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Abstract: The growing importance of subsurface carbon storage for tackling carbon emissions requires an
accurate characterization of potential reservoirs to understand their capabilities. In this context, the use of legacy
data originally acquired in the last fifty years for scientific projects and petroleum exploration and production
activities would represent a suitable cost-effective solution and help to maximize the value of this extended
national asset. Core material represents the only direct observation of subsurface deposits and must be preserved
from the current disposal process related to the decommissioning of hydrocarbon fields. In this contribution, a
suite of samples from core material stored at national (i.e. British Geological Survey) and local (i.e. Department
of Earth Sciences, Royal Holloway, University of London) core repositories, previously characterized at the
micro scale using X-ray micro-computed tomographic (uCT) imaging are discussed. Using this technique, it
has been possible to investigate how pore and grain geometries control crucial features of a suitable reservoir
such as porosity and permeability. The aim of this contribution is to describe the methodology behind digital
image analysis (DIA) following uCT imaging applied to core material. We show how DIA can be used to pro-
vide significant measures of reservoir suitability when making initial assessments of storage reservoirs, without
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the need for expensive and time-consuming analyses.

Carbon capture, utilization and storage (CCUS) is a
technology which has been used in various forms
since the 1970s (Hill et al. 2013; Nufez-Lépez and
Moskal 2019). At this time CO, was used as an injec-
tant for enhanced oil recovery (EOR), undoubtedly
trapping CO, in the subsurface in the process with-
out this being the primary aim and without consider-
ation for trapping security. In 1996 the first
geological carbon storage (GCS) pilot study at the
Sleipner CO, storage site (offshore Norway) began
storing CO, (Equinor 2019), with the added aim of
ensuring that the carbon remained in the subsurface
for a geologically significant period of time. Since
this initial landmark project, many additional pilot
projects have been launched as well as a handful of
full-scale storage facilities. As of October 2021
there were 135 large-scale carbon capture and stor-
age (CCS) facilities at various stages between early
development and full operation (27 of the 135)
with 71 of these projects being added in 2021
(Global CCS Institute 2021a).

A recent shift in society’s perception of climate
change and CCUS has resulted in an influx of public
funding both directly and indirectly benefiting
CCUS. Indirect support includes the introduction
of carbon tax credits, rewarding emitters for storing
CO, or utilizing it for other purposes, such as in
the USA through the 45Q tax credits scheme

expansion (IEA 2020). Direct support has come in
the form of funding promises such as €10 bn up to
2030 from the European Union Innovation Fund
(Page er al. 2019), $12.5 bn from the Infrastructure
Investment and Jobs Act in the USA (Global CCS
Institute 20215), $1.8 bn from the Norwegian gov-
ernment for the Longship project (IEA 2020) and
£1 bn from the UK government as part of the Carbon
Capture and Storage Infrastructure Fund (CIF) (Gov-
ernment of the United Kingdom 2021). The advent
of increased funds being made available for CCS
comes with the need to make the best possible use
of them to deliver positive results, thereby encourag-
ing further funding. This can, in part, be achieved by
carrying out cost-effective and valuable initial site
screening.

To make the best decisions when selecting a site
for geological carbon storage, a number of static fac-
tors can be outlined which characterize a possibly
successful subsurface storage site. (1) The storage
reservoir must contain a suitable amount of space
for satistying the CO, storage needs specified for
the given project. This is likely to be determined pri-
marily by reservoir porosity (Bachu er al. 2007,
Bradshaw et al. 2007; Pingping et al. 2009), but is
also influenced by the relationship between the
strength of the cap rock and injection rate. (2)
There must be suitable conditions for injected fluids
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to move through the reservoir unit in order to make
the injection process straightforward and to allow
the available volume of the reservoir to be accessed.
This may be investigated through measurements of
permeability and connected porosity (Raza et al.
2017; Cui et al. 2018; Hoteit et al. 2019). (3) The
site must possess suitable mechanisms of ensuring
that CO, remains contained in the subsurface. This
is typically investigated through permeability and
mechanical analysis of the caprock or seal overlying
the reservoir alongside detection and structural anal-
yses of fractures and faults (Shipton er al. 2004;
Dockrill and Shipton 2010; Bond et al. 2017).
Finally, (4) ideally the reservoir unit should possess
favourable mineralogy, fluid chemistry and pressure
and temperature conditions to facilitate reactions
with the injected CO, to produce stable carbon-
bearing precipitates. Such precipitates include cal-
cite, siderite and magnesite (Zhang et al. 2015;
Zhang and DePaolo 2017). Each of these four
broad criteria for a suitable GCS reservoir may be
investigated initially using legacy core material,
prior to a thorough site-specific assessment.

Rock drilling techniques and coring can be dated
back to ¢. 3000 BC in ancient Egypt (Gorelick and
Gwinnett 1983). Since then, coring has proven a use-
ful technique to acquire rock samples for many dif-
ferent purposes. The first known oil wells were
drilled in China in AD 347 (Ulrich Vogel 1993)
and drilling is an activity still used today to assess
the subsurface or extract resources. In this process,
the acquisition of core material is important to obtain
direct observations and analyses of the stratigraphy
and to eventually assess source, seal and reservoir
potentiality. Since 1968, over 15500 individual
wells have been spudded for oil and gas exploration,
appraisal or production on the United Kingdom Con-
tinental Shelf (UKCS). Of these, some 8000 have
been partially cored with a total of over 350 km of
core and 4.5 million samples of cuttings being
acquired. Some 15000 onshore UK wells have
been cored, including over 400 of the 22200
onshore oil and gas exploration and production
wells. Samples from each borehole drilled for the
hydrocarbon industry including a representative vol-
ume, typically one-third, of every core collected are
stored at the National Geoscience Data Centre,
co-located with the British Geological Survey to sup-
port research for national public good (Fig. 1). Con-
sidering the high costs for acquiring a core section,
they represent a great asset, a valuable resource
and a powerful tool for contributing to the future
decarbonization process. Unfortunately, high costs
related to operators’ storage facilities are pushing
hydrocarbon companies to dispose of their portion
of collected legacy cores, typically two-thirds of
each cored length, that are no longer of any interest
for their activities.
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Fig. 1. Photograph of a small portion of the core
material stored within the National Geoscience Data
Centre at the British Geological Survey (BGS) core
store. Source: British Geological Survey © UKRI. BGS
photo ID P900669 available from BGS Geoscenic.

Core materials are fundamental for assessing res-
ervoir properties. The use of digital rock physics
(DRP) to measure porosity and permeability is
becoming increasingly popular (Van Geet et al.
2003; Blunt et al. 2013; Jarzyna et al. 2016; Thom-
son et al. 2020b; Payton et al. 2021). To assess the
potentiality of a stratigraphic interval as a CO, stor-
age reservoir it is critical to determine whether there
is enough storage capacity, and that injected CO,
will be able to effectively move through the forma-
tion. This, therefore, implies that successful GCS
projects occur in highly porous and permeable reser-
voirs, such as the Utsira Formation at the Sleipner
site (Zweigel et al. 2004).

The aim of this short contribution is to present an
established digital methodology and the consequent
results of reservoir characterization analysis of sub-
surface intervals using uCT (X-ray micro-computed
tomography) images of core material. The objective
is to increase awareness of the value of legacy core
material for the phase of energy transition.

Methodology

Preparing, imaging and processing core samples and
measuring their features using uCT and digital image
analysis is a process which has been recently docu-
mented in detail (Thomson et al. 2018, 2019,
2020a, b; Payton et al. 2021, 2022). Here we provide
a synthesis of each step in digital sample analysis
based upon the work undertaken by the aforemen-
tioned authors.

Sample preparation

Plugs of core material are extracted from regions of
interest in the main core to acquire a smaller volume
of material to work with. These are typically c. 2 cm
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Fig. 2. Sandstone plugs extracted from geological core.
The largest plug is initially cut from the original core
run before being cut into smaller plugs. The smallest
plug is used for micro-computed tomography (uCT)
imaging. ‘T” in green and black marker indicates the
top of the samples.

in diameter and up to 10 cm long, depending on core
volume retained (Fig. 2). From this volume a smaller
mini-plug is required to be extracted for use in a uCT
scanner, depending on the individual scanner and the
desired field of view. For the samples presented in
this work (Thomson er al. 2020b; Payton et al.
2021) a Zeiss Xradia Versa 520 scanner was used
at the London Natural History Museum, for which
amini-plug c. 5 mm in diameter and 10 mm in length
was suitable. The cylindrical shape of the sample to
be imaged is important as the imaging process
acquires a stack of circular fields of view, therefore,
acylinder is the most efficient geometry to scan (Ket-
cham and Carlson 2001). This also has the added
benefit of the X-ray beam achieving equal penetra-
tion throughout the scanning process, resulting in
the reduction of image artefacts (Ketcham and Carl-
son 2001).

Preparation of the mini-plug(s) from the core
plug (Fig. 2) can pose several challenges depending
on the friability of the material being sampled. Sam-
pling of especially friable material is impossible as
the core degrades during the sampling process. Pay-
ton et al. (2021) found it necessary to use an epoxy
resin to consolidate plugs of sandstone prior to cut-
ting mini-plugs. Injection of resin is usually apparent
when interrogating the resulting tomographic
images, manifesting as dark-rimmed spherical
objects. Despite the difference in density between
air and resin, these two phases appear as very similar
dark shades of grey in geological tomographic
images, causing no difficulty in phase segmentation
as both are considered as pore space (Payton et al.
2021).

Due to the small size of the mini-plug typically
required for scanning, it is most effective to produce

mini-plugs by hand grinding and shaping core mate-
rial. Conventional cutting equipment is typically too
large and lacks the level of control required to pro-
duce such small pieces of material.

Imaging

The process of acquiring pCT images is fundamen-
tally based upon density differences between mate-
rial phases, resulting in variable amounts of X-ray
attenuation. Denser materials are able to attenuate
more X-rays, and so appear brighter in the tomo-
grams as opposed to less dense materials which
attenuate less X-rays, and so appear darker (Fig. 3).
Each material possesses an X-ray attenuation coeffi-
cient which varies with the X-ray energy employed
by the scanner. The greater the difference between
these values, the more easily distinguished the asso-
ciated phases are in the greyscale tomograms.

When imaging sandstone samples the importance
of considering the attenuation coefficients of phases
other than quartz is negligible in many cases. How-
ever, if the goal of imaging is to differentiate
between many phases, such as igneous minerals,
then it may be necessary to identify an optimum
X-ray energy to produce the greatest phase contrast
possible. For further information about the linear
attenuation coefficient and how this varies in differ-
ent materials we refer the reader to Ketcham and
Carlson (2001), Hanna and Ketcham (2017) and
Bam et al. (2020).

The level of detail which can be acquired in the
output images is dependent on the CT scanner itself
as well as the chosen field of view. For sandstone
materials it has been shown that a voxel resolution
of ¢. 3 um® provides a suitable level of detail for
accurately studying the geometry of the pore micro-
structures and grains (Thomson et al. 2018, 2020a,
b; Payton et al. 2021, 2022). Greater resolutions
may be achieved by focusing on a smaller area of
the mini-plug, using more powerful techniques

Fig. 3. Micro-computed tomography (uCT) 3D volume
rendering (left) and individual image slice (right).
Images have been filtered to remove noise. Darker
regions show pore spaces whilst paler regions are

solid material.
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such as synchrotron tomography or by increasing the
X-ray energy used. However, this can lead to issues
with overall image quality and artefacts.

Processing

In almost all cases a level of image processing, post-
acquisition is beneficial to making accurate measure-
ments on any acquired CT images. The goal of pre-
processing is to increase the signal to noise ratio
across the images. A variety of artefacts may be pre-
sent as a result of the scanning process including
beam-hardening, ring artefacts and general image
noise (Ketcham and Carlson 2001; Cnudde and
Boone 2013; Hanna and Ketcham 2017). Most digi-
tal image processing software packages provide
tools specifically designed to clean up the image
data, removing or lessening artefacts and noise. It
is often the case that one tool or algorithm alone is
not entirely effective and instead a combination of
filters is required (Fig. 4). It is important to consider
how much processing is required to reach a set goal
for use of the images. Processing is effectively
changing the raw data artificially. Therefore, over-
processing may change the data significantly, caus-
ing features to be lost or gained which are artificial.

Payton et al. (2021) and Thomson et al. (2020b)
perform 3D volume cropping of the raw image
reconstruction prior to filtering. Cropping allows
the removal of outer voxels not belonging to the sam-
ple but also trimming of the extremities of the mini-
plug volume. This is where beam-hardening is most
extreme and may not always be resolved to a suitable
degree by image filters.

The non-local means (NLM) filter is a popular
and very effective tool in removing most of the salt
and pepper noise throughout the image stack (Buades
et al. 2008; Thomson et al. 2018; Garfi et al. 2020)
and is an effective starting step (Fig. 4). Further
tweaking of the NLM filter parameters may be
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required or additional filters such as mean, median,
Gaussian or anisotropic diffusion to suitably clean
the image for the intended purpose. For example,
Payton et al. (2021) and Thomson et al. (2020b)
find that a NLM filter alone is suitable for basic
phase identification and measurements of porosity
and permeability. However, Payton er al. (2022)
show that addition of a median filter allows for
more effective grain boundary segmentation (Fig. 4).

Measurements

After processing CT images to maximize their qual-
ity, the process of making measurements of features
and properties can begin. The next step in acquiring
useful data from images is to segment the individual
phases from one another (Fig. 5). Segmentation is
the process by which image voxels are labelled
according to the phase to which they belong. This
process is carried out either automatically using
algorithms (Otsu 1979; Payton et al. 2021) or manu-
ally by selecting peaks on a histogram of greyscale
values (Thomson et al. 2020b; Payton et al. 2021).
Both techniques work by using a greyscale histo-
gram, representative of the X-ray attenuation coeffi-
cient measured in each voxel across the sample
volume. Depending on how successful filtering has
been and the variety of materials in a sample an auto-
matic or manual approach may be appropriate (Pay-
ton et al. 2021).

Having separated individual phases a variety of
measurements can be made:

(1) Porosity — the fraction of voxels labelled as
void space can be calculated and therefore rep-
resents total porosity in the material (Fig. 5). A
connectivity algorithm can be applied to deter-
mine which voxels belonging to the void space
facilitate entire connectivity throughout the
study volume (Fig. 6). Measuring the fraction
of these connected voxels, therefore, provides

Non-local Means

ST

Fig. 4. Examples of the effect of image filtering on micro-computed tomography (uCT) image slices. The raw image
is covered with salt and pepper noise making segmentation difficult. The non-local means filter removes the majority
of the noise, improving the phase contrast and signal to noise ratio. The addition of a median filter has a smoothing
effect and removes most of the blemishes remaining on the granular phase, improving the definition of

grain boundaries.
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Filtered Image Binary Segmentation 2)

Fig. 5. Example of binary segmentation of the pore
space. The red areas have been segmented and labelled
to belong to the pore space phase. Comparison can be
made with the original image to show the quality of
the segmentation.

a value of connected porosity. The accuracy of
porosity measurements made using this tech-
nique are reliant on the voxel size of the 3D
reconstructed volume. Porosity below the
resolving capability of the scanner is omitted
and therefore measurements must be consid-
ered to represent macro porosity at this scale
rather than true porosity. Despite this, accept-
able representative measurements may be
acquired, as highlighted by the close agree-
ment between uCT DIA porosity measure-
ments and those of bulk porosity from a well
logging tool by Payton et al. (2021).

3

Fig. 6. Segmentation of both the connected (purple) and
disconnected (green) porosity. First, the total porosity is
segmented, a connectivity algorithm is then used to
determine the voxels of the porosity phase which
facilitate connectivity throughout the sample in 3D.

Permeability — the connected pore network of
voxels can be used as a 3D domain to run a
numerical simulation to calculate permeabil-
ity. This is performed using the ‘absolute per-
meability experiment simulation’ tool in the
commercial software package PerGeos. This
tool is based on solving the Stokes equations
using the finite volume method to obtain a
velocity and pressure field which can be
used with the Darcy flow equation to deter-
mine a value of permeability (Thomson
et al. 2020b; Payton et al. 2021). When
employing the ‘absolute permeability experi-
ment simulation’ tool, a value of 107° has
been found to be the most effective tolerance
value for the convergence of the simulation
solution (Thomson et al. 2019), allowing for
comparable measurements to be made
between studies. A variety of tools exist to
perform this type of simulation and measure-
ment (Bultreys et al. 2015; Gostick et al.
2016; Payton et al. 2021), of which many
are based on a similar approach. Permeability
may also be determined through digital image
analysis using pore network models (PNMs)
more rapidly but typically with an acceptable
but lower accuracy (Varloteaux et al. 2013).
Measurements of permeability using this
approach may be limited in their accuracy
in cases where pore-lining phases, which
inhibit fluid flow, are present. Phases such
as illite, kaolinite and chlorite may be indis-
tinguishable from the bulk of the granular
material due to scanning resolution or grey-
scale contrast and therefore, their detrimental
impact on permeability cannot be considered
in the permeability simulation process. Con-
sequently, permeability measurements made
using a uCT DIA/DRP approach must be
assumed to be upper extremes for given
study samples.

Pore and throat geometries — a pore network
model (PNM) is an effective technique for
making measurements of pore and throat diam-
eter, throat radius and pore coordination num-
ber. PNMs approximate a pore structure
through using balls as pores and connected
sticks as throats (Youssef er al. 2007; Raoof
et al. 2013), shown in Figure 7. Despite their
apparent simplicity, they show close agree-
ment with measurements made using direct
methods which are more computationally
expensive (Varloteaux et al. 2013). PNMs
are generated using a series of algorithms
which are effectively described by Youssef
et al. (2007) and Thomson et al. (2018,
2019). Briefly, a skeletonization algorithm
generates a one-voxel-thick skeleton through
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Fig. 7. Example of a pore network model. Pores are
represented by orange spheres which are scaled to the
pore diameter. Throats which connect the pores are
represented by grey pipes which are uniformly scaled in
this case.

the centre of the pore structure. Thresholds are
defined where junctions form in the skeleton to
identify dead ends, pore lines or throat lines.
The classification as pore or throat depends
on the ratio of line length and maximum radius.
If the largest possible radius of a line is greater
than its length it is assigned as a pore, other-
wise as a throat (Payton er al. 2021). The ball
and stick model can then be interrogated
to make measurements of pore and throat
geometries.

(4) Grain analysis — typical grain measurements
such as size, sphericity and sorting can be
acquired through implementation of a water-
shed segmentation algorithm (Shi and Yan
2015; Beucher and Meyer 2018; Kong and
Fonseca 2018; Sun et al. 2019; Leonti et al.
2020). Thomson et al. (2020a) demonstrate
how digital image analysis can be applied to
separate individual grains in CT images. Pay-
ton et al. (2022) refine the technique by includ-
ing an additional filter to facilitate more
accurate grain segmentation. Having seg-
mented grains into individual features, they
may be labelled and interrogated individually
to acquire the aforementioned grain properties.
We refer the reader to Payton et al. (2022) for
more details on this process.

Case studies

The following sections present examples of legacy
onshore and offshore core material sampled and ana-
lysed in the Royal Holloway, University of London
Earth Sciences Department in recent years using
the described digital image analysis technique on
uUCT images and the key results.

Wilmslow Sandstone Formation, Sellafield
BHI13B, Cumbria, UK (onshore)

Payton er al. (2021) apply a pCT-based approach to
carrying out a porosity and permeability analysis of
the Wilmslow Sandstone Formation (WSF). Using
this technique, they identify a range of porosities
between 9.77 and 26.4% and are able to determine
that across the seven study samples the bulk majority
of porosity was in fact connected. Payton et al.
(2021) attempt to quantify the error in their porosity
measurements through the difference in automatic
and manual segmentation with the largest deviation
being an error of +2.58%. The authors used wireline
log measurements of neutron and bulk porosity to
validate their digital image analysis measurements
of porosity, for which they found a good level of
agreement (Payton ez al. 2021).

As a result of the significant connectivity identi-
fied, permeability experiment simulations returned
a range of results from 40 to 6040 mD. Conse-
quently, the authors were able to recommend further
investigation of this study site for use as a GCS res-
ervoir based on a preliminary pore-scale assessment.

Pore network modelling and 3D volume render-
ing observations of connected and disconnected
porosity identified the presence of significant discon-
nected intragranular porosity (Payton et al. 2021). It
was found that the pore size distributions indicated a
significant number of very small pores which were
identified as predominantly intragranular. The differ-
ence in mean pore radius between total and con-
nected porosity highlighted the importance of
larger pores in contributing to connectivity. In con-
trast, samples with similar mean pore radii between
both types of porosity showed significant intergran-
ular disconnected porosity.

The WSF material was also used alongside uCT
images of the Brae Formation sandstone to deter-
mine the upper percolation threshold or crossover
threshold (Payton ez al. 2021). The upper percolation
threshold is the amount of porosity required within a
given sample to establish a fully connected network
of porosity. Below this threshold, porosity is par-
tially connected and above this threshold, fully con-
nected. Using the digitally acquired total and
connected porosity measurements they determined
the upper percolation threshold to be c. 10%,
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defining the regime transition from partial connectiv-
ity to full connectivity.

Scottish Middle Coal Measures Formation,
UKGEOS GGCO0l, Glasgow, UK (onshore)

Sandstone from the Scottish Middle Coal Measures
Formation (SMCMF) was also studied by Payton
et al. (2021). They carried out a porosity analysis,
determining there to be between 0.04 and 1.65%
porosity present in the four study samples. Connec-
tivity analysis revealed no connectivity within the
pore structures and, consequently, no permeability.
Due to the minimal amount of porosity in the sam-
ples the authors noted that automatic segmentation
was unsuitable and instead manual segmentation
was necessary.

uCT imaging was combined with optical micros-
copy to identify the cause of such minimal porosity.
Optical microscopy allowed clear identification of
significant amounts of cement, infilling the pore net-
work (Payton er al. 2021). Following this, the 3D
uCT image volume reconstructions allowed for spa-
tial investigation of the cement phase. The greater
image resolution allowed for investigation into the
contact between the cement and grain phases to
determine whether any localized regions of porosity
were present (Payton et al. 2021).

Minard Formation, Porcupine Basin, North
Atlantic (offshore)

Twelve samples from the Minard Formation (MF)
sandstone in the Porcupine Basin were imaged and
analysed in terms of porosity and permeability and
their grains (Payton er al. 2022). A porosity range
of 9-20.4% was identified with all samples exhibit-
ing varying degrees of connectivity, resulting in per-
meability measurements of up to 1070 mD.
Following the work presented by Thomson ef al.
(2020a), implementation of a watershed segmenta-
tion algorithm was used to identify and measure indi-
vidual 3D grains (Payton et al. 2022). This allowed
for identification of a positive relationship between
grain sphericity and both porosity and permeability.
Payton er al. (2022) found no relationship between
grain size and porosity or permeability. They used
the measures of shape and size to constrain a
Kozeny—Carman type porosity—permeability rela-
tionship, finding that inclusion of grain parameters
in a fit equation was less effective than a simple fit
based upon porosity alone. Ultimately, using the
automated technique to acquire large numbers of
rapid grain measurements from pCT images, they
determine that a simpler fit of the form K = 1054
¢>" provides a better porosity—permeability fit owing
to the Kozeny—Carman assumption that grains are
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spherical. Consequently, they recommend further
investigation into developing a model capable of
incorporating non-spherical grains.

Otter Sandstone Formation, English Channel,
UK (offshore)

Thirty samples from the Otter Sandstone Formation
(OSF) were used alongside the previously described
case study sample suites to determine a robust value
for the upper percolation threshold as well as adding
further constraint to a porosity—permeability rela-
tionship determined from digital measurements.

These samples display a porosity range of 0.4—
17.6%, spanning the range that lacked data points
following analysis of the WSF, SMCMF and MF
sandstone. Permeability was found to range from 0
to 4655 mD as a result of varying degrees of connec-
tivity in the samples. Combination of all described
case study suites results in a well-characterized total-
connected porosity relationship. An upper percola-
tion threshold or crossover threshold was able to be
identified at c¢. 14%, better constrained than the result
previously reported by Payton et al. (2021).

Using all of the study sample suites a better-
defined porosity—permeability relationship could
be defined according to K = 10> ¢>#8 Addition-
ally, using the large volume of data from the OSF,
the relative influence of pores and throats on connec-
tivity could be investigated. A significant offset
between data points of total porosity and connected
porosity when measuring mean coordination number
and pore radius is present. No such offset is present
in measurements of mean throat length and radius,
indicating that the pores are most influential in
facilitating connectivity.

Brae Formation sandstone, North Sea, UK
(offshore)

Whilst Payton ez al. (2021, 2022) use measurements
from images of the Brae Formation sandstone (BFS)
to supplement the analysis of the previously
described case study suites, Thomson er al.
(2020b) investigate the porosity—permeability rela-
tionship alongside the upper and lower percolation
thresholds and microporosity. They report a con-
nected macroporosity range of 0-15.2% in their
eight BFS samples; however, they identify and seg-
ment an additional microporous phase in their CT
images. Microporosity contributed a further 2.6—
10.7% porosity throughout the sample suite, facili-
tating permeability measurements of up to 795 mD.
uCT imaging allowed Thomson et al. (2020b) to
investigate the spatial occurrence of this micropo-
rous phase which is of importance for facilitating
greater connectivity and permeability within the
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BFS material. They were able to tie microporosity
occurrence to sites where secondary and accessory
minerals accumulate, such as clay, lithic fragments
and muscovite using CT images in conjunction
with scanning electron microscopy (SEM) imaging.

In order to quantify the impact of regions of
microporosity, Thomson er al. (2020b) performed
two sets of image segmentation and analyses. They
segmented the apparent microporous regions as
solid grain phase in one case and as void space in
another. This allowed identification of an upper
and lower limit of porosity and permeability when
considering the microporous phase. Unfortunately,
the imaging capabilities of uCT were unable to suit-
ably resolve the microporous regions clearly enough
to produce more accurate measurements. Supple-
mentary imaging using techniques such as FIB-SEM
(focused ion beam scanning electron microscopy)
would be required to gain even further understanding
of the pore network in these particular samples.

Similarly to Payton ez al. (2021), Thomson et al.
(2020b) use digital image analysis to determine the
percolation threshold in sandstone. The authors use
BFS samples alongside others (Thomson et al.
2019) to estimate an upper percolation threshold of
¢. 10%. They also find that their sample suite allows
for identification of a lower percolation threshold of
¢. 5%. Consequently, they are able to define bound-
aries for regime changes from isolated to partially
effective to fully effective porosity.

Finally, Thomson et al. (2020a) use digital image
analysis of uCT images of BFS samples to investi-
gate the grains, further developed by Payton ef al.
(2022). Thomson et al. (2020a) identify no clear
relationship between the grain characteristics and
porosity or permeability but are able to make rapid
measurements using many data points of sorting,
skewness and grain size in their samples.

Concluding remarks and future outlook

It is undeniable that CCUS projects are required
alongside other low carbon technologies in order
for the global community to reach the required Net-
Zero targets. CCUS provides a method of not only
reducing emissions by capturing them before they
reach the atmosphere but also conceivably of pro-
gress towards going carbon negative. CCUS also
allows particularly difficult to abate technologies,
such as steel, cement and fertilizer production, to
effectively reduce their carbon emissions. As confi-
dence grows in CCUS and it becomes more eco-
nomically viable more reservoirs will be sought
for use.

Delivering the predicted uptake in CCUS will
require identification of many storage reservoirs
worldwide. The need to minimize both the technical
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and economic risks associated with this technology
means that initial screening assessments will likely
focus on those geological formations that are already
well characterized. Therefore, those that have signif-
icant volumes of legacy core material available will
be desirable owing to the ability to use the material
for testing appropriate stratigraphic units. Whilst an
abundance of legacy wells in a carbon storage site
can cause challenges with regards to storage integrity
(Zhang and Bachu 2011), legacy material remains a
valuable asset for conducting initial site screening
prior to incorporation of additional datasets to
make further decisions. The significant cost of drill-
ing and core extraction, especially on continental
shelf areas, which are typically carried out by oil
and gas companies, makes legacy core a highly valu-
able resource. As hydrocarbon exploration is pre-
dicted to decrease significantly as society pursues
low carbon alternatives, it is likely that far less new
core will become available. Maximizing the value
of the existing core archive, therefore, will become
imperative.

In this work we have described how small vol-
umes of legacy core material can be used, with suc-
cess, in providing initial characterization and
assessment of potential CCUS reservoirs. A key
advantage of digital rock physics (DRP) and digital
image analysis (DIA) techniques is that they are non-
destructive, thereby retaining the value of the legacy
core material. This also allows for repeat digital
experiments to be made easily on the same sample
volumes. Furthermore, digital imaging of legacy
core material facilitates the sharing of physical repre-
sentations of geological samples through platforms
such as the Digital Rocks Portal more readily than
would be possible with actual physical samples.
Such image repositories allow workflows to be
streamlined on a given core sample as multiple
instances of a digital physical representation can be
worked on in parallel.

DRP and DIA techniques together provide non-
destructive analytical capabilities for initial reservoir
characterization of porosity, permeability and miner-
alogy, three key areas of carbon storage site screen-
ing and assessment. The added ability of these
techniques to investigate parameters such as pore
and grain shape and size, which influence the
dynamic behaviour of fluids at the pore scale, adds
further value. The fact that this approach requires
only small volumes of material highlights the value
of both these technologies and legacy core material
itself. Despite this, some limitations of this approach
remain, such as image resolution and pore-lining
phase distinction for making highly accurate poros-
ity and permeability measurements. This highlights
that whilst this approach is valuable for initial
screening and assessment of potential storage sites,
it will remain essential for additional datasets and
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techniques to be applied alongside uCT DIA to make
further decisions.

We foresee a continued uptake in the use of DIA
and DRP within Earth Sciences, especially in the
field of CCUS using legacy core material, owing to
the wealth of information and data that can be
acquired. Other new areas of research, including
extracting geothermal heat and storage of energy in
the form of heat or compressed air in aquifers, will
also require similar reservoir characterization. Con-
sequently, the quality and capability of the tools
and techniques being developed to add further
value to uCT digital image datasets will only con-
tinue to increase. Furthermore, active work on reli-
able upscaling of micro-scale measurements for
representative rock volumes has the potential to pro-
vide even greater insight from uCT digital image
datasets to CCUS reservoir assessment beyond the
initial phase. Approaches to this challenge include
fractal-scaling (Munawar et al. 2021), a combined
Darcy-Brinkman—Stokes approach (Menke e al.
2021), pore network model stitching (Kohanpur
and Valocchi 2020), correlation with whole core
imaging (Hertel et al. 2018) and percolation theory
(Liu and Regenauer-Lieb 2011). Legacy core mate-
rial is vital to this process and should be exploited
for the readily available information it can provide
on possible carbon storage reservoirs as CCUS
grows in the near future.
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