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Abstract Geological storage of CO2 is considered a

solution for reducing the excess CO2 released into the

atmosphere. Low permeability caprocks physically trap

CO2 injected into underlying porous reservoirs. Injection

leads to increasing pore pressure and reduced effective

stress, increasing the likelihood of exceeding the capillary

entry pressure of the caprocks and of caprock fracturing.

Assessing on how the different phases of CO2 flow through

caprock matrix and fractures is important for assessing CO2

storage security. Fractures are considered to represent

preferential flow paths in the caprock for the escape of

CO2. Here we present a new experimental rig which allows

38 mm diameter fractured caprock samples recovered from

depths of up to 4 km to be exposed to supercritical CO2

(scCO2) under in situ conditions of pressure, temperature

and geochemistry. In contrast to expectations, the results

indicate that scCO2 will not flow through tight natural

caprock fractures, even with a differential pressure across

the fractured sample in excess of 51 MPa. However, below

the critical point where CO2 enters its gas phase, the CO2

flows readily through the caprock fractures. This indicates

the possibility of a critical threshold of fracture aperture

size which controls CO2 flow along the fracture.
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Introduction

Concentrations of atmospheric CO2 have increased by

more than 35 % since industrialisation began (UK Met

Office 2010). Current global demand for fossil fuels is

80 % of the total energy requirement (International Energy

Agency 2008).

To reduce the amount of CO2 entering the Earth’s

atmosphere from increasing energy demands, Carbon

Capture and Storage in deep geological formations is

being considered. By this process, CO2 is separated from

industrial emissions and injected in its supercritical phase

(or dense phase) into suitable deep geological formations.

CO2 saturated fluids and separated phase CO2 are held in

porous rocks sealed by overlying impermeable caprocks

(Koide et al. 1992). Understanding the long-term integrity

of these caprock seals is a pre-requisite for CO2 storage

(Bachu 2003; Li et al. 2005, 2006; Class 2009; Ketzer

et al. 2009; Fischer et al. 2010; Gaus 2010; Amann et al.

2011).

There are four mechanisms that trap CO2 (e.g. Chad-

wick et al. 2008). Dissolution trapping occurs when

injected CO2 dissolves within the reservoir brine. Over

long time periods this dissolved CO2 can react with rock

minerals or pore fluids to form other minerals or aqueous

complexes resulting in geochemical trapping. Residual

saturation trapping occurs when ganglia of CO2 are trapped

within pore spaces due to capillary forces, or adsorbed onto

mineral grains. However, the predominant trapping mech-

anism is considered to be structural trapping (Gunter et al.
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2004), where the caprock acts as a mechanical barrier both

in terms of its low permeability and its high capillary entry

pressure, (Schowalter 1981; Schlomer and Kroos 1997;

Wollenweber et al. 2009).

It is generally accepted that leakage through the caprock

during CO2 injection and storage could occur through three

processes:

a. Diffusion of CO2 through the water saturated caprock.

However, work by Angeli et al. (2009), Wollenweber

et al. (2010) and Busch et al. (2010) have shown that

diffusive losses through the caprock matrix are

negligible during CO2 storage conditions.

b. Exceeding the capillary entry pressure with the leakage

of CO2 through the interconnected flow paths through

the pore system of the cap rock. Busch et al. (2010) has

shown that under an overpressure of 2 MPa above the

capillary entry pressure CO2, breakthrough of the

caprock occurs after hundreds to thousands of years for

medium to low permeability caprocks with a realistic

thickness of 100 m. This is in line with results from

Deming (1994). The above findings suggest that as

long as injected fluid pressures do not exceed the

capillary entry pressures there should be minimal

capillary flow leakage through the caprock pore

network under CO2 storage conditions.

c. Fracture flow. Natural fractures can offer preferential

flow paths through the caprock. In addition the

increase in formation pressure could result in the

reactivation of pre-existing faults or fractures, induce

hydro fracturing and instigate shear fracturing in the

overlying caprock. These fractures could become CO2

leakage conduits.

Of these three mechanisms the issue of flow though

natural and induced fractures presents the largest risk to

storage integrity and requires further investigation. Labo-

ratory experiments have shown that increasing pore fluid

pressure (Pf) in low permeability caprocks leads to a

lowered effective stress r
0

= (r-Pf). This reduction in the

effective stress can result in a reduction in the caprock

strength which can induce brittle failure (Handin et al.

1963; Blanpied et al. 1992 and Nygard et al. 2006).

Effective normal stresses (rn-Pf) press fault blocks toge-

ther and thereby develop frictional resistance to any

movement (shear) along the fault. Higher pore pressures

decrease the normal stress across the fault lowering the

frictional resistance to sliding and can lead to shearing.

Hydro fracturing is thought to occur when the pore fluid

pressure below the top seal equals or exceeds the minimum

horizontal stress plus the tensile strength of the caprock

(Watts 1987). The injection of CO2 also induces tempera-

ture alterations leading to thermal stresses which,

depending on the rock mass characteristics at a local scale,

can be similar or greater than the tectonic stresses and lead

to thermal fracturing, (McDermott et al. 2006).

Fracture surfaces are multi-faceted and can become

either barriers or conduits to flow. To assess the trans-

missibility of a fracture three methods can provide an

indication of the sealing capability of the fracture surface:

• Clay smear potential (Bouvier et al. 1989).

• Shale smear factor (Lindsay et al. 1993).

• Shale gouge ratio (Yielding et al. 1997).

All three methods are based on the estimates of the

distribution of clay along faults and highlight that a clay-

rich fracture surface will add its own complexity to the

multiphase flow of formation fluids and injected CO2

across a fracture surface.

In this paper, we present the flow and mineralogical

results of experimental investigation into the sealing

properties of naturally fractured caprocks under in situ

conditions to supercritical CO2 and gaseous CO2 flow. The

experimental data are required to benchmark the modelling

work (Kolditz et al. 2012). Caprock samples have been

collected from the North Sea East Brae field at a depth of

circa 4 km. Two naturally fractured caprock 38 mm

diameter experimental samples were obtained, these are

extremely rare as they are both very expensive to obtain,

and natural fractures are rarely drilled through and pre-

served. The naturally fractured caprock samples are placed

under pressures and temperatures representative of a typi-

cal CO2 storage site within the experimental equipment and

subjected to CO2 flow under supercritical and gaseous

phase conditions.

Experimental methods

Sample selection and characteristics

The Kimmeridge clay caprock used in this study is from

the North Sea East Brae Field. This lies at the western

margin of the South Viking Graben, where the oil and gas

fields are naturally high in CO2 with CO2 retention esti-

mated at around 120 million years (Haszeldine et al. 2006).

The East Brae field is an Upper Jurassic gas condensate

reservoir, interpreted as a basin floor turbidite sediment

enclosed by Kimmeridge Clay which can be in excess of

500-m thick, (Branter 2003). The Kimmeridge Clay is a

clay rich siltstone with micaceous laminae. The porosity

ranges between 20 and 5 %, decreasing with depth. The

permeabilities are in the region of 4–0.09 nD and pore

sizes range from 11 to 6 nm (Okiongbo 2011; Yang and

Aplin 2007). Wellbore core samples of fractured Kimme-

ridge clay caprock were obtained from Well 16/3a-E1 from

depths of 3,910 to 3,918 m.
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Sample preparation

The borehole core from 4 km depth identified as containing

natural fractures was re-cored and the ends trimmed to

provide intact 38 mm diameter cylindrical samples. Both

samples contain natural fractures that run end to end

lengthways through the sample, (samples B-a and B-b). A

non-fractured sample, B-c was also obtained from the core,

Fig. 1. Table 1 presents the available dimensions, porosity,

pore radius and permeability data for the three caprock

samples and the average properties for the Kimmeridge

Clay. After the CO2 flow experiment a 2 mm slice was

removed from the upstream side sample B-a for SEM

analysis to identify any mineralogy effects in the fractured

caprock to CO2 exposure.

Mineralogical composition

X-ray diffraction (XRD) investigations of both the caprock

matrix and fracture fill material show that quartz (43 %)

and illite (&25 %) are the primary minerals that make up

the Kimmeridge clay caprock, with minor chlorite (8 %)

and kaolinite (8 %), Table 2.

The mineral composition varies slightly within the

fracture, with the appearance of calcite and a higher per-

centage of dolomite along with a reduction in illite and to a

Fig. 1 Images of the three core

samples of caprock from East

Brae
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lesser extent kaolinite and chlorite. In addition the % of

illite is greater than muscovite and the % of kaolinite is

higher than that of orthoclase. These factors are a result of

diagenetic alteration of the fracture surface, indicating

historical fluid flow along the fracture. There is no indi-

cation of any significant quantity of swelling clays within

the matrix or fracture.

SEM images of the Kimmeridge Clay caprock micro-

structure show that quartz grains of up to 10 lm are dis-

seminated in the clay matrix. There is a definite bedding

orientation of the matrix material with discrete quartz and

pyrite crystals; Fig. 2 shows a detailed backscattered SEM

image of the fracture face and caprock matrix of Sample

B-a before (and after) CO2 exposure.

Control samples

To ensure there was no leakage of CO2 between the sample

and the confining rubber sleeve of the pressure vessel, a

solid non porous 38 mm diameter stainless steel cylinder

control sample was subjected to the CO2 experimental

program. There was no measurable flow across the steel

sample under supercritical and gas phase CO2.

To determine if any flow measurements can be attributed

to caprock matrix flow, an equilibrated brine saturated non-

fractured caprock sample was subjected to the same CO2

flow program as the fractured samples, Sample B-c. There

was no quantifiable flow measurement across the non-frac-

tured caprock sample under scCO2 and gas phase CO2.

Table 1 Petrophysical data for the East Brae caprock samples and the Kimmeridge Clay

Sample diameter

(mm)

Sample length

(mm)

Corrected

porosity (%)

Mean pore radius

(nm)

Mean pore throat

radius (nm)

Permeability

(nDarcy)

Sample B-a (before

testing)

38.1 49.6 16 811

Sample B-b (before

testing)

37.9 54.1 17 1,075

Sample B-c (before

testing)

38.1 60.5 16 976

Sample B-a (after

testing)

38.1 49.6

Sample B-b (after

testing)

37.9 54.1

Sample B-c (after

testing)

38.1 60.5

Kimmeridge clay

average

17 1,245 0.1–0.005 25–0.1

Table 2 The % mineral abundances for caprock sample B-a

Qz Calcite Dolomite Albite Illite Kaolinite Chlorite Microcline Orthoclase Muscovite Pyrite

Matrix 43.7 0.0 1.5 2.8 28.7 7.6 7.6 2.5 1.4 2.2 2.0

Fracture 43.8 0.8 4.2 3.1 22.9 8.5 8.2 2.7 1.5 2.1 2.2

Fig. 2 SEM images of the fracture face and caprock matrix of Sample B-a before and after CO2 exposure
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This ensured that all pressure and flow measurements

are directly related to the caprock fracture.

Brine composition

Equilibrated brine representative of the East Brae field

formation water was obtained by mixing 1,000 ml 58,000

NaCl eq. ppm (from Branter 2003) and 40 g of crushed

East Brae caprock for 2 months at 25 �C and filtering the

solution to obtain the equilibrated brine.

Experimental procedure

Sample saturation

The caprock samples were vacuum saturated in the equil-

ibrated brine for 4 weeks and weighed to ensure the

maximum saturation possible was reached. The samples

were then placed into the experimental apparatus.

Experimental apparatus

The experimental rig was designed and built to facilitate

multi-phase flow through 38 mm diameter cylindrical rock

samples over a range of temperatures, fluid types, fluid

pressures and confining stress. It also allows the injection

of tracers and other such markers along with fluid and gas

sample collection post rock contact, (Fig. 3).

The equipment consists of a Hassler-type high pressure

vessel which holds cylindrical rock samples of 38 mm

diameter and up to 100 mm in length. The fluid pumps

(both brine and CO2) are designed for high temperature,

pressure and supercritical CO2 conditions and all wetting

parts within the system are in 316 stainless steel or PEEK

to limit corrosion on exposure to brine and supercritical

CO2. Injection is at the bottom of the sample to minimise

slug flow and maximise the effects of buoyancy. The

experimental equipment is rated to provide:

• Up to 60 MPa radial confining (r2 = r3) pressure.

• Up to 60 MPa fluid pressure.

• Up to 80 �C fluid and rock temperature.

• Supercritical, liquid and gaseous CO2 and brine flow

(both single and multi-phase).

• Upstream, downstream and differential pressure mea-

surement and logging.

Experimental programme

CO2 flow program

The samples were loaded into the pressure vessel, the CO2

pump set to a constant flow rate of 1 g/min and the

pipework, vessel and rock temperature maintained via

heating tapes and thermocouples. An automatic back

pressure regulator downstream of the sample was set to

10 MPa. The confining pressure is applied by hand pump,

high accuracy logging of the confining pressure can pro-

vide an indication of the expansion/contraction of the

sample. The following experimental program phases were

followed:

Phase 1—Increasing in situ scCO2 conditions: The

caprock samples were subjected to an incrementally

increasing fluid and confining pressure up to an equipment

maximum of 60 MPa, temperature was held constant at

40 �C.

As the confining pressure is applied via hand pump it is

not possible to link control between the confining and fluid

pressure to ensure a constant differential pressure during

the increasing procedure. This provides an opportunity to

ascertain whether changing differential pressures between

the fluid pressure and the confining pressure has an effect

on the fracture aperture, and in turn CO2 flow, within these

naturally fractured caprock samples under supercritical

conditions. During the increasing loading, there is a vari-

ation in the pressure difference between the upstream fluid

pressure and the confining pressure of between 5 and

20 MPa.

Phase 2—Maintaining in situ scCO2 conditions: The

CO2 fluid pump was switched off and the upstream fluid

pressure equilibrated at 10 MPa. The confining pressure

was set to 25 MPa ensuring a constant 15 MPa difference

between the fluid pressure and the confining pressure. The

samples were locked into the pressure vessel at these

supercritical CO2 conditions at 40 �C for 30 days and the

confining, upstream and downstream pressures constantly

logged.

Phase 3—Maintaining in situ gaseous CO2 conditions:

The pressure and temperature of the system were taken

below the critical point into the gas phase region in a

controlled manner to minimise any critical point phase

change effects during the reduction in pressures. The

upstream fluid pressure was equilibrated at 5 MPa. The

confining pressure set to 20 MPa again ensuring a constant

15 MPa difference between the fluid pressure and the

confining pressure. The samples were locked into the

pressure vessel at these gaseous CO2 conditions at 20 �C

for 30 days and the confining, upstream and downstream

pressures constantly logged.

Phase 4—Re-run of the increasing upstream CO2 fluid

pressure and lock in under supercritical and gaseous

conditions to investigate wettability changes after CO2

exposure along the fracture face: After 30 days of gaseous

CO2 flow along the fracture face (in Phase 3), The com-

plete CO2 flow program (phase 1, 2 and 3) was re-run on

both fractured samples to identify if any potential
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wettability changes on the fracture surface could have

occurred during exposure to gas phase CO2 that could in

turn influence the flow characteristic of the scCO2 along

the natural caprock fractures.

Results

The results of the CO2 flow program and the outcome of

the investigations into potential chemical changes before

Fig. 3 Schematic diagram of the experimental rig designed and built at the University of Edinburgh
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and after exposure to CO2 of the naturally fractured East

Brae caprocks will now be presented.

Flow experiment results

The results of Phases 1, 2 and 3 for samples B-a and B-b

are presented as confining pressure (MPa), upstream pres-

sure (MPa) and downstream pressure (MPa) on the primary

axis and temperature (�C) on the secondary axis all against

time, (Figs. 4, 5).

Phase 1: Supercritical CO2 flow experiment results

There was no detectable flow of CO2 (downstream pres-

sure) measured across both fractured samples, even with a

pressure differential across the fractured of 43 and 51 MPa,

for samples B-a and B-b respectively. This equates to a

pressure gradient of 866 and 942 MPa/m, Figs. 4 and 5

(Phase 1).

During this, increasing supercritical CO2 fluid pressure

phase the fracture was subjected to a variation in the

pressure difference between the upstream fluid pressure

and the confining pressure of between 5 and 20 MPa. This

pressure difference will influence the fracture aperture and

subsequent CO2 flow. A larger pressure difference should

result in the closing of the fracture, a reduction in the

fracture aperture and reduced CO2 flow. A lower differ-

ential pressure should cause the fracture to open, the

aperture to increase and CO2 flow would be facilitated. No

supercritical flow was observed across the fracture at both

high and low pressure differences between the upstream

fluid pressure and the confining pressure. This indicates

that either a blockage (physical or capillary) is preventing

flow, these particular natural fracture apertures are not

significantly influenced by changing normal stress across

the fracture at the scale of this experiment or the fracture

does not facilitate flow under supercritical conditions.

Phase 2: Supercritical CO2 lock in results

There was little or no detectable CO2 flow (downstream

pressure) measured across the fractured for both samples

B-a and B-b under constant scCO2 conditions of 25 MPa

confining pressure, 10 MPa upstream pressure (15 MPa

pressure difference) and 40 �C temperature over 30 days,

Figs. 4 and 5 (Phase 2).

This reinforces the possibility that these naturally

occurring fractures do not facilitate the flow of supercritical

CO2. Again the same arguments presented for Phase 1

above hold.

Phase 3: Gas phase CO2 results

As soon as the fluid pressure, confining pressure and

temperature were dropped to gaseous CO2 conditions of

20 MPa confining pressure, 5 MPa upstream pressure (the

same 15 MPa pressure difference as with the supercritical

lock in) and 20 �C temperature, the downstream pressure

immediately and steadily increased over the 30 days

towards that of the upstream pressure.

This introduces the possibility that for these particular

naturally occurring fractures gaseous CO2 does flow across

the fracture, whereas there was no supercritical CO2 flow

across the fracture, even when the fracture aperture is held

under the same differential pressure.

Phase 4: Re-run of the increasing upstream CO2 fluid

pressure and lock in under supercritical and gaseous

conditions to investigate wettability changes after CO2

exposure along the fracture face

The same pattern of pressure (flow) across the fracture was

observed during the second run as was seen during the first

run, Figs. 6 and 7. There was no flow measured under

increasing scCO2 flow even with pressure differentials of

Fig. 4 Results of the fractured caprock sample B-a, plotted as confining pressure (MPa), upstream pressure (MPa), downstream pressure (MPa)

and temperature (�C),with time
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37 and 42 MPa for samples B-a and B-b, respectively. This

was also under conditions of fluctuating fracture aperture

linked directly to a fluctuating difference in pressure

between the upstream fluid and confining pressure. There

was little or no detectable flow of scCO2 measured across

both fractured samples under scCO2 lock over 30 days.

However, under gaseous CO2 lock in (with the fracture

aperture held under the same pressure difference between

the upstream fluid pressure and confining pressure as it was

under supercritical conditions), the same pattern of

immediate and increasing downstream pressure towards

that of the upstream pressure was observed.

This indicates that under these experimental conditions

and timescales, the wettability (and in turn capillary entry

pressures) of these natural fractures was not influenced by

exposure to gaseous CO2.

Chemical response results of the East Brae fractured

caprock to CO2

Table 2 specified that quartz (SiO2) makes up the majority

of the mineral percentage at around 43 % for both the

matrix and fracture along with the non-expanding alumino

silicates illite (28 % in the matrix and 23 % in the fracture)

and kaolinite (8 % in the matrix and 8.5 % in the fracture).

There is no evidence of any significant swelling clays in the

material, indicating the likelihood of any clay compaction/

swelling reactions will be restricted.

Table 3 presents the average mineral weight percent of

the caprock matrix material and fracture material before

and after the CO2 flow experiments on sample B-a from

SEM energy dispersive X-ray elemental analysis. The lack

of any clay mineral reaction is confirmed when the average

mineral weight percentages of the matrix and fracture

material before and after CO2 exposure are considered in

detail. It can be ascertained that although there was a slight

reduction in silicon (2 %) and corresponding increase in

aluminium (2 %) after exposure to CO2 as cation exchange

occurs. However, it is not significant enough to cause

fracture/matrix pore network opening or closing that would

influence the CO2 flow through the duration of the exper-

iment. This limited reactivity is in line with findings by De

Lucia et al. (2012) who suggest that reaction is limited by

water availability in the low permeability rocks.

Fig. 5 Results of the fractured caprock sample B-b, plotted as confining pressure (MPa), upstream pressure (MPa), downstream pressure (MPa)

and temperature (�C), with time

Fig. 6 Results of the second flow run on fractured caprock sample B-a, plotted as confining pressure (MPa), upstream pressure (MPa),

downstream pressure (MPa) and temperature (�C),with time, to investigate any wettability effects after CO2 exposure along the fracture face
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This lack of any chemical reactivity is borne out by

comparing the sample dimensions before and after the

experiment. Table 1 shows the sample dimensions of both

fractured samples before and after the CO2 experiment.

The sample dimensions remain unchanged, confirming that

there was no physical swelling, dissolution of breakage of

the sample matrix or fracture. The confining pressure data

logs also corroborate the lack of any volume changes

within the samples at equilibrium during experimentation.

Discussion

At standard temperature and pressure, the density of carbon

dioxide is 1.98 kg/m3, about 1.5 times that of air (Span and

Wagner 1996). At a temperature of 31.1 �C and a pressure

of 7.39 MPa CO2 becomes supercritical. This is the

equivalent of around 840 m depth assuming a geothermal

gradient of 25 �C/km and is exceeded under deep geolog-

ical storage conditions.

The supercritical property of near-liquid densities

increases the probability of interactions between the carbon

dioxide and the substrate, similar to a liquid solvent

(Fenghour et al. 1998). The gas-like diffusivities of

supercritical CO2 allow for increased mass transfer prop-

erties. This suggests that supercritical CO2 will penetrate a

low permeability caprock or tight fracture more readily

than gaseous CO2.

However, our initial experimental results on naturally

fractured caprocks under in situ conditions contradict this

expected flow behaviour. This could be related to experi-

mental errors that are discussed in ‘‘Experimental errors’’.

It is more likely to be related to the complex interplay of

the many factors influencing the flow of CO2 along a

fracture, Fig. 8.

These factors are first related to the fluid conductivity

response of the CO2 phase to fracture aperture, tortuosity

and roughness and are discussed in ‘‘Fluid conductivity

response to the CO2 phase to fracture aperture, tortuosity

and roughness’’. Secondly, there is the influence of effec-

tive/normal stress on the fracture and the pressure gradient

across the fracture, which is discussed in ‘‘Influence of

normal effective stress and the stress / pore pressure gra-

dient along the fracture’’. Thirdly, the influence of chem-

istry must be considered; the fracture mineralogy and the

potential chemical alteration on interaction with CO2, this

is discussed in ‘‘Chemistry influence on the fluid/rock

mineralogy interaction’’.

The CO2 fluid properties also have a crucial role in

influencing flow across the fracture. The effect of

increasing pressure on the fluid flow properties is discussed

in ‘‘Increasing CO2 fluid pressure leading to a decrease in

fluid permeability’’ and the influence of CO2 phase on

capillary entry pressure is discussed in ‘‘Influenced of CO2

phase on the capillary entry pressure’’. Finally the CO2

fluid properties under gas, liquid and supercritical phase

Fig. 7 Results of the second flow run on fractured caprock sample B-b, plotted as confining pressure (MPa), upstream pressure (MPa),

downstream pressure (MPa) and temperature (�C),with time, to investigate any wettability effects after CO2 exposure along the fracture face

Table 3 Average mineral weight percentages for sample B-a matrix and fracture before and after CO2 exposure

Wt% Al Wt% Si Wt% Ca Wt% Mg Wt% Fe

Sample B-a matrix before CO2 exposure 7.45 37.30 0.51 0.54 0.68

Sample B-a matrix after CO2 exposure 9.51 35.24 0.47 0.61 0.83

Sample B-a fracture before CO2 exposure 8.21 35.86 0.55 0.51 1.17

Sample B-a fracture after CO2 exposure 10.40 32.65 1.07 1.33 0.99
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have a significant influence on the fluid properties of vis-

cosity and density along with the wettability, interfacial

tension and capillary entry pressures, and the interplay

between these are discussed in ‘‘The influence of CO2

phase on the interplay between interfacial tension, contact

angle and wettability and its effect on fracture flow’’.

It is also noted that observations of CO2 leakage from

analogue fields indicate that only shallow CO2 reservoir

show evidence of leakage, confirming the observation that

supercritical CO2 does not leak along fractures but gas

phase CO2 does, this is discussed in ‘‘Analogue field

studies’’.

To examine the impact of the different phases of CO2 it

is necessary to obtain representative fluid properties from

the wide range of values in the literature. Table 4 presents

a summary of the viscosity, density, IFT and contact angles

for CO2 under gas, liquid and supercritical pressure and

temperature conditions available in the literature. From the

published values it can be seen that:

• Dynamic viscosity increases from 16 9 10-6 Pa S for

gaseous CO2 to 69 9 10-6 Pa S for supercritical phase

CO2.

• Density increases from 118 kg/m3 for gaseous CO2 to

396 kg/m3 for supercritical phase CO2. Liquid CO2

density is 813 kg/m3.

• Interfacial tension (water/CO2) decreases from 44 for

gaseous CO2 to 30 mNm-1 for supercritical phase CO2.

There is relative agreement between these values from

the different authors.

Experimental errors

When the samples were removed from vacuum saturation

in brine and loaded into the test cell they were exposed to

the atmosphere and it is possible that suction and imbibi-

tion forces enabled air to enter into the caprock and frac-

ture. If the fracture was not fully brine saturated and had

Fig. 8 Factors influencing the

flow of CO2 along a fracture
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pockets of air trapped this could cause an interruption and

barrier to scCO2 flow. Thorough vacuum saturation and

quick sample transfer attempts to mitigate this risk.

The experimental equipment, in particular the hand

pump control of the confining pressure may mean that the

pressure difference between the upstream fluid pressure

and the confining pressure was not as accurately con-

strained as it should be. The confining pressure system is

logged accurately and no significant pressure differences

were noted.

The experimental procedure and equipment control,

particularly at the phase change boundaries may provide

insufficient control to ensure that no detrimental phase

change effects were noted. Again constant pressure and

equipment logging ensured that no significant discrepan-

cies in the fluid pressures, confining pressure and temper-

ature were noted.

Careful preparation, control and monitoring of the

sample, equipment and experimental procedure was

undertaken to minimise the risk of experimental errors.

Fluid conductivity response to the CO2 phase

to fracture aperture, tortuosity and roughness

The experimental uniaxial pressure vessel enables control

of the radial confining stress (rc). As no axial load is

applied to the vessel the principal radial stresses are r1 and

r2, therefore rc = r1 = r2. With respect to the fracture,

the normal stress, rn acting perpendicular to the fracture

(Jaeger and Cook 1979) is defined as:

rn ¼ l2r1 þ m2r2 þ n2r3 ð1Þ

where l, m and n are directional cosines related to the angle

between the directions of the normal stress and the

Table 4 Summary of the viscosity, density, IFT and contact angles in the literature for CO2 under gas, liquid and supercritical pressure and

temperature conditions

Property p and T CO2 conditions Values Reference

Dynamic viscosity Gas (5 MPa/35 �C) 16.89 9 10-6 Pa s Fenghour et al. (1998)

Liquid (10 MPa/25 �C) 74.21 9 10-6 Pa s Fenghour et al. (1998)

Supercritical (14 MPa/40 �C) 69.02 9 10-6 Pa s Fenghour et al. (1998)

Density Gas (5 MPa/35 �C) 118.5 kg/m3 Span and Wagner (1996)

Liquid (10 MPa/25 �C) 813 kg/m3 Span and Wagner (1996)

Supercritical (15 MPa/35 �C) 396 kg/m3 Span and Wagner (1996)

IFT (water/CO2) Gas (4 MPa/35 �C) 44.2 ± 0.0 mNm-1 Bachu and Bennion (2009)

Gas (5 MPa/35 �C) 44.3 ± 0.7 mNm-1 Chiquet et al. (2007)

Gas (4.14 MPa/35 �C) 48.95 mNm-1 Chun and Wilkinson (1995)

Gas (5 MPa/39.65 �C) 43.93 ± 0.23 mNm-1 Georgiadis et al. (2010)

Gas (5 MPa/35 �C) 44.2 ± 0.0 mNm-1 Hebach et al. (2002)

Gas (5 MPa/35 �C) 39.3 mNm-1 Kvamme et al. (2007)

Representative Gas CO2 IFT 44 mNm-1

Liquid (12 MPa/25 �C) 26.5 mNm-1 Bachu and Bennion (2009)

Liquid (10MP/27 �C) 29.4 mNm-1 Chalbaud et al. (2009)

Liquid (10.34 MPa/25 �C) 27.41 mNm-1 Chun and Wilkinson (1995)

Liquid (10 MPa/23 �C) 29.66 ± 0.2 mNm-1 Georgiadis et al. (2010)

Liquid (10MP/25 �C) 28.4 ± 0.1 mNm-1 Hebach et al. (2002)

Representative liquid CO2 IFT 29 mNm-1

Supercritical (12 MPa/35 �C) 18.6 mNm-1 Bachu and Bennion (2009)

Supercritical (15 MPa/35 �C) 30.8 ± 0.8 mNm-1 Chiquet et al. (2007)

Supercritical (15.5 MPa/35 �C) 25.79 mNm-1 Chun and Wilkinson (1995)

Supercritical (15 MPa/39.65 �C) 29.17 ± 0.13 mNm-1 Georgiadis et al. (2010)

Supercritical (15 MPa/35 �C) 28.5 ± 0.0 mNm-1 Hebach et al. (2002)

Supercritical (12.MPa/48.85 �C) 31.2 mNm-1 Kvamme et al. (2007)

Representative scCO2 IFT 30 mNm-1

CO2 contact angle quartz Gas (5 MPa) 20� Espinoza and Santamarina (2010)

Gas (10 MPa) 20� Espinoza and Santamarina (2010)

CO2 contact angle calcite Gas (5 MPa) 40� Espinoza and Santamarina (2010)

Gas (10 MPa) 40� Espinoza and Santamarina (2010)
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principle stress axes. From Eq. 1 it can be seen that

increasing the confining pressure increases the normal

stress acting to close the fracture. Therefore, varying the

confining pressure influences the opening and closing of

the fracture and ultimately the fracture aperture.

The influence of the fracture aperture on fluid conduc-

tivity (similar to hydraulic conductivity except the fluid

properties of the specific fluid are included rather than

assuming water properties) of the natural fracture to CO2 in

its gas, liquid and supercritical phase can be investigated

using a simplified equation based on the parallel plate

solution for the Navier–Stokes cubic law (Witherspoon

et al. 1979). Assuming flow is laminar along a parallel

planar fracture the fluid conductivity of the fracture with an

aperture 2b is given by:

Kf ¼ 2bð Þ2qg=12l ð2Þ

where Kf is the fracture fluid conductivity (m/s), b the

aperture half width (m), q the fluid density in (kg/m3), g the

acceleration of gravity (m/s2) and l the fluid viscosity

(Pa s). Table 5 provides the input parameters and the cal-

culated results of the fracture fluid conductivity for two

different fracture apertures (half width of 10 and 1 lm) for

each of the CO2 phases.

It can be seen from the results in Table 5 that inde-

pendent of aperture there is a small variation in hydraulic

conductivity between the phases of CO2, with a slight

increase in hydraulic conductivity from gas, through liquid

to supercritical. This indicates a slight enhancement in flow

behaviour of the supercritical CO2, which contradicts the

experimental results.

However, there is a large decrease in hydraulic con-

ductivity as the aperture size reduces, indicating that

aperture size is a dominant controlling factor in fracture

flow of CO2. This does not fully explain why there is a

difference in the flow behaviour between the two CO2

phases. However, it is possible that there is a critical

threshold of fracture aperture size which controls CO2 flow

along the fracture. Above the critical aperture size scCO2

and gaseous CO2 will flow, on or near the critical fracture

aperture size we see gaseous flow but not scCO2 flow and

below the critical aperture size we would see little or no

gas or scCO2 flow along the fracture and flow would

become matrix dominated. It is therefore possible that the

fracture aperture of the two naturally fractured samples

were at this critical fracture aperture.

The possibility of a fracture aperture threshold to CO2

flow under different phases must be further investigated

and forms part of the future work program.

Influence of normal effective stress and the stress/pore

pressure gradient along the fracture

The conventional effective stress law for tensile failure

states that hydraulic fracture due to increasing pore pres-

sure occurs when the effective normal stress exceeds the

material tensile strength. However, while an increase in

pore pressure at the fracture tip may induce opening and

propagation an increase in the compressional stress (nor-

mal stress) may hold the fracture closed.

This interplay between normal stress and pore pressure

within the experimental set up is likely to have held the

fracture closed throughout the experiments and inhibited

flow. Although the pressure gradient across the sample

from the upstream to downstream pressure transducer

measured up to 942 MPa/m in reality there was no effec-

tive pressure gradient across the closed fracture under

supercritical conditions. Because no supercritical CO2 fluid

actually entered the fracture, the upstream and downstream

ends of the fracture were effectively both at 0 MPa pore

pressure leading to a 0 MPa effective pressure gradient

across the fracture.

It is proposed that a larger range of pressure differentials

between the confining pressure (normal stress) and the fluid

Table 5 Input parameters and results for the hydraulic conductivity calculations under the different phases of CO2 for different fracture

apertures

CO2 gas phase CO2 liquid phase CO2 supercritical phase

Fluid viscosity (l, Pa s) 16.89 9 10-6 74.21 9 10-6 69.02 9 10-6

Fluid density (q, kg/m3) 145 810 825

Acceleration of gravity (g, m/s2) 9.80665 9.80665 9.80665

Interfacial tension (mNm-1) 44 29 30

Water wet calcite—contact angle 40 40 40

Largest connected throat radius (m) 0.000001 0.000001 0.000001

Calculated fracture hydraulic conductivity (Kf, m/s) 2.81 9 10-3 3.56 9 10-3 3.90 9 10-3

With aperture half width of 10 lm

Calculated fracture hydraulic conductivity (Kf, m/s) 2.81 9 10-5 3.56 9 10-5 3.90 9 10-5

With aperture half width of 1 lm
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pressure will be implemented to actively influence fracture

aperture and test the critical aperture theory.

Chemistry influence on the fluid/rock mineralogy

interaction

X-ray diffraction (XRD) investigations of both the caprock

matrix and fracture fill material show that quartz (43 %)

and illite (&25 %) are the primary minerals that make up

the Kimmeridge clay caprock, with minor chlorite (8 %)

and kaolinite (8 %). The mineral composition varies

slightly for the fracture with the appearance of calcite and a

higher percentage of dolomite along with a decrease in

illite and to a lesser extent kaolinite and chlorite. There is

no indication of any significant quantity of swelling clays

within the matrix or fracture.

This lack of swelling clays within these samples, mini-

mal mineralogical changes before and after CO2 exposure

and lack of core deformation during the experiment rules

out the influence of chemistry with respect to the interac-

tion between the caprock minerals and the CO2.

Increasing CO2 fluid pressure leading to a decrease

in fluid permeability

CO2 becomes denser with increasing pressure and it is

possible that this increasing density is contributing to the

hindered flow under supercritical (and/or liquid) condi-

tions. From Table 4, we see the densities are 118 kg/m3 for

gaseous CO2, 396 kg/m3 for supercritical CO2 and 813 kg/

m3 for liquid CO2.

Darcy’s equation relates flow rate and the fluid physical

properties to a pressure gradient applied to the porous

media. Hydraulic flow is the proportionality constant spe-

cifically for flow through a porous media:

k ¼ K l=qg ð3Þ

where is the k permeability (m2), K is the hydraulic con-

ductivity (m/s), l is the dynamic viscosity (kg/ms), q is the

density of the fluid (kg/m3) and g is the acceleration due to

gravity (m/s2). It can be seen from Eq. 3 that CO2 density

is inversely proportional to permeability and an increase in

fluid density leads to a decrease in fluid permeability.

This increase in density with pressure may contribute

towards the reduced permeability of the fracture under

supercritical conditions and an enhanced permeability

under gas conditions.

It is also possible that during the pressurisation of the

experiment (phase 1) liquid CO2 with a much higher

density entered the fracture and has caused an effective

blockage. During depressurisation to gaseous CO2 (phase

3), the liquid may have vaporised to gas, effectively un-

blocking the fracture.

More careful control of the temperature and pressure

during the supercritical and gas phase steps of the experi-

ment are necessary to ensure that the liquid phase is not

entered, in particular ensuring the temperature is increased

and stabilised before the pressures are increased.

Influenced of CO2 phase on the capillary entry pressure

The capillary entry pressure is the pressure needed to be

exceeded before the non-wetting phase (CO2) will pene-

trate a caprock through its connected pore network and is

dependent on the interfacial tension between the caprock

pore fluid and the non-wetting fluid, the contact angle and

the shale pore throat radius.

Experimental work by Bachu and Bennion (2009)

determined there was an increase in capillary pressure with

decrease in pore size. They determined a typical Colorado

shale has a threshold capillary pressure of 172 kPa, con-

firming that high capillary entry pressures are required to

penetrate the caprock matrix or a tight caprock fracture.

However, this does not factor in the influence of the

fluid properties of the CO2 in its different phases to the

capillary entry pressure. This section deals with the influ-

ence of CO2 phase on the capillary entry pressure. The

importance of wettability, interfacial tension and the con-

tact angle will be discussed in ‘‘The influence of CO2

phase on the interplay between interfacial tension, contact

angle and wettability and its effect on fracture flow’’.

The Laplace law calculates the capillary entry pressure

(PCO2
c ) value that has to be exceeded before the non-wetting

phase can start to flow and is given by:

PCO2

c ¼ PCO2 � Pbrine � 2c cos h=rmax
throat ð4Þ

where c is the brine/CO2 interfacial tension between the

two fluids, h is the contact angle (measured in the brine,

wetting, phase) of the mineral/brine/CO2 system and rmax
throat

is the largest connected pore throat radius (or microfrac-

ture) in the caprock.

Taking Eq. 4 and calculating the capillary entry pressure

for the three different phases of CO2, assuming a water-wet

calcite with contact angle of 40� and a largest connected

throat radius of 1 micron we see a trend of decreasing

capillary entry pressure towards the supercritical phase

(Table 6).

These simplistic case calculations indicate a decrease in

capillary entry pressure with increasing pressure and tem-

perature, where the gas phase CO2 has a larger capillary

entry pressure than the supercritical phase CO2. This

implies that for our experiments the scCO2 should have

flowed more easily through the tight fracture than the gas

CO2.

It is unlikely that capillary entry pressures are facilitat-

ing fracture flow of gas phase CO2 and halting the flow of
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scCO2 under these specific experimental conditions,

therefore for these particular samples and experimental

conditions the controlling factor is not capillary entry

pressure.

The influence of CO2 phase on the interplay

between interfacial tension, contact angle

and wettability and its effect on fracture flow

As seen in Eq. 4, flow through the connected pore network

of the caprock and/or fracture is dependent on the inter-

facial tension between the caprock pore fluid (brine) and

the non-wetting fluid (CO2) and the contact angle. In

general caprocks and natural fractures have very small pore

throat sizes (0.1–0.005 lm, Nelson 2009) and very low

permeabilities (25–0.1 nDarcy, Schlomer and Kroos 1997);

therefore the sealing efficiency of the fractured caprock

primarily depends on the interfacial tension and the contact

angle.

The interfacial tension of the two phase system (CO2/

water) has been studied intensively (Hocott 1938; Heuger

1957; Ren et al. 2000; Yan et al. 2001; Kvamme et al.

2007; Hildenbrand et al. 2004). Bachu and Bennion (2009),

Espinoza and Santamarina (2010) and Chalbaud et al.

(2006) showed that interfacial tension for the CO2/water

system decreases with increasing pressure, with an

asymptotic trend for high pressures. Bachu and Bennion

(2009) also showed that interfacial tension increases with

increasing temperature and salinity, increasing significantly

as either one of these increases. This dependency can be

expressed functionally by:

IFT ¼ A T; Sð Þ:P�BðT ;SÞ ð5Þ

where P is pressure, T is temperature, S is salinity and

A and B are functional forms. This is confirmed when

looking at the results presented in Table 4, where the trend

of decreasing interfacial tension with increasing pressure

and increasing interfacial tension with increasing temper-

ature is evident in the data.

The data from Bachu and Bennion (2009) also reveal

that the magnitude of the decrease in interfacial tension

with increasing pressure is greater than the magnitude of

the increase in interfacial tension with increasing temper-

ature. This suggests that pressure exerts a stronger influ-

ence over interfacial tension values than temperature. This

contradicting interplay between pressure and temperature

on the interfacial tension values will impact CO2 flow

along the fracture in its different phases. A higher inter-

facial tension between the fluid caprock the higher the

capillary entry pressure and the greater the seal capacity.

Future experiments will be designed to look at this

interplay between temperature and pressure and its influ-

ence on interfacial tension and in turn fracture flow in more

detail.

The contact angle arises as a surface chemistry effect

and is therefore a function of the rock mineralogy as well

as the fluid phase. A strongly water wet system has a

contact angle of 0o.

The Young–Dupree equation relates the contact angle

(h) to the IFT’s of the fluid–liquid (cfl), fluid–solid (cfs), and

liquid–solid (cls), systems:

cos h ¼ cfs � clsð Þ=cfl ð6Þ

Changes in IFT with CO2 pressure alter the contact

angle in the mineral/brine/CO2 system. Work by Chun and

Wilkinson (1995), Cai et al. (1996), Chiquet et al. (2006,

2007), Chalbaud et al. (2009) and Espinoza and Santama-

rina (2010) have shown that in the presence of CO2, contact

angles reveal a transition from water-wet behaviour at low

pressures (gas CO2) towards an intermediate wettability at

high pressure ([10 MPa, supercritical CO2) that is more

pronounced for mica than quartz. In terms of caprock

integrity, the changing wetting behaviour under pressure of

the CO2 could lead to an earlier capillary breakthrough

through the caprock (from Eq. 6).

Future experiments will be undertaken on fractures

within mineralogically different caprocks to look at the

Table 6 Input parameters and results for the capillary entry pressure calculations under the different phases of CO2

CO2 gas phase CO2 liquid phase CO2 supercritical phase

Fluid viscosity (l, Pa s) 16.89 9 10-6 74.21 9 10-6 69.02 9 10-6

Fluid density (q, kg/m3) 145 810 825

Acceleration of gravity (g, m/s2) 9.80665 9.80665 9.80665

Interfacial tension (mNm-1) 44 29 30

Water wet calcite—contact angle 40 40 40

Largest connected throat radius (m) 0.000001 0.000001 0.000001

Calculated capillary entry pressure (MPa) 88 58 60

with largest connected throat radius 1 lm
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possible influence of contact angle on fracture flow under

gas and supercritical conditions.

Analogue field studies

To further emphasise the importance of fracture aperture

on caprock sealing capability, field scale studies of CO2

leakage from a number of natural CO2 reservoirs (publi-

cation in press) indicate that leakage of CO2 is primarily

from the shallow depth reservoirs and that there is little or

no CO2 leakage from deep CO2 storage reservoirs. If a

reservoir is leaking at depth it is likely to be related to fluid

pressures higher than the fracture gradient. To support

these observations, Lewicki et al. (2007) note that leakage

seems to be restricted to relatively shallow (in their case

\2,000 m) reservoirs.

The implications of these results suggest that if the

caprock integrity is compromised and microfractures occur

in the caprock, leakage could be restrained until the in situ

conditions of pressure and temperature fall below the

critical point of 7.35 MPa and 31 �C (the equivalent of

around 840 m depth assuming a geothermal gradient of

25 �C/km) when there is likely to be leakage through

caprock fractures of CO2 in its gaseous phase, in effect the

supercritical phase CO2 acts as a hydraulic barrier to

leakage. Over-pressurising the leakage zone and creating a

hydraulic barrier is currently being proposed as a leakage

mitigation technique, Réveillère and Rohmer (2011).

Table 7 presents a summary of the factors that reinforce

or contradict the observed experimental result of gas CO2

flow but no scCO2 flow through the fracture.

Conclusions

The conclusions we can draw from the experimental work

undertaken so far on the sealing capability of naturally

fractured shale caprocks to supercritical CO2 flow are that:

• Supercritical CO2 did not flow through these particular

tight natural caprock fractures under supercritical

reservoir conditions.

• When the temperature and fluid pressure were reduced

to below the critical point, CO2 in its gas phase did flow

through the tight natural caprock fractures (even with a

constant pressure difference between the confining

pressure and the upstream fluid pressure of 15 MPa

under both supercritical and gaseous conditions).

• This contradicts the expected flow profile of a super-

critical fluid having enhanced flow properties.

• The contradictory experimental observations are linked

to the complex interplay between the fluid conductivity

response of the CO2 phase to the fracture properties, the

influence of stress on the fracture aperture, the chemical

interaction between the rock minerals and the CO2

fluid, the fluid pressure influencing the fracture perme-

ability, the influence of CO2 phase on the capillary

entry pressure and the relationship between CO2 phase

on the wettability, interfacial tension and contact angle.

• To facilitate the observed result of gaseous CO2 flow

and inhibited supercritical CO2 flow it is likely that the

interplay between normal stress and pore pressure

controlling fracture aperture and the density of CO2

being inversely proportional to permeability were the

dominant influencing factors.

• Calculations indicate that there is a large decrease in

hydraulic conductivity as the aperture size reduces,

indicating that it is aperture size that is the dominant

controlling factor in fracture flow of CO2. It is possible

that there is a critical threshold of fracture aperture size

which controls CO2 flow along the fracture. Above the

critical aperture size scCO2 and gaseous CO2 will flow,

on or near the critical fracture aperture size we see

gaseous flow but not scCO2 flow and below the critical

aperture size we would see little or no gas or scCO2

flow along the fracture and flow would become matrix

dominated.

• This has significant implications for the planning of

CO2 storage projects in the North Sea basin, in that the

CO2 should be stored at pressures and temperatures

(depth) comfortably above the CO2 critical point.

Future work

The experimental work has raised a number of questions

which will be addressed by further studies including:

• Careful control over the experimental technique in

particular reducing risk of air entering fracture by

imbibition or suction during transfer to the pressure

vessel and careful control of the temperature and

pressure during supercritical equilibrium to ensure that

liquid CO2 phase conditions are not reached.

• Further experiments on additional naturally fractured

caprock samples from different caprock types over

longer timescales to ensure these are not isolated

observations.

• Experiments run on artificially fractured caprock sam-

ples, with varying fracture apertures to determine

whether there is a critical fracture size which influences

CO2 flow along the fracture, under a wider range of

pressure differentials between the confining pressure

and the upstream fluid pressure.

• Experiments will be designed to look at the interplay

between temperature and pressure and its influence on
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interfacial tension and in turn fracture flow in more

detail.

• Experiments will be undertaken on fractures of miner-

alogically different caprocks to look at the possible

influence of the chemistry, the mineralogical/brine

interaction and contact angle on fracture flow under

gas and supercritical conditions.

• Tie in experimental measurements with field analogue

observations.

• Investigate the possibility of ‘‘spiking’’ CO2 with

molecules such as noble gasses which will remain

gaseous under normal reservoir conditions and thereby

act as markers able to migrate through fracture systems

in the caprock otherwise closed to supercritical CO2

flow. The use of such molecules could operate as a

monitoring technique for determining the location of a

CO2 plume.
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