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ABSTRACT

The aim of this study was to determine the process–structure–property relationships between the pre- and post-

CO2 injection pore network geometry and the intrinsic permeability tensor for samples of core from low-perme-

ability Lower Triassic Sherwood Sandstone, UK. Samples were characterised using SEM-EDS, XRD, MIP, XRCT and

a triaxial permeability cell both before and after a three-month continuous-flow experiment using acidic CO2-rich

saline fluid. The change in flow properties was compared to those predicted by pore-scale numerical modelling

using an implicit finite volume solution to the Navier–Stokes equations. Mass loss and increased secondary porosity

appeared to occur primarily due to dissolution of intergranular cements and K-feldspar grains, with some associ-

ated loss of clay, carbonate and mudstone clasts. This resulted in a bulk porosity increase from 18 to 25% and

caused a reduction in mean diameter of mineral grains with an increase in apparent pore wall roughness, where

the fractal dimension, Df, increased from 1.68 to 1.84. All significant dissolution mass loss occurred in pores above

c. 100 lm mean diameter. Relative dilation of post-treatment pore area appeared to increase in relation to initial

pore area, suggesting that the rate of dissolution mass loss had a positive relationship with fluid flow velocity; that

is, critical flow pathways are preferentially widened. Variation in packing density within sedimentary planes (occur-

ring at cm-scale along the -z plane) caused the intrinsic permeability tensor to vary by more than a factor of ten.

The bulk permeability tensor is anisotropic having almost equal value in -z and -y planes but with a 68% higher

value in the -x plane (parallel to sedimentary bedding planes) for the pretreated sample, reducing to only 30%

higher for the post-treated sample. The intrinsic permeability of the post-treatment sample increased by one order

of magnitude and showed very close agreement between the modelled and experimental results.
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INTRODUCTION

Delivering secure, affordable electricity, whilst meeting

ambitious greenhouse gas reduction targets, is a global

priority and carbon capture and storage (CCS) has the

potential to be one of the most cost-effective technologies

for decarbonisation of the power and industrial sectors

(Metz et al. 2005). CCS technology captures carbon diox-

ide (CO2) emissions created by the combustion of fossil

fuels in power stations and in a variety of industrial pro-

cesses and transports it for safe, long-term storage

(>1000 years) in suitable deep geological formations such

as depleted oil and gas reservoirs, deep saline aquifer

formations in sedimentary basins, and within and around

unmineable coal seams. CCS is still unproven at commercial
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scale although one project in Canada has recently become

operational. Boundary Dam is a postcombustion coal

plant, which will store CO2 separated from the coal-fired

power plant by reinjection into a saline formation

(approximately 1Mt per year). In the UK, the government

is providing financial support to two major CCS projects

through the government-supported CCS Commercialisa-

tion competition. Both projects are planning to store the

CO2 offshore in the North Sea: the Peterhead project in

a depleted gas reservoir and the White Rose project in a

saline aquifer. Understanding the long-term behaviour of

CO2 in a reservoir is a key goal for both projects to

minimise any future risk of unexpected CO2 migration.

Reservoir models will play a significant role in predicting

the long-term movement of CO2, both during and after

injection and in verifying the long-term containment of

the injected CO2; therefore, it is imperative that the

models include as much data as possible to make them

accurate. This is more challenging for storage in a saline

aquifer than the depleted gas reservoir because the saline

reservoirs do not have exploration or production data to

input into the model.

Both CCS Commercialisation projects are planning to

store CO2 in Permo-Triassic sandstone reservoirs, which

are important oil and gas reservoirs and are the UK’s pri-

mary resource for gas storage and for prospective geological

storage of CO2 due to their relatively high porosity, high

permeability and good pH-buffering ability (Brook et al.

2003; Rochelle et al. 2004; Armitage et al., 2011). Geo-

logical storage of CO2 occurs through a combination of

physical and chemical trapping mechanisms that are effec-

tive over different time frames and scales (Gunter et al.

1993; Holloway 1996). CO2 can be trapped as a dissolved

phase (solubility trapping), and once in solution, it can

become adsorbed onto mineral surfaces (adsorption trap-

ping) or react with the rock matrix to produce secondary

carbonate phases (mineral trapping) (Bachu et al. 2007).

The latter can effectively immobilise the CO2 for ‘geologi-

cal timescales’. The extent of mineral trapping in the reser-

voir depends largely on the in situ mineralogy, pressure,

temperature, pH, rate of injection of the CO2 (Matter &

Keleman 2009) and the extent of CO2–water mixing. Spa-

tial distribution and temporal evolution of the CO2 injec-

tion along with the associated mineral dissolution and

precipitation from the rock–fluid interactions could have a

significant impact on injection performance and storage

capacity and security (Leith et al. 1996; Xiao et al. 2009).

The chemistry of the formation waters is the result of dif-

ferent hydrogeochemical processes such as mixing, dissolu-

tion and precipitation of minerals, bacterial activity and

interactions with organics (Gaus et al. 2008). After injec-

tion, the dissolution of CO2 acidifies formation water

through the linked equilibria given in Eq. 1:

CO2 aqð Þ þH2O ¼ H2CO3 ¼ HCO�
3 þHþ ¼ CO2�

3 þ 2Hþ

ð1Þ
It should be noted, however, that significant amounts

of carbonate ions (CO3
2�) will only exist where pore

waters are sufficiently alkaline. Given that the storage

environment will contain significant amounts of CO2 that

will cause acidification of pore waters, then it is very

unlikely that carbonate ions will be formed. It is also

unlikely that much true carbonic acid will exist. Inorganic

carbon will therefore largely exist as CO2(aq) and bicar-

bonate ions (HCO3
�) in a slightly acidified pore water.

Migration of a CO2-rich fluid can lead to geochemical

reactions in reservoir rock (Gunter et al. 1993; Czerni-

chowski-Lauriol et al. 1996), which for sandstones would

initially include acid dissolution of the carbonate cements

and reactive silicate minerals such as K-feldspars and lat-

terly (if sufficient quantities exist) precipitation and subse-

quent carbonation of metal cations (e.g. Ca2+, Mg2+) as

secondary carbonate minerals. Interparticle sandstone

pores are disordered and irregular, and they do not fol-

low the Euclidean description (i.e. using integer dimen-

sions that do not vary with respect to the unit of

measurement used) due to the scale-dependent measures

of length, area and volume (Katz & Thompson 1985;

Chun et al. 2008). These objects are called fractals, and

the dimensions of such objects are nonintegral and

defined as fractal dimensions (Mandelbrot 1982). The

measure of a fractal object, M(L), is related to the length

scale, L, through a scaling law in the form of M(L)

~ LDf, where M can be the length of a line or the area

of a surface or the volume of a cube or the mass of an

object, and Df is the fractal dimension of an object (Yu

& Cheng 2002). This implies the property of self-similar-

ity, which means that the value of Df is a constant over

a range of length scales, L. Good agreement exists

between Df determined by the standard box count

method and Eq. 2, for bidispersed packed granular media

(Yu & Cheng 2002), if the relative proportions of bulk

porosity and microporosity are known.

Df ¼ 2þ ln/

ln dþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� nið Þ= 2 1� nð Þð Þp� � ð2Þ

Note that ni (microporosity) is defined here as ≤10 lm
diameter. The term d+ = 2Rc/d0, where Rc is the charac-

teristic radius of the particle cluster and d0 the minimum

particle diameter. From a given Df, good experimental

agreement has been observed for the predicted fractal per-

meability model (Yu & Cheng 2002; Yu et al. 2005) sum-

marised in Eq. 3, where d+ = 2R/d0, including the special

case of monodispersed packed granular media where

ni = 0.
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k ¼ p
128

L1�DT

0

A

Df

3þDT �Df
k3þDT
max ð3Þ

However, for complex multiscale pore networks such as

natural sandstones, the approach is not currently proven

and cannot account for the associated heterogeneities such

as large pore throat/cavity ratios, that is saccate or ‘ink

bottle’ pores. Some previous studies have applied mesh-

free techniques, including the Lattice Boltzmann and

Monte Carlo methods (Quispe et al. 2005; Vidal et al.

2009), to conduct pore-scale fluid flow simulations. A

method previously proposed by Radlinski et al. (2004),

modified by Padhy et al. (2007) and then adopted by

Amirtharaj et al. (2011) enables quantitative analysis of

data for a series of sandstones using a method that com-

bines information from thin section micrographs of the

pore space with mercury intrusion porosimetry (MIP) in a

statistical framework. They used this approach to estimate

pore throat/cavity ratio in order to evaluate the ability of

commonly used network models to describe fluid percola-

tion in multiscale porous media and then applied critical

path analysis to the prediction of flow permeability. This

enabled representation of pores across five orders of mag-

nitude ranging from 0.01 to 1000 lm. These smaller pores

are commonly ignored in nonhierarchical (single-scale) lat-

tices commonly used in invasion percolation modelling of

capillarity and transport in porous media (Amirtharaj et al.

2011) and are beyond the current resolution limits of

XRCT used for multiscale 3D pore network analysis (Roels

& Carmeliet 2006; Dong & Blunt 2009; Han et al. 2009;

Hall et al. 2013). However, very small pores do not permit

fluid flow except under very high pressure gradients, and

unlike SEM and MIP, XRCT is nondestructive and can be

used for in situ imaging of undisturbed sandstone cores.

In this study, for example, it was used for pre- and postin-

jection process imaging of the same core for direct com-

parison of process–structure–property relationships.

It has been reported that acid dissolution could substan-

tially alter the pore network geometry (and associated het-

erogeneities), leading to significant time-varying alteration

of both the intrinsic permeability and the capillary trapping

mechanism (Lamy-Chappuis et al. 2014; Armitage et al.

2013; Yu et al. 2012). This is not usually considered in

long-term reactive transport models of candidate saline

aquifers and will therefore form the focus of this paper. To

help address such shortcomings, the aim of this study was

to determine the process–structure–property relationships

between the pre- and post-CO2 injection pore network

geometry and the intrinsic permeability. A piece of

well-characterised sandstone was subjected to long-term

continuous flow of acidic CO2-rich saline fluid, and we

compared the changes observed in this laboratory test to

those predicted from modelling. New information gained

from this study could provide a useful input into reservoir

models to improve accuracy and time-dependent

behaviour.

Geological background

The sample rock core for this work is the Lower Triassic

Sherwood Sandstone from the Cleethorpes No. 1 bore-

hole, located in the East Yorkshire and Lincolnshire Basin

(see Location Map: Fig. 1). The rock unit is known

onshore as the Sherwood Sandstone Group and offshore as

the Bunter Sandstone Formation (Brook et al. 2003). The

sample was chosen because of its generic applicability to

many potential future UK CO2 storage schemes, although

it is coincidentally the same type of material making up the

proposed storage formation for the White Rose CCS pro-

ject, a contender within the UK CCS Commercialisation

Programme.

The Sherwood Sandstone Group is composed generally

of a series of marginal and basal breccias which are well-

cemented at depth and overlain by a series of sand-domi-

nated fining-upwards cycles representing distal alluvial fan

and braided stream deposits (Allen et al. 1985). The bore-

hole log (Fig. 2) showed the Sherwood Sandstone Group

to be a 398 m thick, uniform deposit presently at depths

from 1100 m to 1498 m in this borehole with a mean

porosity of 19%, containing formation water at a mean

temperature of 50°C and a salinity of 35–80 g l�1 (Down-

ing et al. 1985). Downing et al. (1985) described it as

mostly medium-grained, cemented sandstone that is locally

micaceous and firm to friable. The intergranular cement is

predominantly dolomite but with some anhydrite and neg-

ligible calcite. Below 1455 m, the grain size decreases to

give an increasingly argillaceous fine to medium-grained

sandstone with sporadic thin mudstone and siltstone

bands. The Sherwood Sandstone Group is underlain by

evaporate and a 308-m-thick Magnesian Limestone

sequence (Downing et al. 1985).

According to Downing et al. (1985), the geophysical

logs of the Sherwood Sandstone Group showed very rapid

variations with some variation in bulk physical properties

over intervals ≥3 m, indicating relatively thin cyclic varia-

tions in lithology. The geothermal gradient from 1095 m

to 1490 m was 30.13°C km�1, resulting in an estimate

temperature variation within the Sherwood Sandstone

ranging from 44°C (top) to 55.7°C (bottom) and a mean

temperature of 49.8°C. At Cleethorpes, the most porous

zones are beneath 1300 m where for 160 m, the average

porosity is typically >20% and >24% for about 30 m. Labo-

ratory measurements on sandstones cores produced perme-

abilities between 106 and 1657 mD using N2 as the test

fluid. The cored sample used for this study was taken from

a lower permeability (<<100 mD) horizon between a

© 2015 John Wiley & Sons Ltd
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depth of 1311.99 m to 1312.27 m, as indicated on the

borehole log (Fig. 2) (Downing et al.1985).

METHODS AND CHARACTERISATION

The prepared sample was a subcore 150 mm in length and

44 mm diameter. The intention was to force flow across the

bedding planes in order to represent porosity alteration near

the point of CO2 injection in a reservoir. Sample selection

was partly governed by core availability; in this case, the core

was not wide enough to allow a sample of the required size

to be taken parallel to bedding. It was treated by placing in a

flow cell (see Fig. 3) and surrounded by a Teflon (PTFE)

membrane. A higher pressure confining fluid (confining

pressure = 20.1 MPa) surrounded the sample such that the

Teflon membrane tightly fitted the sample and ensured that

the CO2-rich fluid flowed through the sample (flowing sys-

tem pressure = 20 MPa). The CO2-rich fluid that flowed

through the sandstone sample was prepared by dissolving

CO2 into 0.5 M NaCl (saline) water inside a Baskerville 3-l

continuously stirred, titanium-lined autoclave. The fluid was

kept at a constant temperature of 140°C and pressurised

with CO2 to 20 MPa (200 bars). The pressure and salinity

were chosen to reflect the in situ conditions of a typical

saline aquifer, but with elevated temperature (T = 140°C)
in order to increase the speed of chemical reactions within

the pore network. The 20 MPa fluid pressure equates to a

depth of 2000 m, where potential depths for reservoirs in

the North Sea vary from 800 m (e.g. Sleipner) to around

4500 m (in the N. North Sea, e.g. South Brea, Miller). At

these depths, temperature varies between 30 and 150°C and

so a depth of 2000 m is in the mid-range for potential CO2

storage sites. As the in situ temperature had an average value

of c. 50°C, the experimental value is approximately 2.8 times

greater. For many silicate minerals, a useful rule of thumb is

that a doubling of temperature increases reaction rate by an

order of magnitude. This arises from the Arrhenius equation

on the temperature dependence of reaction rates, that is that

the reaction rate typically doubles for every 10 degree Cel-

sius increase in temperature (Pauling 1988). This suggests

acceleration of the reaction rate by approximately 60 times.

Equilibrated CO2-rich solution was continuously pumped

through the reaction flow cell containing the rock core for a

period of 3 months. Throughout the duration of the

3-month flow-through experiment, out-flowing fluid sam-

ples were collected at run pressures (i.e. without degassing)

using a piston separator once per week. These fluid samples

were used to determine the reduced iron, pH, bicarbonate

Fig. 1. Cleethorpes borehole #1 location map

(adapted from: Downing et al. 1985).

© 2015 John Wiley & Sons Ltd
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measurements, cation and anion analysis. The results from

chemical analysis of the out-flowing fluid sample are given in

Table 1.

Scanning electron microscopy (SEM)

SEM was conducted using a Philips XL30 with field emis-

sion gun (FEG) and Oxford Instruments Inca model

energy-dispersive X-ray spectrometer (EDS), which can

achieve 133 eV resolution of the Mn Ka peak at full width

half maximum (FWHM). Subsamples were prepared by

sectioning using a water-cooled abrasive cutter, followed

by sonication in industrial methylated spirits (IMS) for

≥2 min followed by hot air blow drying and vacuum cold

mounting in epoxy resin. Mounted samples were ground

using 240, 400, 800, 1200 wet silicon carbide paper fol-

lowed by polishing using 6 lm then 1 lm diamond paste,

and Pt sputter coated at a rate of 6–7 nm min�1 for

90 sec. Micrographs were recorded using a backscattered

electron (BSE) detector supplied by K. E. Developments.

Micrograph image analysis was conducted using IMAGEJ

software v1.44p 32-bit. The images were scaled against the

micrograph scale bar and then cropped so as to exclude

the scale bar from the image analysis that followed. The

contrast and brightness were manually adjusted to bracket

the histogram, and a 1px median filter was applied. This

resulted in a bimodal histogram and so the intermodes

automatic threshold algorithm was used to produce a bin-

ary image of the porosity. The standard watershed algo-

rithm was applied in combination with the dark

background intermodes automatic threshold to produce

binary images of the separated grain structure. Pore and

grain size distribution analyses were completed using the

‘analyse particles’ command across the range 0 lm2–infin-
ity.

Mercury intrusion porosimetry (MIP)

Pore size distribution and porosity analysis by mercury

intrusion porosimetry (MIP) experiments were carried out

using a Micromeritics Autopore IV 9500 with � 0.1 ll

Fig. 2. Cleethorpes borehole #1 log. **Note: Depths are below Kelly Bush-

ing (K. B.) which was 12.16 m above ordnance datum (adapted from:

Downing et al. 1985).

Fig. 3. CO2 flow-through experimental apparatus and set-up.

© 2015 John Wiley & Sons Ltd
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accuracy. Blank corrections were made before the experi-

ments and subsamples of pre- and post-treated sandstones

were first evacuated at 6.7 Pa to remove physisorbed water

from the pore walls. Equilibration times of 10, 30 and

50 sec were evaluated to determine the influence on the

position of intrusion and extrusion curves. The MIP data

were analysed using POREXPERT software package (Environ-

mental and Fluid Modelling Group, University of Plym-

outh, Plymouth, UK) to simulate the pore network as a

series of identical interconnected unit cells (1000 nodes

equally spaced in a Cartesian cubic-close-packed array) with

periodic boundary conditions, and having the same perco-

lation characteristics as those derived from the experimen-

tal data. The experimental data were fitted using an

annealed simplex algorithm, which works to find the global

minima for a five dimensional surface. To simulate mercury

intrusion, a computational representation of fluid was

applied to the top face (maximum z) of the unit cell only

and percolated in the –z plane. The throat skew, throat

spread, pore skew, connectivity and short range size auto-

correlation were adjusted by the Boltzmann-annealed

amoeboid simplex to give a close fit to the entire mercury

intrusion curve.

Measurement of permeability

Prior to testing, the bulk porosity was determined gravi-

metrically using a digital balance to �0.01 g accuracy at

ambient temperature, 20°C �2. Saturated mass and dis-

placed volume (mass) were recorded after saturating the

samples in deionised water for 24 h, and dry mass was

recorded after oven drying to constant mass at 105°C. The
intrinsic permeability for saturated pre- and post-treatment

sandstone samples (44 mm dia.) was determined in the –z
direction using a Trautwein triaxial permeability cell and

the standard (saturated flow) Darcy equation. Note that

the –z plane is subperpendicular to the sedimentary bed-

ding planes (Fig. 4). Samples were sheathed with a latex

triaxial membrane and sealed to the end plattens using

elastomer o-rings with sintered brass filter plates. An

applied cell (radial confining) pressure of 655 kPa (6.55

bars) was used, with an inlet pressure of 620 kPa (6.20

bars) and a backflow pressure of 586 kPa (5.86 bars). The

fluid was de-aired water at a temperature of 20°C �2 giv-

ing a dynamic fluid viscosity of 0.001 Pa s.

X-ray computed tomography (XRCT) with image analysis

and CFD

The rock core sample (L = 150 mm, / = 44 mm) was

prepared for X-ray computed tomography (XRCT) by

wrapping in parafilm and imaged both before and after the

3-month CO2 flow-through experiment (i.e. pre- and post-

treatment). The core was scanned using a Phoenix Nano-

tom 180NF XRCT system (GE Sensing and Inspection

Technologies, GmbH, Wunsdorf, Germany) with maxi-

mum electron acceleration energy of 120 kV and acquiring

1040 projection images at a spatial (voxel) resolution of

22 lm. Sample orientation during scanning was defined

with reference to the direction of the incident X-rays as

follows: ZX parallel and normal (-y plane), ZY parallel and

horizontally perpendicular (-x plane), XY vertically and

horizontally perpendicular (-z plane). Projection images

were reconstructed using the back projection algorithm in

the ‘DATOS|X REC’ software. No corrections were required

for beam hardening or sample displacement artefacts.

Initial XRCT image analysis was conducted using IMAGEJ

software v1.44p 32-bit. The image stack was converted to

8-bit grey scale before scaling to 22 lm resolution and

then cropping the image to a representative region

(approx. 4 cm2) to remove any potential edge effects. The

contrast and brightness were manually adjusted to bracket

the histogram, no filters were applied, and the Yen auto-

matic threshold algorithm was used to segment the pore

network and produce a binary image stack. One pass of

the noise filter was applied, followed by a remove binary

outliers filter set to 1 pixel radius and threshold = 50. Pore

size distribution was completed using the ‘analyse particles’

command across the range 1936 lm2–infinity (i.e. mini-

mum area segmented feature = 2 9 2 px). This enabled

3D projection of the sandstone skeleton and pore network.

The minimum cover fractal dimension and lacunarity were

both determined as a function of sample depth, d along

the z-axis of the core using IMAGEJ software v1.44p 32-bit

with FracLac v2.5 by applying the standard box count

method at grid size = 5. Pore-scale computational fluid

dynamics (CFD) was conducted by first generating a 3D

surface file of the segmented pore network using FEI Avi-

zo Fire v8.1 and then used in conjunction with FEI XLab

Hydro. The latter was used to solve the volume-averaged

form of the Navier–Stokes equations by transforming to

the tensorial problem in Eq. 4, and then applying the finite

Table 1 Chemical analysis of flow-through fluid.

Sample
tint ttot

pH
HCO3 HCO3corr Fe(II)

h h mg l�1 mg l�1 mg l�1

1 0.0 0.0 — — — —
2 167.5 167.5 6.53 252.0 1008.0 5.3
3 144.3 311.8 6.24 232.7 930.8 3.2

4 213.8 525.5 6.42 260.1 1040.4 50.6
5 140.5 837.5 6.62 222.0 888.0 15.1
7 169.5 1007.0 6.24 233.8 935.2 12.5
8 145.7 1152.8 6.27 245.0 980.0 14.0
9 195.8 1348.5 6.28 260.0 1040.0 16.6
10 163.5 1512.0 6.23 261.7 1046.8 18.7

11 195.0 1707.0 6.17 268.2 1072.8 19.6
12 334.7 2041.7 6.26 287.1 1148.4 20.5
13 118.3 2160.0 6.21 294.1 1176.5 18.5
14 169.5 2329.5 6.17 294.8 1179.2 ––

© 2015 John Wiley & Sons Ltd
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volume method with discretisation on a staggered grid

(assuming isotropic voxels) (Harlow & Welch 1965; Cho-

rin 1967; Gray 1975).

r2 )
D

r~�D
) ¼ 0~

�r~ d~ ¼ I
)

(
ð4Þ

A no slip boundary condition was imposed at the rock–
fluid interface, and the solution to Eq. 2 was achieved by

calculating the mean value of D
)

over the volume V (see

Eq. 5) (Harlow & Welch 1965; Gray 1975).

k
) ¼ 1

V

Z
V
D
)
dV ð5Þ

An array of twelve 2 9 2 9 2 mm cubic regions

(V = 8 mm3) were identified for analysis on pre- and post-

treated samples, see Fig. 4. Calculation of the intrinsic per-

meability tensor enabled the anisotropy (i.e. its dependence

on flow direction) to be statistically assessed within the

context of the sandstone lithology, and scale-up for direct

comparison of the mean k values with those determined by

experimental permeability measurements.

RESULTS

The gravimetrically determined bulk porosity of the pre-

treatment sample was 18%, which increased to 25% post-

treatment. Following petrographic SEM-EDS analysis

(Fig. 5 A-C), the pretreated sample was characterised as a

close-packed granular structure primarily comprising quartz

sand grains (B-2), some of which have significant K-feldspar

overgrowth (A-1), with additional K-feldspar grains (B-3),

clay, mudstone and carbonate clasts containing detrital K-

feldspar or iron oxide fragments (B-4), and partial inter-

grain cementation by dolomite. Post-treated samples

showed significant increase in pore area fraction (see

below), primarily through creation of secondary porosity

(C-5) due to grain dissolution and with visible roughening

of pore walls from grain etching. Dissolution of K-feldspar

overgrowth from quartz grains (6) and fully or partially dis-

solved K-feldspar grains (7) is apparent. Remnants of clay-

clothed particles reveal the shadow of dissolved grains (8)

and surround post-treatment secondary porosity. 2D image

analysis of grain size distribution, using ten representative

SEM micrographs with 500 lm scale bar per sample (see

example Fig. 5D), shows that the mean cross-sectional area

reduces from 5.1�10�3 lm2 to 4.8�10�3 lm2 after treat-

ment, whilst mean granular perimeter length reduces from

250.4 lm to 245.2 lm (Fig. 6). As the bulk fabric compo-

sition is mainly quartz grains, it was assumed that mass loss

occurred primarily due to acid dissolution of the intergran-

ular cements and the K-feldspar grains, as supported by

observations of apparent roughening along the pore walls

of post-treatment samples (Fig. 7).

Figure 8 shows the increase in cumulative Hg intrusion

associated with increased pore volume (caused by dissolu-

tion) with a high degree of extrusion capillary entrapment.

The data for 30-sec equilibration time are presented, where

the mean standard deviation in intruded volume between

10, 30 and 50 sec equilibration times was 0.22% (prereact-

ed) and 1.63% (postreacted). Detailed analysis of this data

(Fig. 9) shows that the (pore) cavity/throat volume ratio

is 1 at the XRCT resolution limit (i.e. corresponding to a

mean pore diameter of 44 lm; 2 9 2 px). Pore volume,

Vp, below this limit, the cavity/throat ratio is < 1 and

decreases linearly against the log of the pore diameter, d

such that Vp � log10(d). Above the resolution limit, the

cavity/throat ratio is >1 and so ink bottle (or saccate)

pores occur all of which are detectable by XRCT.

Fig. 4. XRCT orthoslice XZ projections of

segmented porosity showing grid positions for

(subvolume) regions of interest with respect

to sandstone lithology.

© 2015 John Wiley & Sons Ltd
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Observations of the segmented porosity made using

XRCT for pretreatment and post-treatment are shown in

Fig. 10A,B, respectively. Analysis of the XRCT pore size

distribution showed an increase in the number of pores

at, or above, a mean cross-sectional area of 40 000 lm2,

which corresponds to a cylindrical pore diameter of

112.8 lm (Fig. 11). The magnitude of the velocity flow

field, calculated from the intrinsic permeability solution

(A) (B)

(C) (D)

Fig. 5. Annotated BSE micrographs of (A) a

post-treatment cleaved surface showing grain

morphology, packing and cementation, (B) a

pretreatment polished cross section, (C) a

post-treatment polished cross section and (D)

an example segmented image with watershed

grains produced from Fig. 5 (B)

Fig. 6. Mean cross-sectional grain size

distribution for pre- and post-treatment

determined from segmented and watershed

BSE micrographs.

Fig. 7. Annotated BSE micrographs showing

(left) pretreatment grain morphology and

(right) post-treatment surface roughening and

partial grain dissolution.

© 2015 John Wiley & Sons Ltd
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to the Navier–Stokes equation (Eq. 5), was mapped as a

series of illuminated streamlines onto a cutaway 3D vol-

ume render of the pore network. Note that an identical

velocity scale colour map was applied in both cases. This

enabled visualisation of the critical flow pathways that

control the intrinsic permeability, k for both pre- and

post-treatment samples (Fig. 12).

The pretreatment, pore wall fractal dimension, Df, has

a mean value of 1.68 and varies as a function of depth

from 1.62 to 1.74 (� 0.6). The post-treatment sample

shows an increase in the mean fractal dimension, Df, to

1.84 with a standard deviation of less than � 0.1 (see

Fig. 13). This is a useful statistical metric for the

increase in apparent surface roughness, that is dissolu-

tion of the pore walls by the CO2-saturated fluid. The

lacunarity has also been calculated here as a function of

depth, L(d), for use as a scale-dependent measure of

spatial heterogeneity that describes the distribution of

gaps within a set of fractal patterns at multiple scales.

Lacunarity, L, was first introduced by Mandelbrot

(1982) to distinguish between different patterns having

the same fractal dimension. Latterly, Dong (2000,

2009) proposed a new lacunarity estimation method for

greyscale image surfaces based on the gliding-box algo-

rithm introduced by Allain & Cloitre (1991) and a dif-

ferential box counting method in fractal dimension

estimation proposed by Sarkar & Chaudhuri (1992). In

this study, L(d) was found to be highly variable

throughout the pretreatment sample (where the mean L

is 0.45 � 0.15) compared to the post-treatment sam-

ple, in which mean L reduces to 0.25 with L(d) vari-

ance � 0.05 (see Fig. 14).

The experimental results for intrinsic permeability

(tested under –z plane flow direction) of the bulk pre- and

post-treatment samples are presented in Table 2. The vari-

ation of localised intrinsic permeability within the bulk

samples, determined by pore-scale modelling inside twelve

8 mm3 regions of interest (Fig. 4), is shown in Table 3.

The data show that the variation in sedimentary packing

density, which occurs at cm-scale along the -z plane within

the bulk, caused the tensorial intrinsic permeability to vary

by more than a factor of ten. The bulk properties for each

(pre- and post-treatment) sample were calculated from the

mean of all twelve regions of interest to give a global per-

meability tensor (Eqns. 4 & 6). The intrinsic permeability

of the post-treatment sample increased by one order of

magnitude compared to the pretreated, and a direct com-

parison shows very close agreement between the modelled

and experimental results. Both tensors show the bulk

permeability to be anisotropic having almost equal

value in -z and -y planes but with a 68% higher value in

the -x plane (parallel to sedimentary bedding planes) for

the pretreated sample, reducing to only 30% higher for the

post-treated sample.

�kpre ¼
0:0074 0:0001 0:0011
0:0008 0:0044 0:0006
0:0016 0:0009 0:0044

0
@

1
A ðunit : lm2Þ ð4Þ

�kpre ¼
0:0091

0:0036

0:0032

0
B@

1
CA;

�vpre ¼
�0:3821 �0:0227 �0:1241

0:0125 0:3073 0:0180

�0:0832 0:0889 0:5123

0
B@

1
CA

ð5Þ

�kpost ¼
0:1432 0:0069 0:0169
0:0101 0:1110 �0:0174
0:0153 �0:0171 0:1100

0
@

1
A ðunit : lm2Þ ð6Þ

�kpost ¼
0:22336

0:09356

0:04729

0
B@

1
CA;

�vpost ¼
�0:08238 �0:09280 0:02050

�0:22420 0:09177 0:08642

0:02536 �0:01230 0:61139

0
B@

1
CA

ð7Þ

DISCUSSION

The gravimetrically determined bulk density for pretreated

samples is in general agreement with anticipated values for

the Cleethorpes borehole in Sherwood Sandstone at 1300–
1350 m depth suggested in previous studies (Downing

et al. 1985). The SEM-EDS observations are consistent

with those of an extensive prior study involving characteri-

sation of the Cleethorpes No. 1 borehole; the reader is

referred to an earlier report for additional SEM micrograph

images (West et al. 2011). The post-treatment increase

suggests significant mass loss by dissolution of mineral spe-

cies into the flowing CO2-saturated fluid. Mass loss and

increased porosity appeared to occur primarily due to dis-

solution of intergranular cements and K-feldspar grains,

with some associated loss of attached clay, carbonate and

mudstone clasts. Bulk powder X-ray diffraction (XRD)

revealed no evidence of carbonate product formation after

processing and that only dissolution must have had

occurred. Therefore, this flow-through experiment can be

said to either represent early-stage CO2 injection (near to

the point of injection), or later stages if a reaction front

occurs at the leading edge of the CO2 plume.

MIP analysis revealed no significant difference, between

pre- and post-treatment samples, in the cavity/throat vol-

ume ratio at diameters ≤100 lm. This suggests that no dis-

solution had occurred in pores of this diameter and so

when the cavity/throat volume ratio is ≤1, capillary entrap-

ment is perhaps sufficiently high for the fluid phase to be

© 2015 John Wiley & Sons Ltd
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immobile; that is, dissolution occurs in pores that are suffi-

ciently wide to allow measurable fluid flow velocity. At

some point >>1, the capillary entrapment becomes suffi-

ciently low that the fluid phase is mobile and able to move

under a moderate pressure gradient, thus enabling pore

network dissolution to occur. It also indicates that all sig-

nificant dissolution (resulting in pore network alteration)

occurred in pores above c. 100 lm diameter, as supported

by XRCT analysis (see Fig. 10).

The relative dilation of post-treatment pore area appears

to increase in relation to initial (pretreatment) pore area,

which suggests that dissolution mass loss has a positive

relationship with pore-scale fluid flow velocity; that is, the

critical flow pathways are preferentially widened. Critical

flow paths are defined here as continuous channels of

interconnected pores through which fluid can percolate

along a given axis (in this case –z). Following superposi-

tion of the velocity flow field, from the finite volume

intrinsic permeability solution to the Navier–Stokes equa-

tions, the pretreatment sample was characterised by a

small number of low velocity, highly tortuous critical flow

paths. The effect of the increased secondary porosity (from

interparticle cement and grain dissolution) in the post-

treatment sample was to substantially increase the number

of critical flow paths and the mean velocity within the

pore network, with apparent reduction in tortuosity. This

resulted in a significant increase in post-treatment intrinsic

permeability (Eq. 6). The fluid flow velocity reaches very

high local values at the throats of saccate (‘ink bottle’)

pores (Figs 12 and 15), which suggests that acid dissolu-

tion could be accelerated at these points within the pore

network.

Fig. 9. LogD/LogV plot for pore throats and

pore cavities derived from MIP pore network

models for pre- and post-treatment samples.

Fig. 8. MIP cumulative intrusion versus pore

throat diameter for pre- and post-treatment

samples.

© 2015 John Wiley & Sons Ltd
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The substantial reduction in Df(d) for the post-treatment

sample indicates that dissolution rate is nonuniform as a

function of position along the –z plane and preferentially

erodes the (initially) less accessible pores. This is consistent

with the previous observations of high fluid flow veloc-

ity occurring at the throats of saccate pores in the

post-treatment sample (Figs 12 and 15) and supports the

hypothesis that this may result in enhanced acid dissolu-

tion. The reduction in the variation of lacunarity as a

function of –z plane depth supports our earlier observation

that CO2 injection may have reduced pore wall thick-

ness (reduction in K-feldspar sand grain diameter) by

Fig. 11. Mean cross-sectional pore area

distribution for pre- and post-treatment XRCT

segmented porosity.

(A) (B)

Fig. 10. Representative XRCT orthoslice XY

projections of segmented porosity for (A)

pretreatment and (B) post-treatment.

Fig. 12. 3D volume render cutaway of the

segmented porosity in (left) pretreatment and

(right) post-treatment samples. Illuminated

streamlines indicate the –z plane principle

flow paths within the pore network, and the

colour map corresponds to magnitude within

the velocity flow field.

© 2015 John Wiley & Sons Ltd
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preferential dissolution of localised regions within the pore

network. We tentatively suggest that this corresponds to

variations in velocity within the flow net in which localised

regions dissolve at a faster rate.

The mean eigenvector tensor clearly shows that the

principal flow direction (parallel to pressure drop) is in the

–z plane for the pretreatment sample (Eq. 5), whilst for

post-treatment vzz increases further and both vxx and vyy
decrease (Eq. 7). This suggests that the dissolution caused

by continuous CO2-saturated fluid flow in the –z plane is

Table 2 Experimental permeability data.

kpre kpost

lm2 (mD)* lm2 (mD)*

Test 1 0.013 (13) 0.113 (115)
Test 2 0.012 (12) 0.114 (116)
Test 3 0.011 (11) 0.132 (134)
Mean 0.012 (12) 0.120 (122)
St. Dev. 0.08% 0.92%

*1 lm2 = 1013.2 mD.

Table 3 Mean tensorial permeability as a function of -z plane position.

-z plane position

(Refer Figure 9)

Pretreatment Post-treatment

�kxx �kyy �kzz �kxx �kyy �kzz
lm2 lm2 lm2 lm2 lm2 lm2

1–3mean 0.0015 0.0016 0.0011 0.0120 0.0111 0.0070
4–6mean 0.0013 0.0017 0.0016 0.0322 0.0357 0.0315
7–9mean 0.0022 0.0039 0.0032 0.0785 0.1058 0.0276
10–12mean 0.0246 0.0104 0.0118 0.4500 0.2914 0.3741
1–12mean 0.0074 0.0044 0.0044 0.1432 0.1110 0.1100

Fig. 13. Fractal dimension as a function of

depth, Df(d), determined from XRCT

segmented porosity.

Fig. 14. Lacunarity as a function of depth, L

(d), determined from XRCT segmented

porosity.

© 2015 John Wiley & Sons Ltd
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preferential such that it realigns and enhances the critical

flow paths under a global pressure gradient. The mean

eigenvalues for the pretreatment sample suggest that the

principal permeability is a factor of three greater along the

–x plane, which could be anticipated as this is the closest

to being parallel with the sedimentary bedding planes (see

Fig. 4). It should be noted that the rate of flow in these

experiments meant that only active dissolution occurred in

the experiment. Had the rate of flow been slower, or the

sample much longer, then the fluid composition would

most likely have neared or exceeded saturation with sec-

ondary phases. In this case, dissolution may have been

overtaken by precipitation. Therefore, this work is more

appropriate to the region of the rock closer to an injection

borehole.

Whilst the sample treatment temperature of 140°C was

elevated (from the original sample’s conditions), it is not

extreme. Potential depths and temperatures for reservoirs

in the North Sea vary from 800 m and 30°C (e.g. Sleipner)

to around 4500 m and 150°C (e.g. in the N. North Sea,

e.g. South Brea, Miller). The reaction rates at lower tem-

peratures will therefore be slower. As the introduction of

CO2-rich fluids will disturb chemical equilibrium, the

observed reactions are still likely to occur though perhaps

over much longer timescales. The experimental flow-

through tests ran for 3 months and so, due to current

equipment access limitations, it was not feasible to periodi-

cally scan the samples using XRCT during this stage. We

hypothesise that scanning the cores in situ at 20.1 MPa

confinement pressure would enable quantification of the

consolidation effect on pore network geometry and the

associated permeability tensor. This is currently unknown

and is recommended as a subject for further study.

CONCLUSIONS

(1) Flow of CO2-saturated saline fluid caused the bulk

porosity of a sample of Lower Triassic Sherwood Sand-

stone, onshore UK, to increase from 18 to 25%.

(2) Mass loss and increased porosity from dissolution of

intergranular cements and K-feldspar grains, causing a

reduction in mean grain diameter and an increase in

apparent pore wall roughness, where the fractal dimen-

sion, Df, increased from 1.68 to 1.84.

(3) Dissolution mass loss appeared to occur primarily in

pores above c. 100 lm mean diameter and was negligi-

ble in pores where the pore throat: cavity volume ratio

is ≤1, and capillary entrapment was sufficiently high for

the fluid phase to be immobile

(4) Relative dilation of post-treatment pore area appeared

to increase in relation to initial pore area, suggesting

that rate of dissolution mass loss has a positive relation-

ship with the pore-scale fluid flow velocity.

(5) A significant post-treatment reduction in Df (d) indi-

cated that the dissolution rate was nonuniform as a

function of position along the –z plane, that is perpen-

dicular to sedimentary bedding planes. In further sup-

port of this observation, the post-treatment

eigenvector, vzz, increases still further, whilst both vxx
and vyy decrease, indicating that CO2 saturated fluid

transport has enhanced the critical flow path(s) when

flowing under a global pressure gradient.

(6) Variation in packing density within sedimentary planes

(occurring at cm-scale along the -z plane) caused the

intrinsic permeability tensor to vary by more than a

factor of ten.

(7) The bulk permeability tensor is anisotropic having

almost equal value in -z and -y planes but with a 68%

higher value in the -x plane (parallel to sedimentary

bedding planes) for the pretreated sample, reducing to

only 30% higher for the post-treated sample.

(8) The intrinsic permeability of the post-treatment sample

increased by 1 order of magnitude compared and

shows very close agreement between the modelled and

experimental results. This study also identified the rela-

tive effects on permeability tensors close to the injec-

tion site, where there is dissolution only, and no

precipitation over time.

(9) Research has demonstrated that the full permeability

tensor is needed to correctly solve fluid flow problems

in a variety of realistic settings (Gupta et al. 2001;

Settari et al. 2001). The permeability tensor data from

this work can be used to assign as inputs for the cells

in a reservoir model to better describe the effect of

sedimentary planes on permeability. This will give

more accurate estimates on injectivity and, where there

are local faults, enhanced confidence in storage esti-

mates because migration of the injection plume along

Fig. 15. 3D volume render cutaway of the

segmented porosity in the post-treatment

sample showing (left) local concentration of

high flow velocity at the throats of saccate

(ink bottle) pores, and (right) the view of

from inside the cavity of a saccate pore

looking towards the throat. Illuminated

streamline colour map corresponds to

magnitude within the velocity flow field.

© 2015 John Wiley & Sons Ltd

CO2 alteration of sandstone permeability tensor 13



-x, -y and -z planes is more accurately modelled. These

data can be used to enable CCS developers to better

understand their risk and to mitigate against any

potential CO2 migration or CO2 injectivity problems.
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