmetrical. As expected, CO, showed a uniform flow in the pure
sandstone and pure carbonate models. The lateral movement of the CO;, beneath the caprock
was influenced by the lower permeability carbonates. The rate of dissolution trapping was
highest in the homogenous, pure carbonate (GF-PC-M) model (Figure 8). In this case, the CO;
plume approached a cylindrical shape around the injection well. The radius of the CO2 plume
around the well is smaller in the case of pure sandstone (GF-PS). The wider footprint of the
CO; around the injector resulted in higher interaction between the CO; and brine and,
therefore, a higher amount of CO, dissolved in the water phase. Figure 8 also shows that the
volume of free gas beneath the caprock in the pure sandstone model (GF-PS) was significantly
higher than for the pure carbonate model (GF-PC-M), as CO; bypassed much of the model
and accumulated beneath the caprock. As a result of added heterogeneity, only small patches

of free gas can be seen beneath the caprock in the heterogeneous models (e.g., GF-C50-S50-
M).
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Figure 12: Flow distribution in models with different carbonate and sandstone ratios. The
properties of medium permeability Nisku carbonate (M) are used for carbonate facies in
Model 2. GF refers to Grayburg Formation, C to carbonate, and S to sandstone.

The results of models with high permeability carbonate (Redwater Leduc Formation, Model
3) show that the amount of dissolved CO; in the pure sandstone model (GF-PS) was less than
pure carbonate model (GF-PC-H) (Figure 8). CO; reached the caprock two years earlier in the
GF-PC-H compared with the GF-PS, as higher permeability in the GF-PC-H simulation
facilitated migration. As the CO, reached the caprock it again migrated laterally. As CO>
migrate further beneath the caprock in the GF-PC-H model, the interaction between these
two phases was marked with more CO; dissolved in the water phase. Therefore, the highest
amount of COz accumulated beneath the caprock was observed in the pure sandstone model
(GF-PS). The plume was less distorted compared to low permeability carbonate facies models
(Figure 13).
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Figure 13: Flow distribution in models with differing carbonate and sandstone ratio. The
properties of high permeability Redwater Leduc carbonate (H) are used for the carbonate
facies in Model 3. .GF refers to Grayburg Formation, C to carbonate, and S to sandstone.

Section 2 — Lorca Basin

The CO; distribution within the mixed interfingered system is shown in Figure 14. In these
models, the plume developed asymmetrically towards the top and was completely distorted,
which reflects the interaction between gravity and facies-controlled heterogeneity. The
degree of plume distortion is dependent on the permeability contrast. As the heterogeneity
in permeability develpoed across the interfingering facies, these discontinuities interrupted
the vertical movement of CO,, which is retained in the lower part of Model LB-CL-S.
Alternatively, most of the CO2 reached the caprock in Model LB-CH-S.
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Figure 14: CO2 mole fraction in the model with a) low permeability carbonate (LB-CL-S); b)
medium permeability carbonate (LB-CM-S); c) high permeability carbonate (LB-CH-S); and d)
homogeneous model (LB-PS). Sandstone facies properties remained constant throughout the
simulation. LB refers to Lorca Basin. For properties see Table 1.

Larger amounts of mobile CO; existed beneath the caprock in the homogeneous model (LB-
PS) than the high permeability carbonate facies model (LB-CH-S) (Figure 15). This may be the
result of higher average permeability values in LB-CH-S when compared to LB-PS, and the
heterogeneity of this model. This facilitated more interaction between the brine and CO,,
which increased the amount of dissolved CO; in the water phase and decreased the volume
of mobile gas beneath the caprock.
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Figure 15: Dissolved and mobile CO; in the reservoir and beneath the caprock. For
petrophysical and flow properties see Table 1. LB refers to Lorca Basin.



Section 3 — Bridport Sand Formation

The CO; distribution within the Bridport Sand Formation is shown in Figure 16. The results
demonstrate that the amount of mobile CO; in homogeneous models was considerable in the
high permeability layer beneath the caprock compared to models with cemented horizons
(Figure 17). For both injection scenarios and all models with cemented horizons, except the
10% (BPS-4), no mobile CO; occurred in the overlying Inferior Oolite. In all models CO; only
partially filled the sands. In BPS-4 the injected CO, was seen to escape laterally towards the
high permeability strata and the Fuller’s Earth caprock. As stated earlier, the high-density
cemented fracture system was not modelled, as they are confined in well-cemented horizons
(Bryant et al. 1988). It was deduced that the amount of CO, trapped as a dissolved phase is
insignificantly less in models where all the sand layers were perforated.

Figure 18 demonstrates the pressure and dissolved CO; in each sand layer when the CO, was
injected across the whole succession. The amount of dissolved CO; increased as the area
covered by CO; increases. In the middle layers (40-42), where most coverage was observed,
higher amount of dissolved CO; was seen in the water phase. However, as the sand layers
thickened towards the bottom of the reservoir (e.g., 68-71), the CO; formed a narrow plume
around the well, resulting in less dissolution.
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Figure 16: CO2 mole fraction in the model BPS-2 with 70% cemented layers. CO, was injected
through perforation; a) into the bottom-most sand layer (PbS); and b) through all sand layers
(PaS). c) Homogeneous model (BPS-PS). d) Results of the Eclipse dynamic flow simulation
shown on the vertical plane of the laser-scanned digital outcrop of Bridport Sand Formation
that was used to build the static models. Sandstone facies properties remained constant
throughout the simulation. BPS refers to Bridport Sand Formation. For properties see Table
2.
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Figure 17: Dissolved CO; in the reservoir and mobile CO; in the high permeability layer
(Inferior Oolite) in models with 20,000 Sm3 (LI) and 30,000 Sm?3 injection rates (HI). In these
models, CO; was injected through perforation into the bottom-most sand layer (PbS) or
through all sand layers (PaS). BPS refers to Bridport sand Formation. PS-HI and PS-LI are
homogeneous sandstone models with high and low injection rates, respectively. For injection
strategy see Table 3.
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Figure 18: Dissolved CO; and the pressure in sand bands. The x-axis shows the layers where
the well is open to CO; injection.

The effectiveness of mixed systems depends on a mobile gas that reaches any leakage points
(i.e., transmissible faults, corroded wells or any gap in the caprock). Figure 19 compares the
free gas beneath the caprock for all cases considered herein. Pure sandstone models (GR-PS,
LB-PS, PBS-PS-HI and PBS-PS-LI) are the least secure scenarios. The Bridport Sand Formation



cases are the safest (except for the scenario with minimal cemented sheets) and the Grayburg
Formation cases the least secure.
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Figure 19: Percentage of free gas beneath the caprock in all cases. GF: Grayburg Formation,
LB: Lorca Basin and PBS; Bridport Sand Formation.

4. Discussion
Section 1 — Grayburg Formation

The effectiveness of CO, storage may be enhanced by sediment heterogeneity arising from
the distribution of low permeability facies, as they facilitated the lateral migration of CO;
which can result in longer flow paths and thus increase volume available (Goater et al. 2013;
Lengler et al. 2010; Flett et al. 2007; Hovorka et al. 2004). In this study, the increase in low
permeability facies did not lead to an increase in storage capacity because of a low
permeability layer developed from model GF-C20-S80 (Figure 8). The reduction in available
volume, storage capacity and reservoir communication are linked to the low porosity and
permeability of the Wabamun carbonate facies (Section 1, Model 1). The presence of this
layer was not reflected in the results of the flow simulations in Model 2 and Model 3 of the
Grayburg Formation as high permeability contrast would cause considerable flow
heterogeneity. The high permeability contrast (i.e., four orders of magnitude) in Model 1
affects flow so that injected CO; could not migrate vertically and instead accumulated at the
bottom of the reservoir (Figure 10). This explains the irregular shaped plume in Model 1
compared to Models 2 and 3 which behave more homogeneously. In particular, low viscosity
gas reservoirs are sensitive to higher contrasts in permeability and justify a simple modelling
exercise (Ringrose and Bentley 2015).

Heterogeneity needs to be considered as injectivity generally decreases with increasing
heterogeneity (e.g., Lengler et al. 2010) and the storage efficiency decreases with localized
pressure build-up (Goater et al. 2013). Although a decrease in high permeability lithology
could result in injection problems and limit CO, storage capacity, even low-permeability



aquifers can be utilized for CO;, geological storage if high permeability ‘sweet zones’ exist close
to the injector. These zones can improve injectivity and reduce reservoir pressure (Hester and
Harrison 2010); alternatively a misplaced injection well may result in project failure as seen
in Model 1, in scenarios with high carbonate-sandstone ratios.

In contrast, both facies in Model 2 were relatively homogenous, with a unimodal pore size
distribution, uniform matrix (Bennion and Bachu 2006a; 2006c) and insignificant permeability
differences (less that one order of magnitude). The injected CO; showed a relatively uniform
sweep around the injection well and towards the caprock. The results in Model 2, particularly
in the heterogeneous models, is driven by the small permeability differences between the
two facies. The heterogeneity provided by the association of two facies can add to reservoir
security. However, the reduced permeability in some parts of the reservoir, where carbonate
facies delays the upward migration of the CO,, was not sufficient to completely inhibit the
flow towards the caprock. Carbonate facies had considerably higher permeability values (46
mD) than typical seals (e.g., Shale=1.00E-08 mD).

The dissolved CO; in heterogeneous models was also marginally higher than in the pure
carbonate scenario of Model 3, since the permeability of the carbonate facies is only 0.18
order of magnitudes higher than the permeability of sandstone facies. The lower the
permeability contrast, the less irregular the plume. Although Sifuentes et al. (2009) showed
that heterogeneous models had a higher CO; dissolved in the water phase and a lower mobile
CO: in the reservoir, these facets depended on permeability, permeability contrast of facies,
and heterogeneity rate in these models.

Section 2 — Lorca Basin

In the case of Lorca Basin scenario, the CO, plume was distributed by facies discontinuities,
which led to improved CO; dissolution trapping, as interfacial area has an essential role in the
transfer and subsequent dissolution of CO; (Iglauer 2011). The degree of plume distortion is
also dependent on the permeability contrast. The degree of interruption by these
discontinuities is higher in Model LB-CL-S with low permeability carbonate, and the plume is
retained in the lower part of the reservoir.

Section 3 — Bridport Sand Formation

The sandstone/shale cycles offer effective confinement in hydrocarbon and CO; storage
systems (e.g., Sleipner project (Chadwick et al. 2008)). In the case of the Bridport Sand
Formation, the lateral continuity of these thin cemented layers will most likely have a
significant impact on plume development towards the caprock and hence the volume of CO;
sequestration in the layered systems. Banded carbonates can inhibit vertical CO; migration,
act as a stratigraphic trap and reduce the reliance on a top seal, and thus seal failure is
extremely unlikely. Consequently, the storage effectiveness of the system is dependent on
the fidelity of these cemented horizons.

The flow modelling of these systems demonstrates that facies mixing and associated
sediment heterogeneity have different influences on CO; storage capacity and security.



In the case of the Grayburg Formation, storage security and capacity were not controlled by
heterogeneity alone but influenced by the permeability of each facies; their permeability
contrast, the degree of heterogeneity and the relative permeability characteristic of the
system. In the case of the Lorca Basin, heterogeneity through interfingering of the carbonate
and clastic facies improved the storage security regardless of their facies permeability. For
the Bridport Sand Formation, the existence and continuity of extended sheets of cemented
carbonate contributed to storage security but not storage capacity.

The long-term storage security of COz in such systems depends on the amount of free gas that
reaches existing leakage points. Overall, these mixed systems contribute to the safe storage
of CO; as insecure scenarios are associated with pure sandstones and carbonates or models
with high sandstone-carbonate ratio. Among the three outcrops studied herein, the safest
scenario is the Bridport Sand Formation, although this is dependent on the continuity of
cemented layers. The least secure scenario is the Grayburg Formation as the cemented bands
in Bridport Sand Formation inhibited the vertical migration of CO,. However, in the case of
Grayburg Formation, heterogeneity in the models either cause the compartmentalization of
the reservoir, thus reducing CO; dissolution, or allowed CO; to escape via gaps towards the
caprock.

5. Conclusion

In this study, three formations with differing styles of heterogeneity were explored, including
variable siliciclastic and carbonate ratio, interfingering of carbonate and sand facies and a
succession with narrow cemented bands. All three styles of heterogeneity are deposited
within a mixed siliciclastic-carbonate system. These lithofacies, and their associated physical
properties, were systematically modelled to determine how they influenced injected CO;
flow, and, as such, determine their potential as stratigraphic trap for the safe geological
storage of CO..

This study has demonstrated that facies interplay and sediment heterogeneity have a varying
influence on fluid flow, storage capacity and security. In the example of the Grayburg
Formation storage security and capacity were not controlled by heterogeneity alone but
influenced by facies permeability, permeability contrast and the relative permeability
characteristic of the system. Based on the petrophysical properties of each facies,
stratigraphic heterogeneity can limit connectivity and significantly increase injection
pressure. In the Lorca Basin, heterogeneity achieved through the interfingering of the
carbonate and clastic facies, improved the storage security regardless of their permeability.
For the Bridport Sand Formation example, the existence of extended sheets of cemented
carbonate contributed to storage security but not storage capacity. This study demonstrates
the significance of these systems for safe CO, geological storage, as stratigraphic
heterogeneity is likely be a significant feature of future storage sites. These mixed systems
can minimise the large buoyancy force that act upon the top seal thus reducing the reliance
of the storage security on the caprock. They can also increase the contact area between
injected CO; and brine, thereby promoting CO; dissolution.
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