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Abstract
CO2 geological storage in depleted oil and gas reservoirs and saline aquifers is currently one of the most economical methods to
mitigate CO2 emissions, mainly because of available geological data from oil and gas exploration and production in the last decades
as well as abandoned wellbore facilities. Four main factors dictate the safe and economical CO2 storage and selection of a suitable
storage site: while wellbore and cap rock integrity are critical to the security of stored CO2, storage capacity and CO2 injectivity
are among the main factors driving the cost of storage per ton of CO2. Low or reduced CO2 injectivity at injection wellbore can
significantly increase the compression costs of the project. In worst-case scenarios, a blockage can increase injection pressures
above rock fracture pressure, thus critically jeopardising further injection in the same well.
The global abundance, high storage capacity and potentially low chemical reactivity of sandstone reservoirs make them great
candidates for CO2 geological storage sites. The matrix of siliciclastic rocks is mainly made of quartz grains, and there is negligible
chemical reactivity in contact with carbonic acid formed during the injection. However, the most common cementing agents in
these rocks (e.g. calcite, dolomite and, to some extent, clays) react with carbonic acid. These reactions lead to mechanisms like
cement dissolution, mineral deposition, and sand fine migration (sand mobilisation). Depending on the volumetric percentage of
the binding cement, its geometrical distribution within the matrix and pore (and throat) size distribution of the rock, fine migration
and binding cement dissolution can enhance or impair CO2 injectivity [1,2]. Despite numerous studies regarding the effect of CO2
injection on fine migration and injectivity, there is still no consensus regarding the impact of intergranular cement dissolution on
CO2 injectivity.
In this study, we have focused on the effect of binding cement dissolution on pore morphology in a typical sandstone (Berea) and
demonstrating how the observations of CO2 injectivity change at the core scale alone could be misleading and explain some
apparent discrepancies reported in the literature. We cut three slices of this core for Xray micro-computed tomography (MicroCT)
imaging. The first slice was cut from the original clean core. After performing a coreflood experiment with carbonated water
through the rest of the core, two other pieces were cut from the inlet and outlet of the core. To represent the extreme dissolution
conditions (lowest pH) during CO2 injection, a batch of North Sea brine fully saturated with CO2 was prepared and injected through
the core at typical reservoir conditions (50°C and 2.6×107 Pa).
Three 3D models are reconstructed from images of the prepared rock slices to represent the pore structure of the rock before
injection and the inlet and outlet of the core subjected to CW injection. Avizo (a commercial software) is used to calculate the
permeability and velocity fields in these models. The comparison of results from micro-CT imaging and the coreflood experiment
shows how single-scale studies (either core or pore-scale) of CO2 injectivity can lead to a misleading conclusion about the effect
of fine migration on permeability at larger scales.
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1. Introduction
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the mean fluid flow velocity through the porous medium or Darcy's velocity [m.s-1]
the global flow rate that goes through the porous medium [m3.s-1]
the cross-section of the sample which the fluid goes through [m2]
the absolute permeability [m2]
the dynamic viscosity of the flowing fluid [Pa.s]
the pressure of the fluid phase [Pa]
the length of the sample in the flow direction [m]
the divergence operator
the gradient operator
the velocity of the fluid in the fluid phase of the material
the Laplacian operator

The injectivity of carbon dioxide (CO2) is one of the key economic and technical challenges of CO2 geological
storage [3]. Injection capacity loss at the wellbore can significantly affect a typical storage project's financial
feasibility, for which several million tonnes per year are to be injected over decades [4]. Maintaining injection rates,
despite reduced near-wellbore permeability, can risk pressures above rock fracture pressure and affect the safety of
the project.
Decades of acquired data from exploration and production from hydrocarbon reservoirs provide detailed knowledge
of these reservoirs' geology to allow their screening as potential CO2 storage sites. Existing infrastructure from
abandoned oil and gas fields may provide an economically appealing opportunity for reducing the operational costs of
storage projects. Both sandstone and carbonate reservoirs are abundant and practically close to major industrial hubs
across the world. Moreover, the higher storage capacity of sandstone reservoirs and the negligible chemical reactivity
of their siliciclastic matrix mainly composed of quartz in contact with carbonic acid makes them reliable candidates
for safe, permanent storage of CO2. Nevertheless, unlike quartz, other minerals present in sandstone rocks that form
cementing agents (e.g. calcitic and dolomitic types of cement and, to some extent, different types of clays) show much
higher levels of reactivity to dissolved CO2 in formation brines.
Mineral dissolution and precipitation and permeability reduction due to fines migration can result in severe
injectivity loss during CO2 injection [5–9]. Although fine migration and its effect on injectivity during CO2 injection
have been extensively investigated at the core scale [7,10–15], multiscale studies of fine migration during CO2
injection is not widely available. Few studies have coupled pore-scale characterisation, such as micro-CT imaging,
with core scale experiments [12,14,16]. Othman et al. (2018) integrated micro-CT image analysis and nitrogen
permeability measurements to investigate the magnitude and location of permeability damage due to fines migration
[16]. The effects of fines migration and mineral dissolution induced by injection of CO2‐saturated brine in an
unconsolidated sandstone at reservoir conditions was studied by Yu et al. (2019) via micro-CT imaging [14].
Depending on the geometric distribution of these cementing agents within the network of pores and throats and their
volumetric percentage of the bulk of the rock, fine migration, binding cement dissolution [1,2,4] and salt precipitation
[17] can enhance or impair CO2 injectivity, respectively.
Following a previous study [18] that focused on binding cement dissolution and its effect on core scale average
permeability, the objective of the work presented here is to investigate the effect of mineral dissolution on pore
morphology and rock permeability profile along the core. To achieve this, a series of high-resolution static Micro-CT
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imaging analysis is performed on three rock slices (taken from the clean, dry core sample and slices from the inlet and
outlet of the core sample subjected to carbonated water injection). The X-ray radiograms are then reconstructed into
3D models representing the pore structure of each rock slice. The XLab suite extension of Avizo software (a
commercial 3D visualisation and analysis software) was employed to solve Stokes equations (linearized Navier-Stokes
equations valid at low Reynolds numbers) to calculate pressure and velocity fields. Darcy’s Law is applied to calculate
permeability for different Regions of Interest (ROIs) in each 3D model. Finally, we compare the acquired
permeabilities at the inlet and outlet with an average core scale permeability change measured from coreflooding
experiments and discuss the differences in permeability along the core.
2. Methodology
2.1. Experimental Design
We perform a set of high-resolution Micro-CT imaging analysis to investigate how binding cement dissolution
during carbonic acid percolation through a typical sandstone rock affects pore morphology and, as a result, local
permeability. Three rock slices are acquired (3mm thick) from a 3.8cm diameter core sample, one before exposure to
carbonated water during coreflood experiments (A) and two from the inlet (B) and outlet (C) of the core after the
carbonated water injection. To preserve the salts and rock from coring fluids, the samples are impregnated with resin
(very low Xray attenuation, thus invisible in images) before further coring (required to acquire imaging samples). We
call the samples with 5mm diameter Ai (imaging sample pre-experiment), Bi (imaging sample of post-experiment inlet)
and Ci (imaging sample post-experiment outlet). Each slice was cored to smaller cylindrical pieces of 5mm diameter
to allow imaging at a voxel size of 3×3×3 microns. We core the samples concentrically to minimise the boundary
effects of the coring procedure.
The images are acquired with a Nikon 225XTH rig. The XRay source voltage (75kV) and current (70mA) are
optimised to provide 35% Xray transparency to the rock sample and provide distinct histogram peaks for the grains
and background (air). The classic FDK (Feldkamp, Davis and. Kress) reconstruction algorithm was then adopted to
reconstruct the 3D rock images from 2D radiograms, and a beam hardening filter was applied during reconstruction.
We use a simple edge-preserving filter (Median), and the filter reduces the noise to ±100 grey values. Signal-to-noise
ratios (SNR) above 11.0 are achieved for most pore/grain boundaries (Fig. 1(a)). These SNR values provided sharp
images that are successfully segmented with the watershed segmentation method [19] with a thrice eroded globally
segmented label mask set as markers (Fig. 1(c)). The results of the SEM and EDX analysis performed showed traces
(bright spots in Fig. 1(b)) of siderite (FeCO3), clay, as well as dolomitic types of cement [18]. All minerals, including
quartz, were labelled as grain, and any existing sub-resolution porosity was ignored.

b

c

a

Fig. 1. (a) The 3D raw reconstructed image; (b) Orthogonal slice with Median filter applied; (c) The segmented image with watershed
segmentation overlying the raw image (pore spaces are illustrated with blue colour, and the solid phase is transparent).
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The local porosity profile calculated from the segmented image of sample A along the flow direction suggests a
relatively homogenous pore structure with an average porosity of 13.6% ± 1.5%. The measured porosities at the
boundaries are ignored due to the chipped edges of the sample.
2.2. Modelling Parameters
To numerically estimate the absolute permeability of samples Ai, Bi and Ci from Darcy’s Law (Equation 1), we
need to model pressure-drop along the flow direction for a single fluid of a specific viscosity at a certain average flow
rate and solve the Stokes equations (Equation set 2).
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Simplified Navier-Stokes equations are employed. The following conditions are met to ensure the assumptions for
the simplification is justified for modelling water flow in the 3D models:
• The fluid is incompressible (constant density).
• The fluid is Newtonian (constant dynamic viscosity).
• Fluid flows at steady-state conditions (velocity does not vary over time).
• Laminar flow conditions are met (no turbulence, low Reynold’s numbers).
The boundary conditions of the “walls” parallel to the flow and the adjacent voxels are set to no flow and no-slip,
respectively. The inlet and outlet boundary conditions are set to constant flow rate and constant pressure, respectively.
3. Results and Discussion
In our previous study, we performed a set of coreflood experiments where saturated carbonated water was injected
into a Berea sandstone core sample as a typical case for mineral dissolution during CO2 storage in the presence of
formation brine. The details of the coreflooding experiments are reported elsewhere [18]. We observed a drop in
average core permeability at the breakthrough of the injected carbonated water. With further injection at the same rate,
sand grains are produced with effluent fluids at the core outlet. After cessation of the sand production, the core's
average absolute permeability was measured to increase two-fold (compared to the initial value before injection).
SEM images and EDX analysis of the original rock slice (samples A), proved the presence of significant amounts of
dolomitic types of cement in the original Berea rock sample.
As described in the methodology section, two more rock slices were cut from the inlet and outlet of the core after
the experiment (samples B and C, respectively). Both samples show significant dissolution of dolomitic cementing
agents, and this was more pronounced in sample B that was exposed to a “fresh” stream of carbonated water [18].
While the results of the coreflood experiments provide insight into how the average permeability and thus the
injectivity is affected by the cement dissolution and migration of dislodged sand grains, the permeability profile along
the core requires modelling the flow in smaller samples acquired in multiple locations. Here, we provide results of
such modelling in three regions of interest of the same size 1500×1500×2900 (µm3) in samples Ai, Bi and Ci. For the
scope of this work, a preliminary Representative Elementary Volume (REV) analysis on porosity has been performed.
The analysis showed a plateau for porosity for REVs above 6mm3 of volume. This REV size was in agreement with
REV values for a range of sandstones reported in the literature [20].
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Fig. 3(a) illustrates the 3D solution of the pressure profile for sample Bi (inlet sample). The flow is simulated
upward, and no gravity effects are considered. The solution velocity field for the same sample is shown as streamlines
in Fig. 3(b). The magnitude of velocity for each voxel is calculated and colour mapped to the streamlines (from the
blue shades for velocities close to zero to red colours for velocities above 5microns/s). The distribution of higher
velocity streamlines is denser closer to the outlet of the sample.
Table 1 summaries the results from image analysis and simulations for the three samples. Despite the observed
dissolution of dolomitic in our previous study, the total porosity, effective porosity and the permeability of the sample
extracted from the core inlet (sample Bi) after the carbonated water injection experiment are lower than the respective
average values of the original clean sample Ai. The total porosity value measured by image analysis of the sample Bi
is still within the porosity variations of sample Ai. This suggests that the dissolution of dolomitic types of cement at
the inlet of the core sample did not lead to dislodged sand grains being produced out of the selected ROI for sample
Bi. The difference of samples Ai and Bi's permeabilities is not significant enough and could be within local variations
of permeability of the original rock.

Fig. 2. (a) Sample Bi 3D pressure profile; (b) Sample Bi flow streamlines colour mapped with velocity magnitude.

Table 1. List of flow properties of samples Ai, Bi and Ci.
Sample

Porosity

Effective Porosity

Permeability (mD)

Ai

13.6%

12.6%

230

Bi

12.3%

11.6%

195

Ci

15.0%

14.6%

333

We will further discuss the permeability evolution by comparing the distribution of voxels with higher velocities
in samples Bi and Ci (See Fig. 4). The effective porosity of each sample has a more direct relationship with the
absolute permeability of the sample. While the higher total porosity of sample Ci (extracted from core outlet after
carbonated water injection) lies within the upper bounds (13.6-15.1%) of the porosity of the original sample Ai, the
effective (connected) porosity is significantly higher. This increase in effective porosity explains the increase in
permeability of sample Ci over the permeability of sample Ai. For both samples Bi and Ci, the isolated porosity is
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lower compared to sample Ai. This could indicate the dissolution of a fraction of bounding types of cement, leading
to more connectivity of the pore spaces. However, this is inconclusive, especially for sample Bi, given its lower
porosity and permeability than the original rock sample.
The flow streamlines in sample Ai (see Fig. 3(b)) shows a relatively uniform distribution of velocities mainly below
2.5 micron/s (primarily blue and purple hues), while there were some patches with velocity magnitudes above 2.5
microns/s (green to red) present both at the upstream and downstream parts of the sample. To investigate whether this
is the case for sample Ci, Fig. 4 compares the distributions of voxels with higher velocities (above 5microns/s) for
samples Bi and Ci. For both samples, the outlet is located at the top of the sample. While these voxels with higher
velocity are distributed at both inlet and outlet for sample Bi, most of the higher velocity (tighter pores) voxels are
densely populated at the upstream part of sample Ci. This indicates that for sample Ci the flow has pushed out dislodged
sand grains of the core sample, and hence, the denser distribution of higher porosity section at the outlet for sample
Ci.

Fig. 3. Distribution of voxels with velocity magnitudes above 5micron/s in (a) Sample Bi – inlet sample and (b) Sample Ci – outlet sample.

4. Conclusions
This study highlights the importance of multiscale studies to better understand permeability evolution during CO2
injection. Results from core flood experiments showing a significant increase in permeability need to be carefully
interpreted to guide wellbore injectivity predictions. At the wellbore, the injected gas and the formation brine contact
forms carbonic acid and leads to the dissolution of binding cement ahead of the CO2 front. The reaction between the
formed carbonic acid and the binding cements dislodges some sand grains; however, a closer look at the mechanism
at pore scale in this study shows that unless these solids flow through the rock and are produced (e.g. production
wells), the impact on permeability and thus injectivity is not necessarily significant.
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