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Foreword 
This report is the published product of a study by the British Geological Survey (BGS), and 
forms part of the international SACS (Saline Aquifer CO2 Storage) project. The SACS project 
aims to monitor and predict the behaviour of injected CO2 in the Utsira Sand reservoir at the 
Sleipner field in the northern North Sea, using methods that include; time-lapse geophysics, 
modelling its subsurface distribution and migration, and simulating likely chemical 
interactions with the host rock. 

This report aims to provide a brief description of the laboratory experimental techniques that 
are being applied at the British Geological Survey to investigate the geochemical reactions 
between CO2 and the Utsira caprock. Later reports will detail the results of these experiments. 
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Summary 
This report describes work that will be undertaken at the British Geological Survey (BGS) 
that forms part of the international SACS (Saline Aquifer CO2 Storage) project. The SACS 
project aims to monitor and predict the behaviour of injected CO2 in the Utsira Sand reservoir 
at the Sleipner field in the northern North Sea, using methods that include; time-lapse 
geophysics, modelling its subsurface distribution and migration, and simulating likely 
chemical interactions with the host rock. Most of the work detailed in this report forms part of 
the TFE- (Total Fina Elf) extension of the SACS2 project (here described as SACS-TFE, but 
also known as SACS2-addendum). This extension will be of relatively short duration, and is 
planned to link the longer-term (and much larger) SACS2 and CO2STORE (effectively 
SACS3) projects. 

This report aims to provide a brief description of the laboratory experimental techniques that 
will be applied at the British Geological Survey to investigate and quantify geochemical 
reactions between CO2 and the Utsira caprock. The aim of the work under the SACS-TFE 
project will be to initiate a series of long-term experiments, and conduct some preliminary 
sampling. These experiments will be continued into the CO2STORE project, whose 
programme will also involve a series of shorter-term experiments. Although the experiments 
have not yet been started (at the time of writing this report [early September 2002]), it is 
hoped that this report will provide useful preliminary information to other researchers 
working on the SACS project. Later reports will detail the results of the experiments. 

The experimental study is being undertaken in the Hydrothermal Laboratory of the BGS, 
where various measurements are being taken. The techniques that will be used are based upon 
those used in previous CO2 projects (e.g. during the JouleII CO2 storage project [Holloway, 
1996; Czernichowski-Lauriol et al., 1996], and during the SACS project [Rochelle et al., 
2002]). Use of similar techniques will hopefully allow for better inter-comparison between 
the various studies. 

The experiments will utilise actual caprock core material from the Sleipner field, together 
with synthetic formation waters based upon measured compositions of porewaters squeezed 
from samples of the same core. The experimental conditions chosen for the investigation will 
concentrate upon those representative of in-situ conditions within the caprock (30°C, 8 MPa 
[80 bar]). However, it is possible that more elevated temperatures (e.g. 70°C) may be used in 
the future if it is necessary to increase reaction rates. Experiment durations are planned to 
range up to 2-3 years. Experiments will be pressurised with either nitrogen or carbon dioxide. 
The former will provide a ‘non reacting’ reference point from which to compare the possibly 
more reactive experiments containing CO2. However, it is hoped that they will also help to 
provide increased confidence in the baseline conditions within the Utsira caprock prior to CO2 
injection into the Utsira Formation. 
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1 Introduction 
During underground CO2 storage operations in deep reservoirs, the CO2 can be trapped in 
three main ways (with descriptors from Bachu et al., 1994): 

- as ‘free’ CO2, most likely as a supercritical phase (physical trapping) 

- dissolved in formation water (hydrodynamic trapping) 

- precipitated in carbonate phases such as calcite (mineral trapping) 

For CO2-EOR operations, the CO2 can also be trapped as a dissolved phase within residual oil 
remaining in the formation after the end of production. 

During the early stages of storage, physical trapping is likely to be the most important 
trapping mechanism. However, over time, hydrodynamic trapping and eventually mineral 
trapping will make significant contributions to long-term CO2 containment. Physical trapping 
will necessitate a rock formation that will prevent the CO2 rising (under its own buoyancy) 
back to the surface. As a consequence, the nature and reactivity of the caprock overlying 
stored CO2 will be great importance in controlling the longevity of CO2 containment. 

The experimental programme outlined in this report will focus on the reactions between CO2, 
porewater and caprock relevant to CO2 storage at Sleipner. Most of the following details will 
form part of the TFE- (Total Fina Elf) extension of the SACS2 project (here described as 
SACS-TFE, but also known as SACS2-adendum). This extension will be of relatively short 
duration, and is planned to link the longer-term (and much larger) SACS2 and CO2STORE 
(effectively SACS3) projects. 

2 Baseline information and samples 
The experimental geochemical programme will be constrained by the baseline data available 
at the start of the study. This data will be based largely on information from samples of 
caprock core taken in the summer of 2002. BGS received four such samples (each 20 cm 
long), which were subjected to a variety of other studies, including; mineralogical analysis, 
porewater analysis, and investigation of gas transport properties. 

A key output of the experimental programme will be the identification of any chemical 
reactions that occur between CO2, porewater and caprock. If any reactions are identified, then 
the experiments can serve as well-constrained test cases that can be used as ‘benchmarks’ for 
geochemical modelling activities. The sort of experimental information that will be useful for 
modelling activities includes the types, rates and magnitudes of geochemical reactions. 
Predictions tested against actual observations will increase confidence in the predictive 
capabilities of modelling codes. Although experiments will be run under conditions that are 
broadly applicable to Sleipner, they will not simulate all possible conditions within the field. 
Instead, emphasis will be placed on simulating specific parts of the field. 

2.1 PRESSURE AND TEMPERATURE 
Previous geochemical experimental studies (Rochelle and Moore, 2002; Rochelle et al., 2002) 
have reacted Utsira sand from Sleipner with CO2 at 37°C and 70°C, and at 8-12 MPa (80-120 
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bar). However, most experiments were conducted at 37°C and 10 MPa (100 bar) – 
representing in-situ conditions within the Utsira Sand at the injection point. 

The Utsira caprock lies above the Utsira Sand, and so in-situ pressure and temperature will be 
less than for the CO2 host formation. Directly measured in-situ pressure and temperature data 
are unavailable for the Utsira caprock at the time of writing this report (early September 
2002). Therefore, for the present study, it is necessary to estimate these. Use of a 
representative pressure and temperature is preferred because: 

- CO2 solubility (and hence reactivity) varies with pressure and temperature. 

- fluid-rock reaction rates vary with temperature. 

- higher temperatures may cause the formation of unrepresentative secondary phases. 

However, it is also possible that a few higher temperature experiments may be conducted in 
the future if it is deemed important to ascertain the temperature dependence of reaction rates. 

A value for in-situ pressure can be estimated by several methods. However, the aim of this 
study is to consider the longer-term reaction of CO2 with Utsira caprock. It is assumed 
therefore that pressures are controlled mainly by hydrostatic factors, rather than lithostatic 
factors or shorter-term injection operations. This also concurs with pressure data for the Utsira 
Sand, which appears to be broadly hydrostatically controlled. 

Data supplied by e-mail on 30/8/2002 for deviated well 0015/09-A11 were used do derive a 
true depth for the samples of Utsira caprock held at BGS (Chadwick pers. comm.). The 4 
samples of caprock core held at BGS come from between 906.00m-910.40m (downhole 
depth, see Section 2.3 for further details), with 906m corresponding to a true depth below 
ordnance datum (i.e. sea level) of approximately 784m (Chadwick pers. comm.). With the 
well inclined at 42° at his point, this gives a true depth of the bottom part of the lower sample 
(910.4m uncorrected depth) below ordnance datum of approximately 787.3m. 

The fluid within the Utsira Sand has a similar composition to that of seawater, and it has been 
assumed that the entire hydrostatic column of water above the samples of Utsira caprock has a 
seawater-like density. Seawater density varies with temperature, and for ease of calculation, 
an average temperature of 20°C has been chosen, which lies approximately midway between 
likely seabed temperatures in the North Sea (about 8°C) and those at about 785m depth (about 
30°C). The density of seawater at 20°C is approximately 1.025 g ml-1 (Pitzer, 1991). 
Consequently, the estimated in-situ fluid pressure within the Utsira caprock where the BGS 
samples were taken from is approximately (785 x 1.025 x 9.81) / 1000 = 7.89 MPa (78.9 bar). 
For the experiments within this study, the pressure will be rounded to 8 MPa (80 bar). Note 
that this simple calculation does not take into account overpressurisation, or phenomena 
occurring close to charged clay mineral surfaces. 

A value for in-situ temperature has been derived from other parts of the SACS-TFE 
programme, and data supplied by e-mail on 16/9/2002 (Chadwick pers. comm.) gives a value 
of 30.4°C. For the experiments within this study, a rounded temperature of 30°C will be used. 

It is noteworthy that the above temperature is just below the critical temperature for CO2 
(about 31.1°C, see Figure 1). Therefore, although the CO2 that will be used within the 
experiments is above the critical pressure (and is a relatively ‘high density’ phase), in strict 
terms it can not be described as a supercritical fluid. It is possible therefore, that some of the 
properties of the CO2 (including chemical reactivity) may differ from those occurring in 
previous studies (e.g. Rochelle et al., 2002; Rochelle and Moore, 2002). However, even 
though temperatures are lower than used previously, the formation of CO2 hydrate within the 
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experiments is unlikely. This is because the upper stability boundary for CO2 hydrate at 8 
MPa is about 10°C (based upon data in Sloan, 1998). 

2.2 AQUEOUS FLUID COMPOSITION 
At the time of writing preliminary drafts of this report (early September 2002) no porewater 
fluid compositions were available. However, subsamples from 3 samples of caprock core 
from well ‘Statoil 15/9A-11’ were subsequently squeezed to extract porewaters (Reeder pers. 
comm.). Of these subsamples, the one from the uppermost sample (i.e. subsample 906.00m-
906.13m from sample S906.00m-906.20m [uncorrected depths]) appeared to be of poorer 
quality, and had an unexpectedly high apparent moisture content in the order of 40% (Reeder 
pers. comm.). Fortunately, the other sub-samples appeared to be of much better quality, and 
had a more appropriate moisture content, in the order of 15% (Reeder pers. comm.). It appears 
(initially) that drilling fluids might have invaded the samples (and in particular the former 
one), and may thus complicate any fluid chemical data related to them. 

Subsequent to the production of preliminary drafts of this report, the results of the porewater 
analysis are now available. Drilling fluid contamination was indeed a problem, not just in the 
shallowest caprock core sample, but also in all the other samples. To compound this further, 
no tracer (such as Li) was used in the drilling fluid that would have helped calculate a drilling 
fluid:porewater ratio. It was also found that various analytes did not behave in a consistent 
manner, and it is possible that ion-exchange reactions had modified the concentrations of 
particular species. As a consequence, it was not possible to determine a caprock porewater 
composition with any degree of confidence. 

As a result of the above problems, there was no other choice but to use a porewater 
composition based upon the only reliable data we have – namely that based upon analyses of 
porewaters from the Utsira sand. Thus the synthetic porewater used in this study will be very 
similar to that used previously (see Rochelle et al., 2002). This synthetic porewater will be 
called ‘Synthetic Utsira Porewater 2’, or ‘SUP2’ for short. 

Table 1 gives the ‘recipe’ for the preparation of the SUP2 fluid used in the experiments. 

2.3 SOLID SAMPLES 
In August 2002, 4 samples of Utsira caprock core were received at BGS. Each of these was 
20 cm long and sealed in plastic liners with plastic end caps. The core was taken from a 
deviated well, and was thus not vertical (taken at approximately 42° [Chadwick pers. 
comm.]). Details of the core pieces can be found in Table 2.  

Note that the samples used for porewater extraction are also suitable for use in geochemical 
experiments where the sample is to be disaggregated. This will allow for maximum use of the 
rather limited material available. However, the uncertain quality of the uppermost sample 
(906.0m-906.2m [uncorrected depth]) will probably mean that this sample will not be used. 

The solids will be reacted in 2 forms within the experiments (see also Section 3): 

1) Disaggregated solid – intact sample of previously ‘squeezed’ core carefully broken 
into a fine powder using a pestle and mortar. Significant grinding of the mudrock will 
be avoided. It is aimed to keep the size distribution of individual mineral grains 
exactly as they are in the original sample. 

2) Small cores or ‘monoliths’ – an otherwise undisturbed sample of core will be carefully 
trimmed into small, solid blocks. In some experiments these may be allowed to react 
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on all surfaces. In other experiments the sample may be placed into a tightly fitting, 
non-reacting ‘cup’ so that the majority of any reaction occurs on just one surface. 

It is hoped that by using two forms of solid in the experiments it will be possible to 
investigate: 

- conditions where the degree of CO2-porewater-caprock reaction is maximised. 

- processes occurring at the interface of the caprock with a CO2-filled porous/permeable 
medium. 

2.4 GASES 
Two gases will be used in the experiments: CO2 and an inert gas such as N2. 

CO2 

It is anticipated that the CO2 used in this study will be sourced from high purity (99.99%) 
liquid CO2 (Air Products, 4.5 Grade). This liquid CO2 is obtained in a cylinder fitted with a 
dip tube and pressurised with 2000 psi (approximately 14 MPa [140 bar]) of helium. 
However, the actual experimental pressure will be controlled by an ISCO syringe pump, 
which will have its pressure transducer periodically ‘zeroed’ to minimise drift, and also 
checked against an externally calibrated pressure transducer. Recorded pressures will be taken 
from the ISCO pump controller readout, which will display pressures in excess of 
atmospheric pressure (i.e. zero pressure = atmospheric pressure). 

N2 

It is anticipated that the N2 used in this study will be obtained from BOC Gases and classified 
as ‘oxygen free’ (99.998% pure). This gas is delivered in cylinders pressurised to 230 bar. 
However, the actual experimental pressure is likely to be controlled by a single-stage 
regulator. Recorded pressures will be taken from an independent pressure transducer reading 
line pressure (see descriptions in the following sections). 

3 Description of the experiments 
3.1 OVERALL APPROACH AND AIMS 
The experimental study is being undertaken in the Hydrothermal Laboratory of the British 
Geological Survey, Keyworth. The techniques that will be used are based upon those used in 
previous CO2 projects (e.g. during the JouleII CO2 storage project [Holloway, 1996; 
Czernichowski-Lauriol et al., 1996], and during the SACS project [Rochelle et al., 2002]). 
Use of similar techniques will hopefully allow for better inter-comparison between the 
various studies. Work under the SACS-TFE project aims to initiate a series of longer-term 
experiments, and these will continue into the CO2STORE project. Most of the sampling and 
analysis of these experiments will be conducted during the CO2STORE project. Shorter-term 
experiments to study relatively fast processes/reactions (should they occur) will be conducted 
within the future CO2STORE project. 
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3.2 EXPERIMENTAL EQUIPMENT 

3.2.1 Initial considerations 
Prior to performing the experiments, it is necessary to consider the use of equipment that is 
likely to perform well. Although dry supercritical CO2 is relatively inert, in the presence of 
water or NaCl solution it is much more reactive. Previous investigations within the BGS 
Hydrothermal Laboratory and other studies (e.g. Schremp and Roberson, 1975) have shown 
that steel can corrode and standard O-ring seals can blister and fail. 

To minimise both corrosion and experimental failure, exposed surfaces were chosen so as to 
be as inert as practicable. Therefore, the pressure vessels will be made of stainless steel (e.g. 
type 316) and will be lined with PTFE (polytetrafluoroethene) or titanium, high pressure 
tubing will be made of either 316 stainless steel or PEEK™ (polyetheretherketone), O-ring 
seals will be made of Viton®, and pressurised sampling containers will be made of titanium. 

3.2.2 ‘Batch’ equipment 
In order to obtain a better understanding of rock-water-CO2 interactions, long-term ‘batch’ 
experiments will be performed. This type of equipment is relatively simple and generally free 
from day-to-day maintenance. As a consequence, it is well suited for running over prolonged 
time periods. Indeed, it has also been used successfully in previous studies of CO2-water-rock 
reaction (e.g. Czernichowski-Lauriol et al., 1996; Gunter et al., 1993; Rochelle et al., 2002).  

There are two main aims for the ‘batch’ experimental programme: 

- To study the evolution of porewater chemistry and rock mineralogy over time during 
CO2-porewater-caprock reaction. This will be achieved by using approaches that 
combine; repeated sampling of fluid from a single experiment, and initiating a series 
of identical experiments and terminating them at ever-increasing timescales. Evolving 
fluid chemistry will be followed as a series of ‘snapshots’, which can be used to 
indicate the direction of reaction, overall rates of reaction, and possibly the time 
required to approach steady-state conditions. Evolution of mineralogical changes will 
be followed through detailed analysis of reaction products extracted at the end of the 
experiments. 

- To investigate whether the experiments themselves cause any fluid chemical or 
mineralogical changes (e.g. as a result of the conditions, equipment, or fluid:rock ratio 
used). This will be achieved by setting up identical experiments to those described 
above, but this time using an inert gas (in this case nitrogen) rather than CO2 as the 
pressurising medium. These experiments thus serve as ‘blanks’ with which to compare 
the CO2 experiments. 

The batch reactors used in this SACS-TFE study will be a slightly modified version of those 
used during the proceeding SACS2 studies (Rochelle et al., 2002). The modifications are 
meant to reduce gas loss through slow leakage, and reduce corrosion within the pressure 
vessels. At the time of writing this report (early September 2002), the new batch reactors are 
being manufactured, and so their final configuration is not yet fixed. However, the main 
differences between the two designs are: 

1) Reducing the number of O-ring seals from 2 to 1 (halves the potential for leakage). 

2) Moving from ‘face seal’ O-rings to an ‘edge seal’ O-ring (a more efficient method of 
sealing, and so reduces the potential for leakage). 
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3) Using a 2-part rather than a 1-part head assembly (allows for better alignment of O-
rings, and so reduces the potential for leakage). 

4) Producing the metal parts of the pressure vessel to better tolerances than previous 
versions (allows for better alignment of O-rings, and so reduces the potential for 
leakage).  

5) Using 316 stainless steel for the main body of the pressure vessel rather than EN54 
stainless steel (will probably have better corrosion resistance). 

6) Using 2 different steels for the threaded part of the pressure vessel assembly (will 
reduce ‘snatching’/sticking of the threads which is a problem with certain stainless 
steels). 

7) Possibly gold coating of the inside of the pressure vessel (will reduce the potential for 
corrosion - though note that the efficacy of the coating process and its long-term 
chemical resistance is as yet untested). 

8) Machining integral filter holders within the top of the vessel (should these be needed). 

9) Making the vessels marginally larger than previously (in the order of 250 ml rather 
than 100/150 ml) (will allow for larger specimens to be tested, and more fluid samples 
to be taken). 

A schematic diagram of a typical ‘batch’ experiment using disaggregated rock is shown in 
Figure 2, together with a comparable diagram of previous equipment. The likely total volume 
of each new vessel will be approximately 250 ml, although this will only be partly filled with 
solid and aqueous fluid, the rest being filled by CO2 or N2. 

Water saturated with CO2 is relatively reactive, and this is especially so for saline fluids. For 
this reason PTFE (polytetrafluoroethylene) liners were used in the modified vessels, as per the 
earlier equipment. Experience gained from the SACS2 project has shown that some corrosion 
can occur on the inside of the stainless steel vessels, even though the steel does not usually 
come into direct contact with aqueous fluids. Should preliminary tests be encouraging, the 
inside of the pressure vessels may be coated with a thin layer of gold to minimise any 
corrosion due to ‘damp’ CO2. This should provide a non-reacting layer to protect the steel. At 
the time of writing this report (early September 2002) the inside of the vessels are still to be 
coated with gold, and the exact coating process used (i.e. electroplating versus sputter 
coating) and its efficacy (i.e. how it stands up to mechanical abrasion and contact with high 
pressure CO2) are still to be ascertained. 

3.3 EXPERIMENTS TO BE UNDERTAKEN 
It is anticipated that 8 experiments in total will be started as part of the SACS-TFE 
programme. These are planned to run for timescales measurable in months or even years. As a 
consequence, they have been designed to be as simple as possible so that technical problems 
(and thus the chance of possible failure) can be reduced. It is currently planned to terminate 
these experiments within the future CO2STORE project. During the CO2STORE project it is 
also planned to conduct other, shorter-term, experiments. 

The experiments in the SACS-TFE programme will be run in pairs, as per previous SACS2 
experiments (see Rochelle et al., 2002). One experiment of each pair will be the ‘reacting’ 
case and be pressurised with CO2. The other experiment will be pressurised with an inert gas 
such as nitrogen. Thus there will be 4 possible variations of experiment that can be started in 
the SACS-TFE project. The following list briefly describes the four types of experiments that 
may be undertaken: 
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1) Disaggregated Utsira caprock + synthetic porewater (medium-timescales). The aim of 
these experiments will be to study possible changes in fluid chemistry and caprock 
mineralogy in the presence of dissolved CO2. The experiments will maximise the rate 
of fluid-rock reaction to give an indication of likely long-term steady-state conditions. 
Changes in fluid chemistry will be monitored on a monthly/bimonthly interval. The 
overall lifetime of the experiments is likely to be in the order of a year, at which point 
the samples of reacted caprock will be extracted. 

2) Disaggregated Utsira caprock + synthetic porewater (long-timescales). The aim of 
these experiments is as above, but they will focus on longer timescales. Changes in 
fluid chemistry will not be monitored during the SACS-TFE project, but will be 
monitored as part of the CO2STORE project, and this is likely to be at 6 monthly 
intervals. The overall lifetime of the experiments is likely to be in the order of 2-3 
years, at which point the samples of reacted caprock will be extracted. 

3) Intact piece of Utsira caprock partially exposed to damp CO2. The aim of these 
experiments will be to study possible changes in caprock mineralogy and ‘gross’ 
physical properties in the presence of free CO2. The samples of Utsira caprock will be 
constrained within non-reacting holders/‘cups’ (probably made of titanium) so that 
only the end faces will be exposed to excess free CO2. By placing the samples in 
holders it is hoped that they will be less likely to undergo possible disintegration. If a 
reasonably tight fit in the holders is achieved, then it is also hoped that reaction fronts 
(probably diffusion-controlled) may be observed away from the end surfaces exposed 
to CO2. The overall lifetime of the experiments is likely to be in the order of 2-3 years, 
at which point the samples of reacted caprock will be extracted. 

4) Intact piece of Utsira caprock partially exposed to CO2-saturated synthetic porewater. 
The aim of these experiments is as above, but they will focus on dissolved CO2. The 
equipment set-up will be very similar to the above experiments, but this time the 
caprock sample will be immersed in CO2-saturated synthetic porewater. The overall 
lifetime of the experiments is also likely to be in the order of 2-3 years, at which point 
the samples of reacted caprock will be extracted. 

All of the above experiments will use the same types of pressure vessels, only their internal 
layout will differ. When filled, all vessels will be placed into thermostatically controlled 
incubator (accurate to better than ± 0.5°C) and connected to the appropriate pressure line 
(Figure 3). 

For experiments of type (1) and (2) above, a known quantity of disaggregated Utsira caprock 
will be added into the PTFE liners, followed by an aliquot of synthetic caprock porewater. At 
the time of writing this report (early September 2002) it is envisaged that a 10:1 
porewater:solid mass ratio is likely to be used. The volume of the solid and aqueous samples 
is likely to fill about half of each vessel (see Figure 2). A small magnetic stirrer ‘bead’ will be 
added to each experiment to ensure sold and fluids are well mixed. Assembly of each vessel 
will involve placing the PTFE liner into the appropriate steel vessel, a fresh O-ring being 
inserted into its groove, a dip tube/filter assembly being fitted, and the lid of the vessel 
securely fastened down. 

Good mixing between CO2, porewater and disaggregated caprock will be achieved via the 
stirrer bead in each vessel. Although the bases of the stainless steel pressure vessels are in the 
order of 1 cm thick, this still allows for good ‘coupling’ between a magnetic stirrer and the 
stirrer bead. However, stirring the experiments does present a dilemma. Vigorous and 
continuous stirring would result in good mixing, but it could also mechanically degrade the 
solid sample. Conversely, little stirring would keep the sample relatively pristine, but mixing 
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would not be good and concentration gradients could result. It has been decided to adopt a 
compromise between these two extremes, and have several short periods of stirring a day, 
with a stirring speed just high enough to agitate any granular material. It is likely that two 
minutes of stirring will be used every 4 hours, which will be controlled via an electronic time 
switch. 

Previous studies (Toews et al., 1995) indicate that stable dissolved CO2 concentrations can be 
obtained in high pressure water-CO2 experiments within timescales as short as 30 minutes, 
though slightly longer timescales of just a few hours may be more realistic (Ellis and Golding, 
1963; Stewart and Munjal, 1970; Czernichowski-Lauriol et al., 1996). However, given the 
relatively long duration of the SACS-TFE batch experiments (months to years) and the 
relatively frequent stirring, it is reasonable to assume that the aqueous fluid within the 
experiments will be saturated with CO2 at the pressure and temperature of the experiment. 

For potential experiments of type (3) and (4) described above, a known quantity of intact 
Utsira caprock (± confining holder) will be placed into the PTFE liners. This will be placed 
above, or submerged within, an aliquot of synthetic caprock porewater (Figure 4). The 
purpose of the synthetic porewater in the type (3) experiments is not to react with the caprock 
sample, but to dampen the pressurising gas. A small magnetic stirrer ‘bead’ will be added to 
each experiment to ensure that the synthetic porewater and pressurising gas are well mixed. 
Assembly of each vessel will be similar to experiments of type (1) and (2) above, but no dip 
tube/filter assembly will be fitted. 

All of the above experiments (types 1-4) will be accommodated in a single incubator (see 
schematic diagram in Figure 3). Pressure connections will be placed at the top of the vessels 
so that aqueous fluids (denser than compressed nitrogen or CO2) cannot move between 
vessels. This arrangement means that only a single pump (for CO2) and gas bottle (for N2) are 
needed to maintain the system pressure. 

The CO2 for all the experiments (types 1-4) will usually be supplied to the experiments from 
an ISCO 260D syringe pump running in ‘constant pressure’ mode. Inert nitrogen gas will be 
supplied via a gas bottle using a single-stage regulator. The ISCO pumps are particularly 
useful for the ‘batch’ experiments, as they automatically adjust themselves for changes in gas 
volume. This is especially useful at the start of the CO2 experiments where the CO2 is first 
being warmed (increasing in volume) and dissolving in the porewater (decreasing in volume). 
The ISCO computerised controllers can allow pressure control to within 0.1 bar. The integral 
pressure transducer on the ISCO pump will be regularly ‘zeroed’ to maintain accuracy, and 
will be checked periodically against an externally calibrated pressure transducer. 

The ‘blank’ experiments pressurised by nitrogen will utilise a regulator connected to a gas 
cylinder. Control of (single stage) regulators at the pressures that will be used during this 
study can be somewhat coarse. However, the line pressure will be monitored via a secondary 
pressure transducer, and this will be checked against an externally calibrated pressure 
transducer. Past experience with the equipment indicates that if care is taken, gas pressure can 
be controlled (by regulator) to within about 1 bar of the desired value. 
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4 Sampling and analysis 
4.1 SAMPLING PROCEDURE 

4.1.1 Experiments using samples of disaggregated Utsira caprock 
The sample handling procedure will be similar to that used previously (Rochelle et al., 2002). 
Samples from both CO2-pressurised and N2-pressurised experiments are treated in the same 
way. In essence, this will involve withdrawing a sample of gas-saturated aqueous fluid up the 
dip tube shown in Figure 2, and along 1/8 inch diameter PEEK (polyetherethylketone) pressure 
tubing and out of the oven. This results in a cooling of the sample to room temperature 
(approximately 20°C). This is advantageous, in that gas solubilities generally increase at 
lower temperatures (e.g. for CO2 see Kuk and Montagna, 1983), and so problems due to 
degassing are likely to be reduced. The pipe work to the sampler will be flushed initially with 
a few ml of sample, then the (gas-rich) aqueous sample withdrawn into either; a titanium 
floating piston sampler, or a syringe (see Figure 5). If it is deemed necessary that degassing be 
prevented, sampling will be done under constant pressure conditions using the titanium 
floating piston sampler. Whichever method of sampling is used, the sample will be taken 
slowly (over a few minutes) to prevent degassing within the internal filter assembly. Too 
rapid sampling may also enhance possibly clogging of the filter by fine material. 

It is possible that some samples will be taken for the analysis of total dissolved carbon. This 
will involve reacting some of the gas-rich solution with NaOH solution at the experimental 
pressure (previous experience has shown that 4 molar NaOH works well [Czernichowski-
Lauriol et al., 1996; Rochelle and Moore, 2002; Rochelle et al., 2002]). The basis behind this 
approach is to convert all dissolved carbon species (e.g. HCO3

-, CO2(aq) and H2CO3) to 
carbonate (CO3

2-) by increasing the pH to hyperalkaline conditions: 

HCO3
-  +  OH-  =  CO3

2-  +  H2O [1] 

CO2(aq)  +  2 OH-  = CO3
2-  +  H2O [2] 

H2CO3  +  2 OH-  = CO3
2-  +  2 H2O [3] 

If the pH is high enough, these equations lie so far to the right that depressurisation does not 
cause significant loss of carbon through the formation of CO2(g). 

Once a sufficient number of samples have been obtained (over a period of several months), as 
much as possible of the remaining fluid inside the vessel will be removed. The rationale 
behind this is to minimise the potential for carbonate mineral precipitation as a result of the 
solution degassing (this would be an artefact of sampling). The (hopefully only slightly) damp 
solid will then be depressurised slowly by venting the pressurising gas. This process is likely 
to take 5-10 minutes. 

4.1.2 Experiments using samples of intact Utsira caprock 
These experiments are simpler to sample than those described above, in that possibly just a 
single fluid sample will be taken at the end of each experiment. When an experiment is 
complete, it will be depressurised slowly and carefully by venting the pressurising gas. If 
depressurisation is faster than the rate at which gas can escape from the intact sample, then 
damage to the sample may result. At the time of writing this report (early September 2002) it 
is not clear exactly how slowly this process will have to be done (though it may have to be 
over several days). It is hoped that short-term tests as part of CO2STORE will provide the 
necessary information prior to the termination of the long-term experiments. 
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4.2 PREPARATION OF EXPERIMENTAL PRODUCTS 
The following sub-sections describe the most likely sample handling procedures that will be 
used during the study. However, it may also be necessary to use slightly different 
methodologies, and any such differences will be noted in subsequent reports. Differing 
approaches may be necessary, for example, to preserve unexpected run products (e.g. delicate 
precipitates), or to preserve fluid samples for less usual analyses (e.g. trace heavy metals). 

4.2.1 Solid products 
On opening a batch pressure vessel, its PTFE liner containing the sample of reacted solid will 
be removed. In the case of the disaggregated material, it is likely to be split into several 
subsamples depending on the type of analysis required. These subsamples could include; 
washed, unwashed, air dried and freeze dried. Once dry, the samples are likely to be placed 
into an airtight container prior to mineralogical analysis. 

4.2.2 Fluid samples 
For the experiments utilising disaggregated Utsira caprock, two types of samples may be 
taken. One will involve depressurisation (and hence loss of dissolved gases), but the solution 
is relatively straightforward to analyse. The other involves capture of dissolved CO2 by 
preservation with excess alkaline solution, but the resulting mixture is relatively less 
straightforward to analyse. 

Depressurisation sample 

After depressurisation, each of the reacted fluids will be split into several sub-samples. A sub-
sample of 1 ml will be taken for immediate analysis of pH. Another sub-sample will be taken 
using a polythene syringe and filtered using a 0.2 µm ‘Anotop’® nylon syringe filter. A 
volume (in the order of 4-8 ml) of this sample will be placed into a polystyrene tube, diluted 
with a similar volume of distilled de-ionised water, and acidified with 1% of concentrated 
‘ARISTAR’® nitric acid. This will be analysed subsequently for major and trace cations by 
inductively coupled plasma - optical emission spectroscopy (ICP-OES). A further aliquot of 
this filtered sample (in the order of 2-4 ml) will be taken and placed in a polystyrene tube, 
diluted with a similar volume of distilled de-ionised water, and analysed for anions by ion 
chromatography (IC). Samples will be stored in a fridge (at about 5°C) prior to analysis. 

Alkali preserved sample 

This will involve first filling a titanium floating piston sampler (see Figure 5) approximately 
half full of 4M NaOH solution - the alkali conditions ensuring that all dissolved C species 
(mainly CO2(aq), H2CO3 and HCO3

-) will be converted into CO3
2-. The remainder of the 

sampler volume is then filled with gas-rich sample fluid at the experimental pressure. After 
standing for approximately 10 minutes (with occasional shaking) the sample will be 
depressurised. Previous experience shows that well-collected samples undergo with minimal 
degassing at this stage. However, previous experience has also shown that samples rich in 
dissolved Ca may go ‘cloudy’ when mixed with NaOH – probably due to the precipitation of 
either portlandite (Ca(OH)2) or calcite (CaCO3): 

Ca2+  +  2 OH-  =  Ca(OH) 2 [4] 

Ca2+  +  CO2(aq)  +  2 OH-  =  CaCO3  +  H2O [5] 

At the time of writing this report (early September 2002) work is underway to assess the 
relative contribution of both of the above solids to the precipitate. If calcite is found to be a 
major component in the precipitate, then this will need to be taken into account when 
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calculating the total amount of carbon in the aqueous phase within the experiment. The 
precipitate may be very fine and hard to filter. If it does form, the solution will probably be 
left for several hours to allow it to settle. The relatively clear sample fluid can then be filtered 
easily using a 0.2 µm ‘Anotop’® nylon syringe filter and placed into a polystyrene tube. It will 
then be stored in a fridge (at about 5°C) prior to analysis by titration against sulphuric acid. 
This analysis will provide a determination of total dissolved inorganic carbon, of which 
approximately 99% is likely to be dissolved CO2 (van Eldik and Palmer, 1982). 

Dilution factors between gas-saturated synthetic porewater and 4M NaOH solution are 
calculated based on measured Cl- content of the synthetic formation water and the mixed 
synthetic formation water/4M NaOH solution - the 4M NaOH solution effectively containing 
none of this element. 

4.3 ANALYTICAL TECHNIQUES 
Standard methods of analysis of solid and liquid samples will be employed in this study. In 
brief, appropriate fluid samples will be taken for chemical analysis of major (± some minor) 
cations using inductively coupled plasma - optical emission spectroscopy (ICP-OES), and for 
all major (± some minor) anions using ion chromatography (IC). Other types of analyses will 
be used as necessary (e.g. inductively coupled plasma - mass spectroscopy (ICP-MS) for trace 
cations). Mineralogical analyses will utilise standard techniques that are likely to include; 
conventional optical microscopy, scanning electron microscopy (SEM), X-ray diffraction 
(XRD), and electron probe micro analysis (EPMA). 

pH measurements will be made on cooled and depressurised samples using an Orion® 900A 
pH meter calibrated using Whatman®  NBS traceable buffers at pH 7, 10 and 13. However, if 
practicable (constrained by time and sample volume) another technique may also applied. 
This effectively monitors the colour change of an aqueous pH indicator solution (e.g. 
bromophenol blue) using a UV-visible spectrometer. Although somewhat more complex than 
conventional methods, it has the advantage that it can be used at elevated temperatures and 
pressures (Toews et al., 1995; Faanu, 2001), and so can provide an indication of in-situ pH. 
Determination of pH is based upon calibration against known citric acid/NaOH pH buffers. 

Details of elements/species that might be analysed for, their typical detection limits, and their 
associated analytical errors are given in Table 2. The errors are based on long-term internal 
quality control standards. However, there are a couple of points that are worth noting: 

1) The actual detection limit of any element/species will depend on whether the sample 
had to be diluted prior to analysis. For example, the apparent detection limit of a 
particular analyte for a sample diluted by a factor of 10, will be 10 times greater than 
for an undiluted sample. 

2) The uncertainty (error) associated with a single analytical datum will depend upon 
how close that value is to the detection limit for that analyte. For example, a useful 
‘rule of thumb’ is as follows: 

Nearness to detection limit Degree of uncertainty/error 

<10x detection limit >10% 

~10x detection limit 10% 

~10-100x detection limit 5-10% 

>100x detection limit <5% 
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5 Possible future experiments 
The experimental study detailed above aims to study geochemical processes and reactions 
occurring over months to a few years. The experiments will be initiated under the SACS-TFE 
project, but will be terminated and sampled under the CO2STORE project. By starting the 
experiments early, it is hoped that they can be studied over timescales not possible within just 
the CO2STORE project. It is planned that other, shorter-term, experiments will be undertaken 
as part of the CO2STORE project. Although the focus of these future projects is still to be 
finalised, it is useful to outline possible experiments and what they might address. The 
following list briefly describes some possible future experiments: 

1) Disaggregated Utsira caprock + synthetic porewater (short-timescales). The aim of 
these experiments would be to study possible changes in fluid chemistry and caprock 
mineralogy in the presence of dissolved CO2. The experiments would maximise the 
rate of fluid-rock reaction to give an indication of likely long-term steady-state 
conditions. Changes in fluid chemistry could be monitored on a weekly interval. The 
overall lifetime of the experiments could be in the order of a few months, at which 
point the samples of reacted caprock would be extracted. These ‘batch’ experiments 
would provide shorter-timescale data to those conducted under the SACS-TFE project, 
and the combined dataset should dovetail together to give information on processes 
occurring over a few days to a few years. 

2) Intact piece of Utsira caprock partly exposed to dry CO2. The aim of these 
experiments would be to study possible changes in ‘gross’ physical properties in the 
presence of free CO2. In particular, shrinkage phenomena could be studied as a result 
of dehydration by dry CO2. The experiments would utilise a disc of Utsira caprock 
contained within a high pressure ‘view cell’ so that visual observations of the caprock 
could be made. The overall lifetime of the experiments is likely to be in the order of a 
few months, at which point the samples of reacted caprock will be extracted. 

3) Disaggregated Utsira caprock + synthetic porewater (high temperatures). The aim of 
these experiments would be similar to (1) above. However, geochemical reactions 
may be slow at in-situ temperatures, and these may hinder the study of reaction 
processes. Heating the experiments would increase reaction rates, and would allow the 
temperature dependence of the reactions to be studied. However, care would be 
needed during interpretation of the results in case unrepresentative secondary phases 
formed during the experiment. 

4) Pure mineral separates. It may be necessary to understand the reaction mechanisms of 
a particular mineral or minerals in greater detail (e.g. if of particular importance). 
Samples of pure mineral could be obtained (not necessarily from the Utsira caprock, 
but from elsewhere in the world) and reacted under a variety of conditions. Detailed 
analysis of reaction products could provide information on reaction mechanisms, rates 
of reaction, and possibly long-term steady-state conditions. 



 

 13 

6 Conclusions 
An experimental study is being undertaken to react CO2 with samples of Utsira caprock from 
the Sleipner field and synthetic formation waters. The aim of this study is to investigate the 
potential for CO2-porewater-caprock interaction above the stored CO2. Quantitative data will 
be produced relating to the direction, rate and magnitude of any reactions. It is hoped that this 
will help predictive modelling exercises by providing well-constrained test cases with which 
to compare the models. 

A range of experiments are being conducted in ‘batch’ equipment at a pressure of 8 MPa (80 
bar) and at a temperature of 30°C. Durations of the experiments are likely to range from 
several months to a few years. This report describes the experiments, and typical procedures 
for setting them up and sampling them. Deviations from these methods will be noted in future 
reports, which will also detail the results from various of the experiments. 
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Figure 1 Phase diagram for CO2 (based upon Atkins, 1982). 

 

Temperature (°C)

-56.4°C 25.0°C 31.1°C

7.38

6.79

0.52

0.10

-78.5°C

Pr
es

su
re

 (M
Pa

) Solid Liquid

Gas

Critical 
point

Triple 
point

 



 

 15 

Figure 2a Schematic diagram showing a new design batch reactor that will be used for CO2-
porewater-caprock experiments. 
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Figure 2b Comparison schematic diagram showing a typical batch reactor used for previous 
experimental studies with Utsira sand (see Rochelle et al., 2002). 
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Figure 3 Schematic diagram showing the typical layout for a series of batch experiments. 
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Figure 4 Schematic diagram showing a typical batch reactor used for studying the impact 
of ‘damp’ CO2 on intact samples of caprock. Note that the CO2-saturated 
synthetic porewater experiments are similar, but the caprock sample is covered by 
the aqueous phase. 
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Figure 5 Schematic diagram showing the typical method of sampling aqueous fluids from a 
batch reactor. 
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Table 1 ‘Recipe’ used for making synthetic Utsira porewater. It was called ‘Synthetic 
Utsira Porewater 2’, or ‘SUP2’ for short. 

 

Weight of compound added (g) per litre of distilled, 
de-ionised water 

Compound 

Recipe Actually added 

KCl 0.3966 0.3966 

CaCl2.2H2O 1.5627 1.5627 

MgCl2.6H2O 5.2693 5.2685 

SrCl2.6H2O 0.0304 0.0305 

BaCl2.2H2O 0.0009 0.0009 

NaHCO3 0.7880 0.2157    * 

FeCl3.6H2O 0.0097 0.0097    ** 

NaCl 25.8676 25.8679 

 
* A weighing error appears to have resulted in slightly less NaHCO3 being added than was 

in the recipe. However, the impact of this is thought to be very minor given that vastly 
more Na was added as NaCl, and that the dissolved inorganic carbon concentration (i.e. 
primarily CO2(aq) and HCO3) will change rapidly in the experiments through reaction with 
shell fragments and excess high pressure CO2. 

** After the solution had been standing for a while, a yellow/brown precipitate was observed 
at the bottom of the container. It is thought that this was a FeIII-phase precipitate, and the 
solution was filtered to remove it. As a consequence, the total dissolved Fe concentration 
may well have been less than was originally aimed for. 
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Table 2 Information on the 4 samples of Utsira caprock sent to the BGS. 
 

Drilled (uncorrected) 
depth (metres) 

Top of core Bottom of 
core 

Vertical depth 
below sea level 

(metres) 

 

Use 

906.00 906.20 784.0 Porewater (± slight possibility of 
disaggregated sample for use in 
geochemistry experiments), 
mineralogy, petrology. 

907.40 907.60 785.0 Block for gas transport experiments, 
blocks for geochemistry experiments, 
mineralogy, petrology. 

908.80 909.00 786.2 Some for porewater extraction, the 
rest to be left intact for possible use at 
a later date. 

910.20 910.40 787.3 Porewater (+ disaggregated sample 
for geochemistry experiments), block 
for gas transport experiments 
mineralogy, petrology. 
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Table 3 Listing of a range of possible analytes, instrument detection limits, likely 
detection limits given likely dilution factors, and an estimation of uncertainty 
(note that other analytes will probably be studied, and these will be detailed in 
later reports). 

 
Analyte Detection limits 

(instrument)# 
(mg l-1) 

Likely detection limits  # 
 mg l-1                   mol l-1 

Likely 
percentage ± 
uncertainty  † 

Li 0.025 0.5 7.2 x 10-5 10 
Na 0.35 7 3.0 x 10-4 <5 
K 0.5 10 2.6 x 10-4 <5 
Mg 0.01 0.2 8.2 x 10-6 <5 
Ca 0.1 2 5.0 x 10-5 <5 
Sr 0.002 0.04 4.6 x 10-7 <5 
Ba 0.002 0.04 2.9 x 10-7 <5 
Mn 0.002 0.02 3.6 x 10-7 5-10 
Total Fe 0.01 0.2 3.6 x 10-7 5-10 
Cr 0.002 0.04 7.7 x 10-7 10 
Al 0.01 0.1 3.7 x 10-6 10 
Total P 0.01 0.1 3.2 x 10-6 10 
Total S 0.25 2.5 7.8 x 10-5 5-10 
Si 0.075 0.75 2.7 x 10-5 5-10 
SiO2 0.16 1.6 2.7 x 10-5 5-10 
Cl- 0.1 2 5.6 x 10-5 <5 
Br- 0.03 6 7.5 x 10-5 5 
NO3

- 0.04 0.8 1.3 x 10-5 5-10 
SO4

2- 0.3 60 6.3 x 10-4 10 
HCO3

- 22 22 3.6 x 10-4 5 
CO3

2- 22 22 3.6 x 10-4 <5 
TOC 1 3.6 3.0 x 10-4 5 

 
# Limits of quantification can be described in more than one way. Firstly there is the actual instrument limit 

for an ‘ideal’ dilute solution. However, more concentrated solutions (i.e. saline porewaters) have to be 
diluted prior to analysis as high concentrations of total dissolved solids cause analytical problems. 
Dilution causes an effective worsening of the detection limits. During this study, samples are likely to be 
diluted 10x or 20x prior to analysis. 

† Illustrative uncertainties considered ‘typical’ for the concentration ranges likely to be found in this study. 
Concentrations <10x the detection limit have uncertainties ≥10%, concentrations >10x the detection limit 
have uncertainties typically ≤5%. 

NA Not applicable, as element was below the detection limit. 
 


	Foreword
	Acknowledgements
	Contents
	Summary
	1 Introduction
	2 Baseline information and samples
	2.1 PRESSURE AND TEMPERATURE
	2.2 AQUEOUS FLUID COMPOSITION
	2.3 SOLID SAMPLES
	2.4 GASES

	3 Description of the experiments
	3.1 OVERALL APPROACH AND AIMS
	3.2 EXPERIMENTAL EQUIPMENT
	3.2.1 Initial considerations
	3.2.2 ‘Batch’ equipment

	3.3 EXPERIMENTS TO BE UNDERTAKEN

	4 Sampling and analysis
	4.1 SAMPLING PROCEDURE
	4.1.1 Experiments using samples of disaggregated Utsira caprock
	4.1.2 Experiments using samples of intact Utsira caprock

	4.2 PREPARATION OF EXPERIMENTAL PRODUCTS
	4.2.1 Solid products
	4.2.2 Fluid samples

	4.3 ANALYTICAL TECHNIQUES

	5 Possible future experiments
	6 Conclusions
	References
	Figures
	Tables

