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PREFACE
Yes, I am Geologist. The fact that you have in your hands a copy of my doctoral thesis, 

by which I aspire to obtain the degree of Doctor in Chemical Engineering, far from 

being something casual only makes manifest the high degree of multidisciplinarity that 

currently entails the subject treated in this study, the geological storage of CO2.

The research centre where I wrote my thesis, Research Centre for Carbon Solutions 

(RCCS) at Heriot-Watt University (Edinburgh), led by Prof. Mercedes Maroto-Valer, is 

a clear example of this interdisciplinary effort. There, working side by side, a group of 

chemists, engineers and, of course, geologists develop a holistic view of issues related to 

CO2 capture and storage (CCS), a fascinating subject along the border between science 

and engineering as well as one of the tools to mitigate the serious consequences of 

climate change.

Precisely on December 2015 in Paris, just a few months after starting this work, political 

leaders of the XXI International Conference on Climate Change endorsed what for the 

scientific community was already quite obvious: that the average temperature of the 

planet has risen a couple of degrees since human activity has increased emissions of 

greenhouse gases such as CO2.

The result of the actions foreseen in the agreement signed by the parties to deal with 

this situation cannot be fully evaluated until a few years from now, but of course this has 

been the starting point for expressions such as “climate change” or “global warming” 

have definitely become part of our vocabulary, thus helping to raise awareness in society 

and promote the use of instruments to combat the problem, including the CCS. I feel, 

therefore, privileged to be living this moment and to be able to contribute my modest 

contribution in the fight against this challenge.

My contribution focuses on the final part of the CCS process, when CO2 is injected into 

a geological formation through one or more previously drilled wells. These wells are in 

contact with the surrounding rock and are lined with cement to keep them free during 

their operating phase. During the injection process, mainly, and once the wells are no 
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longer operational, the cement undergoes a series of transformations that vary its initial 

properties, especially its porosity and permeability, and that can facilitate the leakage of 

the injected gas even affecting the safety of the wells, one of the main problems related 

to CO2 geological storage stage.

Given that the final objective of storage is to leave indefinitely confined the injected gas 

in a geological formation, it is important to develop methodologies that could allow us 

to simulate and model the process of CO2 injection through the cement of the wells and 

their subsequent maintenance in order to avoid leaks and/or minimize its associated costs.

This work is framed in this context and the main purpose of this thesis is to investigate 

the interactions between CO2-brine-well cement to evaluate the integrity of API Class 

G cement wellbore system under CO2 geological storage conditions. The well cement 

samples studied in this thesis are representative of the Goldeneye reservoir (North Sea), 

which is a candidate for the storage of CO2 into the Captain D Sandstone.

Here we consider cement as if it were a natural rock. In fact, it behaves as such with 

some slight variations, which, although a priori may seem so, do not necessarily facilitate 

its study: we know its initial composition and we can carry out laboratory tests. On the 

other hand, due to the way in which the cement is generated, its porosity is practically 

null and it is difficult to study its evolution. Likewise, despite its importance, there are not 

many studies on the evolution of the permeability of cement under injection conditions. 

Therefore, trying to know how and in what way these variations occur will undoubtedly 

represent an important contribution that I hope the reader will be able to value.

In addition, as I come from a discipline where it is usual to present scientific results in the 

form of high quality images and figures, I have ensured that all the illustrations presented 

in each of the chapters meet these requirements. I hope that the final product, layout 

and edited according to this idea, reflects my intention.

All this effort pursues, in addition to purely scientific one, another objective that I 

expect will be achieved: the hope that this thesis can help future doctoral students and 

other people interested in the subject... even though the author is a simple geologist 

reconverted into a chemical engineer!
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ABSTRACT

There is currently a great deal of concern regarding the wellbore integrity, particularly 

of existing abandoned wells. These wells represent the greatest potential risk of CO2 

leakage through its engineered structure, more specifically, through well cement as was 

studied in this PhD thesis.

The aim of this Thesis is to study how the internal microstructure of cement undergoes 

a series of transformations that change its initial properties, particularly its porosity and 

permeability, by the effect of geochemical reactions that occur in the CO2 injection 

process but also when the wells are no longer operative.

A series of experiments were conducted in order to simulate the degradation process 

in which Class G cement representative of the Goldeneye reservoir (North Sea) can be 

exposed during and post injection of CO2 into the storage site, using high-pressure 

and high-temperature reactors. Reacted cement samples were examined for porosity, 

permeability and mineralogical changes.

The internal structure of cement samples has been highly affected by CO2 injection. 

The alteration depth observed in the different set of samples varies depending on 

factors such temperature, pressure and salinity, as well as the use of pozzolan additive, 

in which these cement samples were exposed. In addition, the CO2-brine-well cement 

interactions have let to a series of changes in porosity and permeability.

Despite cement samples were exposed to different experimental conditions, there is a 

general reduction in porosity (except in some samples) caused by secondary calcium 

carbonate (CaCO3(S)) precipitation. However, this reduction of porosity does not always 

lead to a reduction of permeability because the variation of cement permeability is 

related with factors as the development of secondary thin micro-cracks and/or a potential 

better connectivity between pores of secondary porosity. An increase (by a factor of 10) 

in permeability is observed in those samples that suffered higher degradation.
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INTRODUCTION

This chapter is divided into four sections. The first section 

(1.1) describes the main concepts and issues related 

with climate change and CO2 emissions. Section 1.2 briefly 

defines the Carbon Capture and Storage (CCS) process. 

Finally, the problem statement of CO2 leakage and the thesis 

aim, objectives and structure are described into sections 1.3 

and 1.4, respectively.



Assessment of well cement risk leakage on CO2 geological storage: the Goldeneye reservoir (North Sea, UK)

2Chapter 1 - Introduction

1.1. CLIMATE CHANGE AND CO2 EMISSIONS

One of humanity’s greatest fears and an important environmental threat is the climate 

change induced by the increase of the average global temperature, which is called global 

warming (IEA, 2005). Although throughout history Earth has undergone natural and 

significant changes in the average temperature, with alternating periods of noticeable 

warming and cooling, the global annual surface temperature has increased by 0.74°C 

during the last century (IPCC, 2007b), and it is expected to increase by 1.0-3.7°C in 

this century (IPCC, 2012; IPCC, 2013). This significant rise could have many disastrous 

environmental effects on Earth and on people’s livelihoods, such as glaciers, and Artic 

sea ice are decreasing much faster than previously projected (EEA, 2012; IPCC, 2014). 

This may result in small and large glaciers disappearing and causing sea level to rise 

which threatens small islands and can cause a significant coastal erosion and more 

powerful storms (EEA, 2015). Moreover, if rapid action was not undertaken, climate 

change could cause a substantial ocean acidification and increasing water temperatures 

(EEA, 2015). The Intergovernmental Panel on Climate change (IPCC) predicts that sea 

level could increase globally by more than a metre (1.15 m) by 2100 (Kovats et al., 2014). 

Furthermore, if such predictions hold true, there are several European cities (e.g. in 

Netherlands, Germany, Belgium, Denmark or France) that are at risk of coastal flooding 

(Nicholls et al., 2008; Hallegatte et al. (2008, 2011)).

It is widely accepted that global warming has been driven mainly by human activity and 

accelerated with the sharp rise in anthropogenic emissions of greenhouse gases (GHGs) 

(IPCC, 2013) as a result of burning fossil fuels for satisfying the global energy demand. 

The International Energy Agency’s (IEA), an autonomous organisation comprised of 29 

member’s countries examining global energy issues, estimates that growth in global 

energy demand is set to grow by 37% between 2012 and 2040 (IEA, 2014), which affect 

the emissions of greenhouses gases.

GHGs trap heat from the sun instead of radiating it back to space. This action, known 

as the greenhouse effect (IPCC, 2007a), induces the Earth’s atmosphere to heat up and 

contributes significantly to global warming. Specifically, the combustion of fossil fuels, 

which increased from an average of 3.1± 0.2 GtC yr-1 in the 1960s (Le Quéré et al., 2014) 

to an average of 9.4 ± 0.5 GtC yr-1 during the period 2008-2017 (Le Quéré et al., 2018), 
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releases several GHGs, such as carbon dioxide (CO2), nitrogen oxides (N2O), methane 

(CH4) and water vapour (H2O), into the Earth’s atmosphere (IPCC, 2007a; IPCC, 2005). 

CO2 is one of the most worrisome GHGs emitted into the atmosphere, being responsible 

for about 64% of the greenhouse effect (Bryant, 1997). According to IPCC (2007), 

global GHGs emissions have grown since pre-industrial times, with an increase of 70% 

identified from 1970 to 2004 (IPCC, 2007c). The global emission of CO2 was 50.9 Gt in 

2017, reaching a new record of emissions which is 1.6 Gt higher than 2016 year’s record 

(Olivier and Peters, 2018). The atmospheric concentration of CO2 has increased more 

than 40% since pre-industrial times, from approximately 277 ppm in 1750 (Joos and 

Spahni, 2008), to 409.36 ± 0.1 ppm in 2018 (Dlugokencky and Tans, 2019). The global 

mean temperature in 2018 was approximately 0.99 ± 1.3 ºC above the pre-industrial 

era, being one of the warmest years on record (WMO, 2019).

This significant increase is caused mainly by fossil fuel combustion and cement 

production (industry), but also by the release of CO2 to the atmosphere from 

deforestation and land-use change activities (Le Quéré et al., 2014; Ciais et al., 

2013). Fig. 1.1 shows a schematic representation of the global carbon cycle caused 

by anthropogenic activities from average globally for the period 2008 to 2017, and 

indicates the CO2 emission from fossil-fuel burning and cement production (9.4 ± 0.5 

GtC yr-1), the CO2 emission resulting from deforestation and other land-used change 

(1.5 ± 0.7 GtC yr-1), the growth rate of CO2 in the atmosphere (4.7 ± 0.02 GtC yr-1) and 

the uptake of CO2 by the ocean and land sink (2.4 ± 0.5 GtC yr-1 and 3.2 ± 0.8 GtC yr-1, 

respectively) (Le Quéré et al., 2018).

Despite the effort made by some governments (e.g. USA and UK, among many others), 

the combustion of fossil fuels will continue to dominate the world’s energy market for the 

foreseeable future, and hence, policy choices and market developments are not enough 

to halt the rise in energy-related CO2 emissions (EEA, 2015; IEA, 2014). In addition, 

even if the world stopped emitting GHGs today, the effects of climate change would 

continue for decades as a result of past emissions (IPCC, 2013). In the political arena, 

in 2015, the US government published its action plan against the climatic change (The 

White House, 2015), a long-awaited initiative which will undoubtedly help to drive future 

positive actions to mitigate the serious consequences of the global climatic change 
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and global warming in the near future. EU member states are also aware of the global 

threat posed by climate change and for this reason has adopted national programmes 

aimed at reducing emissions. The main objective of the applied strategies is to reduce 

emissions as well as to reduce fuel combustion to minimize the serious effects of global 

warming (EEA, 2015). The UK is one of the first countries in the G7 group who commits 

to reach a net zero CO2 emissions by 2050 to stopping global warming (Gov.UK, 2019; 

Committee on Climate Change, 2019; CarbonBrief, 2019). In addition, according to IEA 

(2017), the global power sector can achieve net zero CO2 emissions by 2060 and thus to 

limit future temperature increases to 1.75 ºC by 2100, which is the midpoint of the Paris 

Agreement’s ambition range (IEA, 2017).
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Fig. 1.1. Overview of the global carbon cycle for the period 2008-2017. The units are GtC yr-1. This figure was 
adapted from Le Quéré (2010).
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From a scientific point of view, some research groups are already at work in seeking new 

methods and solutions to reduce the GHG’s emission, in particularly CO2 emissions. 

Currently, one of the most promising mitigation measures for stabilizing and reduce 

the concentration of atmospheric CO2, is the Carbon Capture and Storage (CCS).

 1.2. CARBON CAPTURE AND STORAGE

Carbon Capture and Storage (CCS) is a process whereby CO2 emitted from the use of 

fossil fuels and other industrial activities is captured and stored safely. This process can 

trap up 95% of CO2 emissions and aims to reduce and maintain the concentration of 

CO2 in the atmosphere (IPCC, 2005; Delprat-Jannaud et al., 2015). The CCS process 

is divided into three parts (Fig. 1.2). The first step is to capture the CO2 through 

Fig. 1.2. Schematic diagram of the carbon capture and storage process (Rochon et al., 2008).

Carbon capture is the most energy-intensive part of the process.
Carbon capture systems have yet to be applied to a single utility scale
coal-fired power station anywhere in the world. Costs for installation
are estimated to result in a near doubling of plant costs. Retrofits
could be even more costly.
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CO2 can be transported to a storage location via pipelines,
ships, rail or road transport. Cost considerations and
proximity to water bodies leaves pipelines as the likely
choice for most CCS operations.

Ocean storage of CO2 has largely been ruled
out due to unavoidable negative impacts on
the ocean environment from acidification
and other changes in ocean chemistry.

The construction of a network of pipelines for CCS is
likely to require a considerable outlay of capital. Costs
will depend on a number of factors. Pipelines built near
population centres or on difficult terrain will be more
expensive. Costs also increase the further CO2 needs to
be transported.

Geological storage injects CO2 into
permeable rock formations deep below
the Earth’s surface. The IEA estimates
that by 2050, at least 6000 storage
projects, each injecting a million tonnes
of CO2 a year into the ground, need to
be in operation. At present, only three
such storage projects exist worldwide.

It is not currently possible to quantify the exact
risk of leakage, however any CO2 release has the
potential to impact the surrounding environment;
air, groundwater or soil. A leakage rate as low as
1% could undermine any climate benefit of CCS.
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the use of several processes including adsorption, chemical or physical absorption, 

reactive solids and membranes ryogenic processes (IEA, 2008; Ebner and Ritter, 2009). 

Currently, technological developments have a capture efficiency of 85-95% of the CO2 

processed in a capture plant (IPCC, 2005). In the second step, the captured CO2 is 

compressed for transportation to a storage site mainly via pipelines, but also using 

rail, road transport or ships (IEA, 2008). Pipe transportation of CO2 can build upon 

oil and gas industry experience and this is an economical method for transporting 

large quantities of CO2 over long distances (The Global CCS Institute, 2009). For the 

transportation to be finally stored, the CO2 has to be pressurised to ≤ 100 bar (Boot-

Handford et al., 2014). The last step is the permanent storage of CO2 in the ocean 

water column or into suitable underground geological formations in such a way that it 

will remain stored (IPCC, 2005; Riboldi and Bolland, 2015).

In the case of CO2 geological storage, the rock formations considered are deep 

underground formations of porous rock with impermeable rocks (caprock) above 

them avoiding to this CO2 return to the atmosphere. Because this, it is important the 

performance of the confining system (seals) over long time scales (Le Guen et al., 

2009).

Locally, the occurrence of CO2 leakage pathways through the structure of existing 

wells could negatively affect shallower formations, human health and the environment 

(Gérard et al., 2006). Indeed, the existence of abandoned wells, wellbore cement 

degradation and casing corrosion can create leakage pathways allowing the migration 

of CO2 from the reservoir to the surface (Connell et al., 2012). For this reason, the study 

of the wellbore integrity and risk assessment in CO2 geological storage is important 

and needed.

1.3. PROBLEM STATEMENT OF CO2 LEAKAGE

The identification and assessment of potential leakage pathways after CO2 injection in 

a geological formation is one of the greatest challenges for the development of CCS 

Technologies. The integrity of the wellbore, in particular, of existing abandoned wells or 

non-operative wells is of great concern (Pan et al., 2011). Abandoned wells are considered 

one of the major potential pathways for CO2 leakage (Pan et al., 2011). The cementing 
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process is carried out during the drilling and completion of oil and gas wells (Agbasimalo 

and Radonjic, 2012), to provide zonal isolation in the wellbore and prevent vertical 

migration of fluids and/or gases through the wellbore to the surface (Crow et al., 2010). 

Despite the high quality of the material used during well completion, well cement may be 

degraded by the presence of some corrosive agents such as CO2 or saline water (Brondel 

et al., 1994). The importance of degradation of the well cement has been recognised in 

recent years and many researchers as Duguid et al. (2005), Barlet-Gouédard et al. (2006, 

2007) and Kutchko et al. (2008, 2009) have studied the interaction between CO2-brine-

well cement. These studies have shown that the CO2-brine-well cement system triggers 

an increased depth of alteration in cement over time, which is difficult to define with 

absolute precision.

However, it remains unclear the change in porosity and permeability along well cement 

associated with CO2-brine-well cement interactions and/or CO2 supercritical-well cement 

interactions. This may be partly due to the great difficulty in defining and simulating the 

real conditions of the cementing process in the laboratory.

 1.4. THESIS AIM, OBJECTIVES AND STRUCTURE

The aim of this PhD thesis is to understand the interactions between CO2-brine-well 

cement in order to evaluate the integrity of cement wellbore (API Class G) systems 

in a CO2 sequestration environment, through a combination of geochemical and 

petrophysical analytical methods and techniques.The well cement and brine samples 

studied in this thesis are representative of the Goldeneye reservoir. This research project 

has been conducted in the Research Centre for Carbon Solutions (RCCS) at Heriot Watt 

University (Edinburgh) and the main objectives of this work are:

1- To assess the cement degradation, from lab-scale experimental tests, in which 

well cement representative of the Goldeneye reservoir could be exposed when 

comes into contact with CO2-saturated brine.

2- To determine the effect that CO2-brine-well cement interactions have on porosity 

evolution, which is related with well cement stability.
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3- To determine the impact on permeability evolution that is caused by CO2-brine-

well cement interactions in order to know if new CO2 leak path will be created over 

experimental time.

This thesis is structured into five chapters. The first one introduces the subject. Chapter 

2 looks at the concepts and reviews the state of the art with special regard to CO2-

brine-well cement interactions and its implications. Chapter 3 describes the data and 

methods used and place special emphasis on the petrophysical aspects of the study. 

Chapter 4 presents the main results of this thesis and discusses their interpretation. The 

Thesis concludes with the synthesis and a statement of the principal conclusions and 

future work in Chapter 5. In addition, the extensive and updated bibliography consulted 

in this work is included as a references list.
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MAIN CONCEPTS
AND LITERATURE REVIEW

This chapter is divided into six sections. The first section 

(2.1) provides information on the main concepts related 

to underground CO2 storage process and a brief geological 

description of the study area of this work. The following 

sections address the safety of storage CO2 (section 2.2) and 

wellbore integrity (section 2.3) issues. The geochemical and 

petrophysical effect of CO2 injection process on well cement 

is extensively described into sections 2.4 and 2.5, respectively. 

Finally, a summary and the main gaps to be filled are explained 

in section 2.6.
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2.1. CO2 GEOLOGICAL STORAGE

Underground storage of CO2 is considered feasible thanks to the experience and 

knowledge acquired from enhanced oil recovery (EOR) and gas injection projects, such 

as Sleipner, Weyburn and in the Salah project (IPCC, 2005). These CCS projects were 

carried out over the last two decades. Geological storage of CO2 can be undertaken in 

a variety of geological settings in sedimentary basins, containing rock formations that 

have securely trapped fluids and/or gases for long periods. In addition, the tectonic 

settings and reservoir characteristics are of great importance, since all sedimentary 

basins do not have the same potential for storage.

2.1.1. CO2 storage options

The storage of CO2 can be undertaken through a range of approaches, including 

terrestrial storage through plants such as algae and forests or soil organic matter, ocean 

storage and, finally, geological storage, also named geosequestration, which generally 

refers to the process of safely storing CO2 in the earth’s subsurface (The Global CCS 

Institute, 2009; Zahid et al., 2011).

CO2 can be stored into the ocean water column (typically below 1,000 meters) or onto 

the deep seafloor (at depths below 3,000 meters), forming a lake of liquid CO2 on 

the seabed (IPCC, 2005; IEA, 2007). The deep oceans have a storage capacity from 

~ 103 to 104 (GtC) (Parson and Keith, 1998). Although the oceans represent probably 

the greatest potential and natural sink (Herzog et al., 1997), its major drawback is the 

possible environmental impact on marine life (Bennaceur et al., 2004). Ocean storage 

is in the research phase because it involves complex physical and chemical processes 

and others issues are still poorly understood, such as sequestration efficiency, technical 

feasibility or environmental impact (IPCC, 2005; IEA, 2008; Herzog et al., 1997). On the 

other hand, one of the most major negative impacts to storage CO2 in the deep oceans 

is the formation of carbonic acid (H2CO3), which will cause an increase in the acidity of 

ocean water (EPA, 2010).

Because of its environmental implications, CO2 storage in oceans is generally no longer 

considered as an acceptable option and geological storage is viewed as the option that 

carries the lowest risk (Bennaceur et al., 2004). Unlike terrestrial or biological storage, 
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where carbon is stored via agricultural and forestry practices, geological storage involves 

the injection of CO2 into specific permeable rocks (reservoir rocks), which are sealed by 

impermeable rocks, well known as caprocks (Rochon et al 2008).

Geological storage is a relatively new process, and CO2 has been stored in deep saline 

aquifers at the Sleipner site (offshore Norway) since 1996 (IEA, 2008). Moreover, this 

process has also been used to enhance oil recovery (EOR) in oil and gas reservoir from 

early 1970s (Melzer, 2012). For instance, in the Val Verde area of Texas (USA), at around 

1.3 million tonnes of CO2 have been used annually in EOR operations at the Sharon Ridge 

oilfield (ZeroCO2.No, 2015).

2.1.2. Suitable reservoir formations

When considering a reservoir formation for CO2 injection, it is extremely important to 

take into account: (i) the capacity of the reservoir to accept a large volume of CO2 

throughout the lifetime of the injection process, (ii) the injectivity or possibility of 

the reservoir’s structure to accept the CO2 at the rate that it is supplied, and (iii) the 

confinement to prevent or minimize potential leaks pathways throughout rock formation 

or from existing wells (Bachu and Bennion, 2009). Confinement is by far one of the 

most important factors, since CO2 leakage can cause serious local and regional negative 

effects to other resources (e.g. hydrocarbons), potable groundwater (e.g. the quality of 

groundwater aquifers), vegetation and animal life (ecosystem hazards), and of course 

potential hazards to human health and safety (IPCC, 2005).

A reservoir formation must also comply with several specific geological characteristics, 

such as high values of porosity and permeability along the reservoir site, an optimum 

sealing over the selected storage reservoir and a certain depth to obtain maximum 

performance (IPCC, 2005; Bachu, 2000; Chadwick et al., 2008). The porosity of an 

optimal petroleum reservoir ranges from 5% to 40%, although most frequent values are 

between 10% and 20% (Tiab and Donaldson, 2003). It should be noted that geologic 

formations suitable for underground CO2 storage have been identified around the 

world and they can occur in both onshore and offshore sedimentary basins (IPCC, 2005). 

Sandstone reservoirs present the largest storage capacity among geological formations 

to storage CO2 (De Silva, 2015). 
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There are four different geological storage options that are considered for CO2 storage 

(Fig. 2.1): (i) deep coal seam, (ii) depleted oil and gas reservoirs, (iii) enhanced oil 

recovery (EOR), and (iv) deep saline formations (Zahid et al., 2011; Leung et al., 2014). 

The injection of CO2 in hydrocarbon reservoir or deep saline formations generally takes 

places at depths below 800 m, in order to achieve CO2 in liquid or supercritical state 

(scCO2) (IPCC, 2005). Typically, it happens when CO2 has reached critical temperature 

(Tc = 304 K) and critical pressure (Pc = 7.38 MPa) (Budisa and Schulze-Makuch, 2014). 

In addition, into these depths, there are various physical and geochemical trapping 

mechanisms that would prevent the migration of CO2 to the surface (IPCC, 2005).

Although depleted hydrocarbon fields, which have been previously well researched, 

are considered to best option to safe sinks for CO2 storage, some authors consider 

Overview of geological storage options

4. Deep saline formations
(a) onshore (b) offshore
Deep saline aquifers are porous
rock, which contain very saline
water. The major obstacles to full
exploitation of this storage option
are accurate characterisation
and demonstration that safety
and environmental protection
can be assured.

3. Enhanced Oil Recovery (EOR)
EOR involves injecting CO2 into geological
formations to achieve greater oil recovery.
EOR sites are ultimately too few and too
geographically isolated to accommodate much
of the CO2 from widespread capture operations.

2. Depleted oil and gas reservoirs
These reservoirs tend to be the best characterised of all available storage options.
However, the multiple bore holes and wells drilled to find and extract oil and gas
can increase the leakage risk for storage operations.

1. Deep coal seams
In these formations, CO2 is stored via a mechanism that leads to the release of methane.
Substantial technical concerns related to the injection of CO2 and subsequent storage processes
limit the immediate attractiveness of these sites.

Fig. 2.1. Overview of geological storage options (Rochon et al., 2008).
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that the most promising actions for stabilization of atmospheric CO2 concentration 

is the storage in saline aquifers due to their larger storage volume (Bachu, 2000; 

Smith et al., 2012). On the other hand, it is well known that one of the main problems 

associated with geological storage is the estimation of the storage space and the 

residence time of the CO2 in geological formations (Tzimas et al., 2005). 

Another attractive option is the usage of unmineable coal seams to store large volume 

of anthropogenic CO2 (Reeves and Schoeling, 2001). In this case, adsorption is the 

main storage mechanism using high pressure (Shi and Durucan, 2005). Deep coal beds 

contain methane (CH4) which is displaced by the injected CO2 (CO2-ECBM) (Parson and 

Keith, 1998; Reeves and Schoeling, 2001; Shi and Durucan, 2005). Thus, the potential 

leakage risk in coal seams will be lower than hydrocarbon reservoirs and deep saline 

aquifers (Damen et al., 2006).

Clearly, the storage capacity is highly dependent upon the underground geological 

formation and the compression capacity (Tiab and Donaldson, 2003). For instance, the 

global capacity in depleted oil and gas reservoirs is ~ 200 to 500 GtC, or deep coal beds 

is ~ 100 to 300 GtC, and deep saline aquifers is ~ 102 to 103 GtC (Herzog et al., 1997; 

Socolow, 1997; Holloway, 1997). By contrast, IEA (2008) shows that the global capacity 

in depleted oil and gas reservoirs could be more than expected, at around 920 (GtC).

Saline aquifers and depleted hydrocarbon fields are the two CO2 storage options in the 

North Sea (Chadwick et al., 2008). The Sleipner field can be a clear example of a saline 

aquifer, which is a major saline of the late Cenozoic age and has been considered an ideal 

location for storing CO2. In this case, CO2 has been injected into the Utsira sandstone 

that has the ideal pethrophyscial properties to maintain CO2 stored underground for 

long period (Torp and Gale, 2004). On the other hand, from the year 2013 there are 12 

abandoned fields on the Norwegian shelf in which three are oil fields, four gas-condensate 

fields and five gas fields. In addition, EOR process has been considered in these fields. 

For instance, the Frigg field, which is a depleted gas reservoir, it is considered a good 

candidate for future CO2 storage (Norwegian Petroleum Directorate, 2014). Another 

abandoned depleted hydrocarbon field is the Goldeneye reservoir, which is located in 

the Outer Moray Firth of the North Sea (UK sector) and has been thoroughly studied by 

Shell Oil Company (Marshall et al., 2016).
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2.1.3. Geological framework

The Goldeneye depleted gas condensate field (Fig. 2.2), located offshore in the UK 

North Sea, is a candidate for the storage of at least 10 million tonnes of CO2 into the 

Captain D Sandstone unit over a period of 10-15 years (Hangx et al., 2013). Shell/Esso 

discovered the Goldeneye Field in 1996 and production commenced in 2004.

The Goldeneye platform has five gas production wells, which were initially drilled and 

completed to produce hydrocarbons from the Captain Sandstone. By June 2010, three 

of the five development wells were shut-in due to water production (Nicoll, 2012), 

having produced 567 Bscf of gas (Shell, 2014b; Garnham and Tucker, 2012). At least 

four of the five production wells will be recompleted for CO2 service (Spence et al., 

2014), specifically replacing the upper completions. According to Shell (2014b), three 

wells will meet the injection requirements and an additional well will be worked over 

for monitoring purposes. Moreover, this additional well will be available for injection 

if required. It has yet to be decided whether the fifth well will be converted for CO2 

injection, long-term suspension or abandoned. CO2 is planned to be injected via the 

Fig. 2.2. Location of the Goldeneye Field and existing pipeline (Shell, 2014b).
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existing Goldeneye wells into the storage site (Captain D Sandstone unit) in a single-

phase fluid (dense phase), at depth > 2516 m (8255 ft) under the floor of the North Sea 

into the previously gas-bearing portion of the high quality Captain Sandstone (Spence 

et al., 2014).

2.1.4. Goldeneye storage complex

The Goldeneye storage complex has approximately 2 km thick of sedimentary cover. 

The stratigraphic succession was deposited from Late Mesozoic (Early Cretaceous) to 

Early Cenozoic (Early Eocene) (Chadwick et al., 2008). The composite section of the 

Goldeneye reservoir encompasses the topmost Hordaland formation, the Dornoch 

formation, the Lista formation, the Mey, Balmoral and Maureen formations, the Ekofisk, 

Tor, Mackerel and Herring formations, the Plenus/Hidra and RØdby formations, and 

finally by the Captain formation (Fig. 2.3).

The Goldeneye storage reservoir (Captain D Sandstone, ~ 250 m thick) is constituted by 

a sandstone body of high quality porous rock overlain and sealed by a 60 - 85 m thick 

succession of the Upper Valhall mudstone, RØdby formation, Hidra formation and Plenus 

Marl Bed which are formed from impermeable mudstone and chalk rocks (Shell, 2014b; 

Garnham and Tucker, 2012). In the Captain D sandstone, at a depth of ~ 2600 m, the 

sandstone has a permeability of between 700 and 1500 millidarcy (mD) (Spence et al., 

2014), and mostly consists of quartz (~ 80%) and feldspar (~ 10%), with small amounts 

of authigenic clays and intergranular cement (Hangx et al., 2013). It is well known that 

the Captain D sandstone unit is hydraulically connected to a large saline aquifer namely 

Captain sandstone aquifer, and currently some water from the aquifer is entering the 

Captain D sandstone. Therefore, when CO2 is injected into the field, it will displace 

the invaded water back into the aquifer (Spence et al., 2014). Once CO2 has been 

injected, it could move up by potential leakage pathways through a wellbore into the 

secondary storage (Mey sandstone) or laterally into the Captain aquifer. Mey sandstone 

unit belongs to the Montrose group and is considered as a secondary storage and is 

covered by impermeable shales (Lista mudstone), which is regarded as the secondary 

reservoir seal, located around 1220 m (above the RØdby shale and Plenus Marl units) 

(Shell, 2014b).
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Fig. 2.3. Vertical extent of the notional Goldeneye storage site and notional storage complex. Vertical depth (ft) is 
an approximation. Figure modified from Shell (2014b).
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2.2. SAFETY OF STORED CO2

Because all considerations mentioned above (Ch. 2.1.1 and Ch. 2.1.2), the ideal 

geological formation where the CO2 will be trapped should have high impermeable 

caprock, absence of fractures or leakage paths, effective trapping mechanisms and, 

above all, geological stability (IPCC, 2005).

2.2.1. Pathways for well leakage

One of potential major risks in CCS is the identification, assessment and monitoring 

of potential leakage pathways after CO2 injection. Leakage of CO2 may contaminate 

groundwater resources and can cause potential damage on humans, plants and subsoil 

animals (Celia et al., 2005). In addition, it will have a direct contribution to the increasing 

CO2 atmospheric concentration. A large amount of CO2 emission sources (above 0.1 

MtCO2 yr-1) has been identified around the world, especially across several locations of 

North America, South East Asia, Southern Asia and North West Europe (IPCC, 2005). All 

these areas have been a huge volume of exploration and extraction of oil and natural 

gas and they are considered as possible locations of CO2 leakage (Celia et al., 2005).

Pathways for possible CO2 migration scenarios can be gradual through undetected or 

reactivated faults and fractures or across caprock formations, or the diffuse leakage 

across the caprock formations, but also it is possible to have an abrupt leakage through 

injection well failure or leakage from an abandoned well (Fig. 2.4) (IPCC, 2005; Celia et 

al., 2005). Furthermore, there may be leakages from pipelines during transport process, 

but they are almost imperceptibles (IPCC, 2005). Wells from oil or gas exploration 

and production activities, in particular, deep abandoned wells represent the greatest 

potential risk for leakage (Pan et al., 2011). Moreover, CO2 geological storage also 

requires special attention to the large number of existing abandoned wells or non-

operative wells, to ensure that CO2 remains trapped underground (Celia et al., 2005). 

Consequently, the potential for leakage will depend on well and seal integrity, and the 

trapping mechanisms (e.g. structural and stratigraphic trapping, residual CO2 trapping, 

dissolution and mineral trapping) (Damen et al., 2006).

Poor well completion (oil and gas wells) or permanent well abandonment are the 

main factors directly affecting well integrity, which can lead to a serious deterioration 
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through the wellbore, the well cement degradation, and the casing corrosion and 

failure (Bachu and Bennion, 2009; Zhang and Bachu, 2011; Davies et al., 2014). The 

quality and characteristics of the material used during the well completion may cause 

the degradation of the engineered structure, particularly due to the presence of 

corrosive agents such as CO2 or saline water (Brondel et al., 1994; Scherer et al., 

2011). The casing corrosion and the deterioration of well cement can occur not only 

once the wells have been abandoned, but also during the oil production (Davies et 

al., 2014). 

According to Zhang and Bachu (2011), a series of leakage pathways can be created 

in the well annulus during the well construction, completion and operation. 

Consequently, the wells must be studied and analysed exhaustively to obtain a 

comprehensive environmental risk assessment, since they represent one of the most 

potential leakage pathways for the stored CO2. 

After this extensive explanation about CO2 storage, it is important to mention that 

the work carried out in this PhD thesis is strictly focused on the possible creation 

of leakage pathways throughout well cement after CO2 injection. More specifically, 

cement that represents the real well cement of the abandoned wells located in the 

Goldeneye storage reservoir (North Sea).

Fig. 2.4. Overview of potential CO2 migration scenarios (CO2GeoNet, 2008).
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2.2.2. Well abandonment

A well that is no longer operative or needed is plugged and abandoned according to 

local mining regulations and guidelines (Bai et al., 2016). The open hole would typically 

be filled with a series of cement plugs from the reservoir to the surface (Crow et al., 

2010; Celia et al., 2005). The definition of wellbore integrity is a condition to maintain 

the isolation of geological formations and prevent vertical and horizontal migration of 

gases or fluids through the wellbore (Crow et al., 2010; Teodoriu et al., 2013).

Injection wells and abandoned wells are considered the most probable leakage 

pathways for CO2. Potential leakage pathways in a typical abandoned well are along 

the engineered structure, particularly among the cement-rock contact, the cement-

casing contact, the cement well plugs-casing contact, and also through fractured or 

degraded cement well plug (Fig. 2.5) (Crow et al., 2010; Celia et al., 2005; Zhang and 

Bachu, 2011).

Fig. 2.5. Overview of different leakage pathways through the wellbore’s structure: through the casing (1), through 
cracks on well cement (2), among well cement and rock (3), among well cement and casing (paths 4 and 5), and 
through the cement well plugs (6), modified from Celia et al. (2005).
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Mechanical defects in the wellbore’s structure, such as gaps and/or fine fractures 

with an aperture size of 0.01-0.3 mm, can cause an increase in permeability, and 

thereby, could provide CO2 leakage pathways (Bachu and Bennion, 2009). The oil 

and gas production/injection wells are being affected from stress change, cycling 

pressure and temperature change, corrosion and dissolution mechanisms, which 

directly affect the integrity of wellbore (Teodoriu et al., 2013). 

When the potential pathways for CO2 are evaluated, the depth of the wells is an 

important feature to be considered since the number of wells penetrating different 

formations decreases as a function of depth and, at the same time, the risk of 

leakage decreases (Celia et al., 2009). The rate of the cement degradation of 

abandoned wells may cause some potential leakage pathways of the CO2 stored. A 

clear example of this phenomenon is located in shallow areas from Alberta (Canada), 

where wellbore leakage is caused due to poor cement sealing (Watson and Bachu, 

2008). Due to their infrastructure deterioration, the main problem is located in the 

areas with a large amount of abandoned wells because they become an escape 

pathway. In contrast, if the structure formed by the well casing, the well cement 

and the surrounding rock has a good and adequate bonding with each other, this 

will most likely constitute a reliable sealing to prevent the migration of CO2 and/or 

CO2-saturated brine (Bachu and Bennion, 2008). Between 2011 and 2013, a large 

amount of oil and/or gas production fields in the North Sea were abandoned. These 

abandoned wells are currently being considered for storing large volume of CO2. 

Therefore, there is a need to understand the behaviour of the cement when it comes 

into contact with the interactions between CO2-saturated brine with the aim of 

preventing the potential CO2 leakage along abandoned wellbores. The Goldeneye 

field is a representative example as the Goldeneye platform has five abandoned gas 

wells, and is currently being evaluated as a potential store for CO2. In this case, in 

order to use the existing wells for CO2 injection, it is necessary to replace the upper 

completions (Shell, 2014a). 

As was explained above, the study conducted in this PhD thesis is exclusively focused 

on the potential leakage pathways along well cement representative of the Goldeneye 

reservoir (North Sea). Thus, the interactions between CO2-saturated brine in casing-

cement and rock-cement are not considered.
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2.3. WELLBORE INTEGRITY

Once CO2 is injected into the geological storage and comes into contact with the lower 

section of well cement, a series of geochemical reactions affects the long-term wellbore 

integrity. These reactions can damage the internal structure of cement, as well as the 

durability of well cement (Davies et al., 2014).

2.3.1. Well completion and operation

Before starting the drilling operation, it is imperative to carry out an intensive geological 

and geophysical study of the chosen area. In order to achieve an efficient exploration well, 

it is necessary to complete all steps of development that are described below. First of all, 

a steel casing pipe is inserted into the borehole, and then cement is injected along the 

annular space, which is located between the steel casing and the surrounding rock (Celia 

et al., 2005; Nelson and Guillot, 2006).

The cement should shield the steel casing preventing the vertical migration of these fluids 

through the wellbore annular space (Zhang and Bachu, 2011). The capacity of cement 

sheath to provide zonal isolation depends on three factors: (i) The proper placement of 

the cement into the annular space, (ii) The mechanical behaviour of the cement and, 

(iii) The stress conditions in which cement has been subjected (Bellabarba et al., 2008). 

The creation of some micro-cracks and/or gas channels in cement sheath occurs when 

there is a poor bonding between the well cement and the surrounding rock (Zhang and 

Bachu, 2011; Wojtanowicz, 2008). During the cementing process, some channels can be 

formed by the presence of gases that are related to hydrostatic pressure, displacement 

mechanism, and slurry characteristics (Bol et al., 1991; Bonett and Pafitis, 1996). When the 

cement has set, the oil and/or gas production process, which cause a cyclic pressure and 

temperature variation in the wellbore, could lead to debonding, tensile failure or stress 

crushing of the cement (Khandka, 2007).

Leakage pathways created by different mechanical causes and generated during well 

completion and production process (Zhang and Bachu, 2011) are described below, 

namely: (i) Mud displacement, (ii) Gas migration during cement setting, and (iii) Cement 

sheath stress failure.
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Mud displacement 

The main objective of a primary cementing operation is to provide a relatively clean 

pipe and formation surface to obtain a complete and permanent well isolation 

between different formations and the surface (Bol et al., 1991; Nelson, 1990; Watson 

et al., 2002). In order to achieve this objective, a good drilling-mud removal prior 

to cementing, from the annular space between casing and formation rock, together 

with proper slurry placement are essential to obtain well isolation (Nelson, 1990; 

Bittleston and Guillot, 1991; Bellarby, 2009). Poor or incomplete mud displacement 

during the cementing phase can lead to continuous mud channels across the structure, 

causing interzonal communication and loss of zonal isolation (Nelson, 1990; Choi 

et al., 2013). If some mud has remained on the annular space, it could dehydrate 

after the cement sets, causing an annulus between the cement and formation rock 

interface (Zhang and Bachu, 2011). In contrast, effective displacement process will 

contribute positively to the durability of bonding and good sheath integrity (Nelson, 

1990). 

Gas migration during cement setting

During the cement setting process, gas migration channels can be created due to 

gas invasion into the cement-filled annulus (Doyle et al., 2008). This gas invasion 

occurs when pressure is lower in the annulus than at the formation rock (Bonett 

and Pafitis, 1996), and can lead to development of a pathway for formation fluids 

within the cement sheath (Bol et al., 1991). Thus, the loss of hydrostatic pressure 

in the cement column and volumetric changes in the annulus are responsible for 

the annular gas migration (Wojtanowicz, 2008; Zhou and Wojtanowicz, 2011). The 

volumetric loss is caused by filtration and chemical shrinkage (hydration) (Zhou and 

Wojtanowicz, 2011). On the other hand, the transition of the cement slurry from 

the fluid state to the solid state can cause the loss of annular pressure (Sabins 

and Sutton, 1991). Simultaneously with the hydrostatic pressure, the pore pressure 

is reduced (Wojtanowicz, 2008). During the cement setting process, parameter as 

fluid, density, cement slurry design, mud removal strategy and cement hydration 

process are parameters to be taken into account for gas migration (Bonett and 

Pafitis, 1996). 
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Cement sheath stress failure

Even if the cementing process has been successful, gas migration could still occur 

throughout the well life (Bellabarba et al., 2008). Mechanical failure or generation of 

microannulus can cause the loss of zonal isolation (Boukhelifa et al., 2004). In addition, 

changes in downhole conditions may produce enough stresses to affect the integrity of 

the cement sheat, resulting in microannulus that represent a pathway for fluid migration 

(Bellabarba et al., 2008). These stresses may be caused by increased mud weight, casing 

perforation, stimulation, pressure integrity tests, gas production and/or the increase in 

wellbore temperature (Le Roy-Delage et al., 2000). In the wellbore, cycling increase of 

pressure and/or temperature causes the expansion and contraction of the steel casing, 

which could deform the contact between the steel casing and the cement sheat, creating 

microannuli and radial stress cracks (Boukhelifa et al., 2004). On the other hand, cement 

shrinkage leads to the creation of fractures behind the casing in which formation gas 

will slowly accumulate (Dusseault et al., 2000). Moreover, the lost of the bond between 

cement and rock formation is caused by cement shrinkage (Zhang and Bachu, 2011).

2.3.2. Well cement

The American Petroleum Institute (API) classifies cement into eight classes (from A to 

H), depending on its specific characteristics (chemical composition and/or fineness), 

applications and depth (Nelson and Guillot, 2006; Gabolde and Nguyen, 2006), as 

shown in Table 2.1. API cements are graded according to sulphate resistance, with 

three grades defined as ordinary (O), moderate sulphate resistant (MSR), and high 

sulphate resistant (HSR) (Nelson, 1990; API, 1997). The predominant types of cement 

for oil and gas wells are the API Class G and the Class H cements (Nelson, 1990). 

The four major crystalline compounds of these cements are: (i) tricalcium silicate 

(Ca3SiO5), (ii) dicalcium silicate (Ca2SiO4), (iii) tricalcium aluminate (Ca3Al2O6), and 

(iv) tetracalcium aluminoferrite (Ca4Al2Fe2O10) (Nelson, 1990; Kutchko et al., 2007), 

which are represented by their cement chemical notation (CCN) as C3S, C2S, C3A and 

C4AF, respectively (Taylor, 1997). The interaction between these compounds with 

water/brine forms hydration products, namely calcium-silicate-hydrate and calcium 

hydroxide (Ca(OH)2(S)), that are known as C-S-H and CH, respectively (Nelson, 1990; 

Kutchko et al., 2007). Ettringite (3CaO·Al2O3·3CaSO4·32H2O) is formed as one of 

the first products during cement hydration by the reaction of the aluminate phases, 
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calcium sulphate and water, followed by monosulphate (3CaO·Al2O3·CaSO4·12H2O) 

(Christensen et al., 2004). Cement terminology also refers to ettringite as Aft phase 

and, monosulphate as AFm phase, both terms are broad classifications for crystal 

structure types (Clark and Brown, 1999). 

For this PhD thesis, API Class G cement with a series of additives (antifoam, pozzolan 

and anti-settling) is used (cf. Ch. 3.1.1), as it is the type of cement used in abandoned 

wellbores of Goldeneye storage reservoir (study area of this work).

2.3.3. Field wellbore studies

The potential for CO2 leakage from wells are related with the integrity of the original 

construction as well as stresses that occurs over the life of the well (Crow et al., 2010). 

It is essential to have a good set of field and experimental data in order to understand 

and clarify essential concepts related with the risk of leakage. Despite the difficulty 

Table 2.1. API classes of cement (adapted from Salim and Amani, 2013)

API CEMENT 
CLASSES 

SULFATE RESISTENCE 
GRADE 

TEMPERATURE 
(°F) 

DEPTH 
(ft.) 

CEMENT 
SLURRIES  

A (O) 
80 – 170 

(27 °C to 77 °C) 
0 – 6,000 
(1,830m) 

46 % water 

B (MSR) and (HSR) 
80 – 170 

(27 °C to 77 °C) 
0 – 6,000 
(1,830m) 

46 % water 

C (O), (MSR) and (HSR) 
80 – 170 

(27 °C to 77 °C) 
0 – 6,000 
1,830m) 

56 % water 

D (MSR) and (HSR) 
170 – 290 

(77 °C to 143 °C) 
6,000 – 10,000 

(1,830 to 3,050m) 
38 % water 

E (MSR) and (HSR) 
170 – 290 

(77 °C to 143 °C) 
10,000 – 14,000 

(3,050 to 4,270m) 
38 % water 

F (MSR) and (HSR) 
230 – 320 

(110 °C to 160 °C) 
10,000 – 14,000  

(3,050 to 4,880m) 
38 % water 

G (MSR) and (HSR) 
Wide 

temperature range 
All depths 44 % water 

H (MSR) and (HSR) 
Wide 

temperature range 
All depths 38 % water 
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to obtain field wellbore samples, there are several studies that have been undertaken 

using representative samples from areas of West Texas and Wyoming, USA.

Carey et al. (2007) studied the interaction between CO2-casing-cement-shale caprock in 

samples collected from the SACROC Unit (Permian Basin, West Texas, USA) in order to 

investigate the integrity of cement wellbore system under geologic CO2 sequestration 

conditions. It is important to underline that these field samples were exposed for 30 

years to CO2-flooding operations. The well “49-6” studied was drilled in 1950 to a total 

depth of 2131 m. The type of cement used in this field was API Class A cement and was 

collected for the depth interval between 1622 and 2075 m. The results showed that the 

casing had little evidence of corrosion and cement showed two distinct alteration zones. 

These alteration zones were identified, on the other hand, between the casing-cement 

contact (0.1-0.3 cm of thickness), represented by a dark ring, and an orange alteration 

zone observed on the cement sample (0.1-1.0 cm of thickness), between the cement-

shale contacts. These series of rings formed and progressed inward showing different 

reaction phases within the cement samples (Duguid et al., 2005). The dark ring showed 

the precipitation of calcite, aragonite, and halite. In this area, amorphous component 

was not observed. However, the orange zone was heavily carbonated and contains 

calcium carbonates (calcite, aragonite and vaterite), halite, and a substantial amorphous 

component. Finally, it was concluded that despite the evidence for CO2 migration, the 

structural integrity of the cement of this well has remained stable after 30 years in CO2 

sequestration conditions. 

Scherer et al. (2011) conducted petrophysical and chemical analyses for cement samples 

that were retrieved from a 19-year-old well at Teapot Dome Oil Field in Wyoming (USA). 

The well studied was called “#43 Tpx-10” and was cemented in 1985, using API Class G 

cement mixed with pozzolan additive (fly ash), during the initial stage of cementing and 

using API Class C fly ash at the second stage. 

The cement samples were recovered in the adjacent zone to the Tensleep (dolomitic rock) 

and 2nd Wall Creek (sandstone rock) formations. Six thin sections were analysed and it 

was concluded that there were significant differences in their alterations and conditions. 

The cement sample taken from the Wall Creek formation (933 m) had undergone a 

form of sulphate attack, while the cement sample from the Tensleep formation (1670 
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m) was decalcified and enriched in magnesium, due to the reaction between dolomite 

and calcium hydroxide. Finally, this study concluded that there was abundant ettringite 

formed and porosity in the affected area as a result of sulphate attack. 

Due to the great difficulty to achieve field wellbore samples, it is therefore necessary to 

make use of other methods, such as laboratory experiments, to obtain information about 

the structure’s integrity of an abandoned well. Laboratory experiments can simulate 

the integrity of abandoned wells throughout their lifetime, and therefore, identify and 

minimize dynamics of degradation of the wellbore cement. 

2.4. GEOCHEMICAL IMPACTS 

Well cement is subjected to geochemical reactions once it comes into contact with 

supercritical CO2 and/or CO2-saturated brine, causing marked changes in its internal 

structure (Kutchko et al., 2007; Barlet-Gouédard et al., 2009; Corvisier et al., 2010; 

Huerta et al., 2013; Fabbri et al., 2012; Rochelle and Milodowski, 2013) that might affect 

the long-term wellbore integrity (Gherardi et al., 2012).

2.4.1. CO2 – Brine – Well cement interactions

There are a large number of research studies assessing the durability of cements used to 

line and/or plug in existing wells (Duguid et al., 2005; Barlet-Gouédard et al. (2006, 2007); 

Kutchko et al. (2008, 2009); Duguid, 2009). The dynamics of degradation of wellbore 

cement due to the presence of CO2 saturated formation brine and/or supercritical CO2 

under geologic sequestration conditions is an important factor in order to maintain the 

integrity and security of CO2 storage (IPCC, 2005; Zhang and Bachu, 2011). Several 

geochemical degradations among the casing-cement, casing-plugs, cement-rock and 

along/through cement well plug are expected, which may lead to the development of 

potential CO2 pathways (Zhang and Bachu, 2011). CO2-brine-cement interactions lead 

to mineral dissolution (Kutchko et al., 2007), the development of carbonation fronts and 

porosity (Corvisier et al., 2010; Huerta et al., 2013; Fabbri et al., 2012; Rochelle and 

Milodowski, 2013; Gherardi et al., 2012). Moreover, chemical alteration may increase 

the permeability of the cement, resulting in opening leakage pathways (Kutchko et al., 

2008). The external and internal interfaces of cement in abandoned wells will probably 

create the main flow pathways for fluids leakage (Bachu and Bennion, 2009). In addition, 
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it is important to consider that geologic sequestration is feasible when values for CO2 

annual leakage rates are below 0.1% (White et al., 2003). In contrast, other authors 

consider that the annual leakage rates should be less than about 0.01% of the injected 

CO2 (IPCC, 2005; Chadwick et al., 2008). 

The storage process is initiated by the CO2 injection into the reservoir. When CO2 flows 

through the rock formation, it creates physical and chemical disequilibria (Humez et al., 

2014). The degree of reactivity between CO2, brine and reservoir rock directly affects 

the injection process, CO2 storage capacity and long-term safety and stability of CO2 in 

underground geological formations (Czernichowski-Lauriol et al., 2006). CO2-brine-rock 

reactions take place in the form of mineral dissolution/precipitation and adsorption/

desorption at the mineral surface (Lu et al., 2013). Once CO2 has been dissolved into 

the aqueous phase as brine, carbonic acid and its dissociation takes place (Eq. 2.1) 

(Kutchko et al., 2007; Humez et al., 2014; Rosenbauer et al., 2005). This process leads 

to a significant lowering of pH (Humez et al., 2014; Lu et al., 2012). 

CO2 dissociation

CO2 (aq) + H2O  t  H2CO3(aq)  t  H+
(aq) + HCO3

- (aq)  t   2H+ + CO3
2-                                          (2.1)  

Laboratory experiments can be very useful to obtain information about the level of 

alteration in different types of cement used in borehole infrastructure. For instance, 

experimental results from Bachu and Bennion (2009) showed that a layer of carbonate 

material was created in the outer surface of cement sample that was in contact with 

CO2-saturated brine. This layer could be considered as a protective barrier from further 

degradation if the wellbore is formed with high-quality cement (Bachu and Bennion, 2009; 

Kutchko et al., 2007). Carbonation process does not occur at the same time for each of the 

cement phases, specifically, calcium hydroxide (CH or Ca(OH)2(S)) reacts before calcium-

silicate-hydrate (C-S-H or 3CaO·2SiO2·3H2O) (Duguid, 2009; Maekawa et al., 2008). The 

following chemical equations, Eq. 2.2 through Eq. 2.5 show cement carbonation, where 

the dominant carbonate (CO3
2-) and calcium carbonate (CaCO3(S)) remain stable (Duguid, 

2009). According this author, this process will cause a reduction of cement permeability due 

to sealing the connected pores when calcium carbonate precipitates. Once portlandite 

(Ca(OH)2(S)) has been depleted, the dissolution of CaCO3(S) which is formed the carbonated 

band begins to dissolve (Eq. 2.6 to Eq. 2.7) (Kutchko et al., 2007).
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Cement Carbonation

Ca(OH)2 (S) + CO3
2- + 2H+  r  CaCO3 (S) + 2H2O                                                                                                                                  (2.2)

3CaO·2SiO2· 3H2O
  
 + 3CO3

2- + 6H+  r  3CaCO3 (S) + 2am-SiO2(S)
   + 6H2O

                                                                                                               (2.3)

Ca(OH)2 (S) + HCO3
-   + H+   

r
    CaCO3 (S) + 2H2O                                                                                                                              (2.4)

 3CaO·2SiO2· 3H2O + 3CO3
2- + 6H+  r 3CaCO3 (S) + 2am-SiO2(S) 

 + 6H2O
                                                                                                               (2.5)

Calcium Carbonate dissolution

CO2 + H2O + CaCO3(s)  r  Ca2+ + 2HCO3
-                                                                                  (2.6)

2H+ + CaCO3(s)  r CO2  + Ca2+ + H2O                                                                                                 (2.7)

The integrity of wellbore cement under geologic CO2 storage has been the subject of 

investigation for the last decades. Most research has focused on CO2-brine-cement 

interactions conducting laboratory studies under geological storage conditions (Duguid 

et al., 2005; Barlet-Gouédard et al., 2007; Kutchko et al. (2007, 2008, 2009); Duguid, 

2009; Zhang et al., 2013; Zhang and Talman, 2014). These studies have been carried out 

using API Class H and/or Class G cements which are predominant for oil and gas wellbore 

(Nelson, 1990). In some studies, additives (e.g. pozzolan, bentonite) were used to modify 

and to control the behaviour of the cement system, since additives allow successful 

slurry placement between the steel casing and the surrounding rock formation, a rapid 

compressive strength development, and adequate zonal isolation throughout the lifetime 

of the well (Nelson, 1990). In oil and gas field operations, type F fly ash (pozzolan) is 

the most common additive used in cements for well sealing (Kutchko et al., 2009) and 

bentonite is generally used to improve slurry properties and to prevent formation of free 

water (Nelson, 1990).

In laboratory studies, the carbonation depth (altered layer) was defined as the distance 

from the outer part of the cement sample to the boundary where the sample did not 

suffer any alteration process. Detailed information about several laboratory experiments 

conducted in cement API Class H and Class G, under simulated geological storage 

conditions is discussed more thoroughly below.

API Class H cement studies

Duguid and Scherer (2010) studied different experimental scenarios using API Class 

H cement: a brine (0.5M NaCl) with dissolved CO2 at pH 2.4-3.7, T=20-50 ºC and 

PCO2=100 bar during 31 days. These experiments were undertaken at T=20 °C and 50 
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°C, corresponding roughly to the depth of 1000 m (Hitchon, 1996). The sample reacted 

at pH of 2.4 and temperature of 50 °C had a carbonation depth of 0.24 mm/day, whilst 

the sample at pH of 3.7 and temperature of 20 °C presented a carbonation depth of 

0.066 mm/day. Therefore, the results showed that the level of alteration in API Class H 

cement with a depth of 1000 m is four times higher than wellbore cement located at 

the surface. In addition, different altered zones were represented by different crystalline 

phases and colours. Moreover, one of the big questions in this field is the depth of 

alteration over time. Duguid (2009) estimated that the time to degrade 25 mm of API 

Class H cement ranges between 30,000 and 700,000 years. However, this estimation was 

performed considering cement without micro-cracks and/or interzonal communication, 

which could lead to the further depth of penetration over time.  

In addition from temperature, pressure is also an important factor that might cause 

changes in the behaviour of the cement. It is well known that oil wells have been 

subjected to different pressure over the life of the well (Tipton, 2013). Kutchko et 

al. (2007) studied the depth of alteration in API Class H cement using a pressure 

of PCO2=303 bar and a temperature of 50 ºC in CO2-saturated brine (1% NaCl) for 

9 days. The lab experiments showed that samples which were cured to high levels 

of temperatures and pressures, representing sequestration conditions (T=50 °C and 

P=303 bar), seem to be more resistant to carbonic acid attack than samples that were 

cured to ambient conditions (T=22 °C and P=1 bar). These cement samples showed 

an altered layer where three distinct zones were described. The inner altered area 

is depleted in calcium and called CH-depleted zone (zone 1), followed by a fully 

carbonation zone (zone 2) and finally, the outermost region is called porous silica zone 

(zone 3) (Fig. 2.6). 

As the various case studies above show, pressure is an important parameter for 

identifying the cement’s resistance. In this case, the samples that were cured at low 

pressures (P=1 bar) and low temperatures (T=22 °C) showed the greatest depth of 

penetration, reaching 0.59 ± 0.03 mm (average depth of alteration). In contrast, the 

smallest depth of penetration (0.22 ± 0.01 mm) was represented by the samples 

cured at high pressure (P=303 bar) and high temperature (T=50 °C) (Kutchko et al., 

2008). Therefore, the samples cured at low pressure, regardless of temperature, 

achieved the highest levels of carbonation depth. The smaller depth of carbonation 
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in samples with T=50 °C and P=303 bar was related to the increase in hydration 

and the change in the microstructure of portlandite (Ca(OH)2(S)). On the other hand, 

an increase in the degree of hydration will cause a reduction in permeability, which 

increases the resistance of cement to acid attack (Kutchko et al., 2008).

Kutchko et al. (2008) determined that there are important differences between API Class H 

cement samples reacted with CO2-saturated brine and sample reacted with supercritical 

CO2, using cement samples exposed at T=50 °C and PCO2=303 bar. According to 

Kutchko et al. (2008), penetration depths were predicted to be 1.68 ± 0.24 mm and 

1.0 ± 0.07 mm for those samples exposed during 30 years to supercritical CO2 and 

CO2-saturated brine, respectively. Then, the contact between cement with supercritical 

CO2 causes more alteration over time than the cement exposed to CO2-saturated brine 

under geological sequestration conditions (Kutchko et al., 2008; Sweatman et al., 2009).

Kutchko et al. (2009) studied the effect of fly ash (pozzolan additive) on API Class H 

cement samples exposed to both supercritical CO2 and CO2-saturated brine (1% NaCl) 

at T=50 °C and PCO2=150 bar for 5, 7, 9, 14 and 31 days. The samples were prepared 

using pozzolan:cement (35:65 and 65:35). A 2% bentonite was also added in the cement 

Fig. 2.6. SEM-BSE image of altered layer with three distinct zones are observed. CH-depleted zone corresponds to 
zone 1 and, carbonated zone and porous silica zone are represented by zone 2 and zone 3, respectively (Kutchko 
et al., 2007).
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mixture. The penetration depth observed in both supercritical CO2 and CO2-saturated 

brine were similar. However, the penetration rate was much faster for samples with 65:35 

than those cement samples with 35:65. Considering the sample 35:65, a penetration 

depth of 170-180 mm was predicted after 30 years of reaction for both the supercritical 

CO2 and CO2-saturated brine. Kutchko et al. (2009) concluded that the penetration rate 

was higher in those samples that contain pozzolan additive in comparison with neat API 

Class H cement. Zhang and Talman (2014) also identified an increase of the penetration 

rate in cement samples that contain pozzolan additive.

Zhang et al. (2013) also studied the effect of pozzolan additive (Class F fly ash) in API 

Class H Portland cement samples which were exposed to 1% NaCl saturated brine with 

CO2 and H2S at T=50 °C and PCO2=151 bar for 28 days. These samples were prepared 

using pozzolan:cement ratios of 35:65 and 65:35. An altered layer with three distinct 

zones were clearly differentiated. The cement sample that have a ratio of 65:35 suffered 

faster penetration of CO2 and H2S, and thus less resistance to CO2 and H2S penetration 

than the 35:65. 

Zhang et al. (2014) conducted some experiments to investigate the effect of H2S and 

CO2 in wellbore cement with pozzolan additive. These samples were cured at T=50 °C 

and P=303 bar and exposed to H2S and CO2 under T=50 °C and PCO2=150 bar for 2.5, 

9, 28 and 90 days. The lower half of the samples was exposed to a brine solution (1% 

NaCl) saturated with CO2 and H2S, while the upper half of the samples was exposed 

to a supercritical mixture of CO2 and H2S. An average rate of CO2 alteration of 3.3·10-3 

mm/day from 0 to 90 days was observed for cement samples that were in contact with 

CO2-saturated brine and H2S. Furthermore, a similar average rate of CO2 alteration 

(3.2·10-3 mm/day) from 0 to 90 days was obtained in those cement samples that were 

in contact with a supercritical mixture of CO2 and H2S (21mol% H2S). Thus, both cases 

show similar alteration depths for the same experimental time. 

API Class G cement studies

Barlet-Gouédard et al. (2006, 2007) carried out a large number of experiments using API 

Class G cement to understand the effects of carbonic acid (H2CO3). Some additives were 

used in the manufacture of this cement class. An antifoam agent, a dispersant and a 

retarder were used as additives. The samples were cured at T=90 °C and P=207 bar 
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during 72 hrs. The cement samples were exposed to supercritical CO2 and CO2-saturated 

brine (deionized water) at T=90 °C and PCO2=280 bar for 44, 88, 188, 523, 1006 and 2033 

hrs. API Class G cement samples tested under CO2 exposure up to 3 months shows a 

sharp alteration front observed after half-day of CO2 attack. This alteration layer increases 

with time from about 1-2 mm after 44 hrs (~2 days) to 5-6 mm after 523 hrs (~3 weeks) of 

attack. The level of degradation reached the central part of the samples (~7 mm deep) 

after approx. 6 week of exposure. After 3 months, the depth of carbonation was 8 mm in 

CO2-saturated brine whereas it reached 12 mm in supercritical CO2. 

The alteration depth was measured with SEM-EDX microscope (cf. Ch. 3.2.1). In this 

study, BSE images showed distinguishing different zones in the reacted API Class G 

cement. The altered layer was divided into three zones including, a carbonate zone, 

a dissolution zone and silica gel zone. The carbonated zone (50-100 µm) was mainly 

composed of calcium carbonates and it had a characteristic low porosity. However, the 

dissolution zone was depleted in calcium silicate phases and it there was an increase 

of porosity. The internal part of the cement was determined as an unreacted cement 

region. Barlet-Gouédard et al. (2007) concluded that API Class G cement is not resistant 

enough to wet supercritical CO2 or to CO2-saturated brine due to the fact that the initial 

sealing created by carbonation is followed by a stage of dissolution. In contrast, cements 

samples that have a wide density range (1.5-2.0 g/cm3) showed a homogeneous pattern 

with a limited carbonation threshold, confirming a great stability of the CO2-resistant 

cement. 

Rimmelé at el. (2008) studied the alteration depth in API Class G cement samples that 

were reacted with CO2-saturated brine (deionized water) at T=90 ºC and PCO2=280 bar 

for half-day (13 hrs), two days (44 hrs), 3 weeks (523 hrs) and 6 weeks (1006 hrs). The 

results showed that the alteration depth increases over time, reaching the centre of the 

sample after 6 weeks of exposure. The altered layer was mainly composed by calcium 

carbonate precipitation as calcite and aragonite, which were created by the reaction 

between portlandite and calcium silicate phases with CO2. Furthermore, a series of 

carbonation and dissolution fronts called paleo-fronts were observed. 

Barlet-Gouédard et al. (2009) also used API Class G cement at the same experimental 

conditions as previous studies (Barlet-Gouédard et al. (2006, 2007)). In this case a brine of 
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4M (salinity 220 g/l) was used instead of pure water. After 2 days of exposure with CO2-

saturated brine (salinity 220 g/l) at T=90 ºC and PCO2=280 bar, the alteration front was ten 

times less than what was observed using deionized water (0.2 mm vs. 2 mm). According 

to Barlet-Gouédard et al. (2009) the reduced alteration is due to the fact that the solubility 

of CO2 is much lower in brine (0.6 mol/kg) compared to fresh water (1.3 mol/kg). 

Sweatman et al. (2009) studied the interaction between API Class G cement samples, 

which were exposed to CO2-saturated water and supercritical CO2 at T=60 °C and 

P=138 bar for 15 and 90 days. The results showed that after 15 days of exposure, the 

penetration depth was slightly greater in neat cements reacted with supercritical CO2 

than in CO2-saturated water.

Zhang and Talman (2014) examined the carbonation reaction of neat cement (consisting 

primarily of C-S-H and CH), poz mix (pozzolan-cement) and lightweight cement samples. 

The neat cement was API Class G cement, poz mix was formed by API Class G cement, fly 

ash and bentonite as additives and, finally, for the lightweight samples, the cement used 

was API Class C cement with sodium metasilicate. Cement samples were exposed to CO2-

saturated brine (0.5M NaCl) at T=53 ºC and PCO2=100 bar for 3, 7, 14, 28, and 84 days. 

Cement samples were analysed using both SEM and EDX (cf. Ch. 3.2.1). Backscattered 

scanning electron (BSE) images showed three distinctive zones (zones 1, 2, and 3) which 

represents the different areas of alteration. These areas, from the exterior inwards, the 

carbonate zone (zone 1), the transition zone (zone 2), and the uncarbonated zone (zone 

3). Zone 1, the most external area, was characterised by calcium carbonates precipitation. 

Zone 2 represents the region of high porosity due to the dissolution of hydration phases 

and, finally, in the Zone 3 the original cement particles were observed, showing that this 

area was unreacted cement. The depth of alteration varies based on the time that cement 

samples were exposed to the CO2-brine interactions, reaching a maximum of 0.2 mm after 

84 days of exposure in neat cement samples. In contrast, poz mix samples experienced 

a full carbonation after 28 days of exposure and in lightweight samples after 7 days of 

exposure.

According to Zhang and Talman (2014), the extent of degradation depends directly on 

the equilibrium between CO2-rich brine and carbonate minerals. For this reason, among 

the three types of cements samples (neat cement, poz mix and lightweight cements) 



Assessment of well cement risk leakage on CO2 geological storage: the Goldeneye reservoir (North Sea, UK)

34Chapter 2 - Main concepts and literature review

studied by Zhang and Talman (2014), lightweight cement is the less resistance, since it has 

been subjected to a complete carbonation in 7 days of exposure.

Cement affected by a moderate degree of carbonation can be beneficial as it can 

act as a protective barrier (Bachu and Bennion, 2009; Kutchko et al., 2007). However, 

extensive carbonation can lead to the loss of cement structural integrity (Carey et al., 

2007). For this reason, the potential effects of CO2 on cement depend directly on 

the extent of carbonation (Taylor, 1990). Another important factor to consider is the 

dramatic reduction of the pH after CO2 attack, obtaining, in some cases, reductions 

of the pH in brine at around 50% (Barlet-Gouédard et al., 2007). Different level of 

degradation might be observed in the cement samples by a series of rings formed 

and progressed inward (Duguid et al., 2005; Duguid and Scherer, 2010). For instance, 

the studies performed by Duguid and Scherer (2010) showed a clear alteration of 

the cement samples over the course of the experiment. Cement samples which were 

reacted with a pH of 2.4 presented five different regions, identified by orange ring 

(the outermost region), followed by brown, white, and light grey rings, and a dark grey 

core. In contrast, samples that were reacted at pH of 3.7 showed the same rings with 

the exception that the outer ring was brown. According to Duguid and Scherer (2010), 

the outer layers of the cements were fully degraded at pH 2.4 and 3.7 with T=20 and 

50 °C and, PCO2=100 bar conditions. The orange and brown layers represent a leached 

zone, followed by a white layer that represents a carbonated zone (calcite, aragonite 

and vaterite). The light grey layer corresponds to the CH-dissolution zone (calcite 

and/or portlandite calcite), and the dark grey layer represents the unreacted cement.

A brief review of previous studies investigating the interaction between wellbore 

cement and CO2-brine under geological storage conditions reveals that well cements 

are subject to degradation due to exposure to carbonic acid (H2CO3) (Duguid, 2009) 

and temperatures has more influence on the rate of degradation than pH (Duguid 

et al., 2005). On the other hand, high carbonation rates are directly related to high 

temperature and CO2 pressures (Zhang and Bachu, 2011). The use of some additive, 

such as F flash ash, causes a notably increase in the penetration rate in the cement 

samples (Kutchko et al., 2009; Zhang and Talman, 2014; Santra and Sweatman, 

2011).
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For this PhD thesis, CO2-brine cement interactions using API Class G is studied, as it 

would be the real conditions in which well cement located in abandoned wellbores 

(Goldeneye storage reservoir) will be subjected during and after the injection of CO2. 

Therefore, supercritical CO2 and other gases as H2S/CO2 mixture are not considered 

because do not represent the study area. In addition, in these experiments, the effect 

of rock is not considered.

2.5. PETROPHYSICAL IMPACTS 

Once well cement has been in contact with supercritical CO2 or CO2-saturated brine, 

its internal structure is affected by geochemical reactions that might cause important 

changes in both porosity and permeability (Jacquemet et al., 2012; Jung et al., 2013; 

Labus and Wertz, 2017). These petrophysical changes are caused by mineral dissolution 

(Kutchko et al., 2007; Barlet-Gouédard et al., 2009) and secondary calcium carbonate 

precipitation (Corvisier et al., 2010; Huerta et al., 2013; Fabbri et al., 2012; Rochelle 

and Milodowski, 2013; Gherardi et al., 2012), which form the different zones in the 

altered layer, as explained above. Laboratory values based upon cement porosity and/

or permeability can inform about the integrity of the cement, and most specially, how 

effective the cement is in preventing fluid leakage throughout its lifetime.

2.5.1. Effect of CO2 injection on evolution of porosity and micro-cracks

Once cementing process is finished, it is really difficult to know exactly how the 

internal microstructure of well cement is formed, which complicates, determining and 

understanding the effect of CO2 when it comes into contact with well cement. 

Pore size distribution (Gong et al., 2014; Roy et al., 1993) and pore connectivity (Bernabé et 

al., 2011; Colombier et al., 2017) are important factors that affect the cement permeability. 

Pore size distribution has been measured using mercury intrusion porosimetry (MIP). Some 

studies performed by Justnes et al. (1995), inform that the pore size distribution in API 

Class G cement (w/c=0.5) is mainly formed by a pore diameter over a range from 0.02 µm 

to 100 µm, where the majority (40-60%) of these pores have a diameter between 0.05 µm 

and 0.5 µm. However, Fujikura and Oshita (2011) determined the pore size distribution 

in ordinary cement samples (w/c=0.4, 0.5 and 0.6) is between 0.01 µm to 1 µm, but the 

majority of the pores were smaller than 0.1 µm. In addition, the majority pore size smaller 
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than 0.1 µm was also observed by Gong et al. (2014) in ordinary cement samples (w/

c=0.3, 0.5 and 0.7). Thus, the majority of pore size in cement samples has a maximum of 

0.5 µm pore diameter. 

Another important factor to be considered is cement microcracking, which determines 

structure durability (Goszczyńska, 2014) and in turn the mechanical properties (Saroglou 

and Kallimogiannis, 2017). Micro-cracks are mostly caused by structural stresses, 

shrinkage and thermal gradients (Kermani, 1991; Mehta, 1994) and, the inevitable 

presence of micro-cracks (Abyaneh et al., 2016) into cement could increase pore 

connectivity causing an increase of permeability (Kermani, 1991). In addition, creation 

of micro-cracks increases porosity (Zhang et al., 2013; Rimmelé et al., 2008), leading to 

an increase in cement permeability (Cao et al., 2013).

As was explained previously (Ch. 2.4.1), a variation of porosity in cement was observed 

as a consequence of geochemical reactions (Šavija and Luković, 2016). In general, the 

porosity markedly decreases as carbonation process increases (Kutchko et al., 2009; 

Fabbri et al., 2009; Han et al., 2013) and original cracks are sealed by calcium carbonates 

precipitation (Barlet-Gouédard et al., 2005; Kjøller et al., 2016; Um et al., 2017). Some 

authors such as Barlet-Gouédard et al. (2006, 2007), Rimmelé et al. (2008), Jung and Um 

(2013) and, Satoh et al. (2013) measured the reduction in porosity after CO2-brine-well 

cement interactions using MIP. 

Barlet-Gouédard et al. (2006, 2007) observed change in porosity in API Class G cement 

samples. These samples were reacted with supercritical CO2 and CO2-saturated brine at 

T=90 ºC and PCO2=280 bar during two days, three weeks, six weeks and three months. 

In supercritical CO2, the porosity decreased from initially 33% to 27% in the first hrs of 

experiment until reaching 15% after 6 weeks experiment. After 3 months of experiment, 

the porosity showed an increase from 15% to 27%, suggesting that porosity changes in 

two distinct phases (dissolution and carbonation stage). This value remained unchanged 

up to 6 months experiment carried-out by Rimmelé et al. (2008).

A similar trend was observed in those samples that were exposed to CO2-saturated 

brine, where a reduction of porosity from 33% to 9% was measured after 3 weeks of 

exposure, followed by an increase from 9% to 28% after 3 months. Rimmelé et al. (2008) 
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continued this study and the final porosity reached a value of 30%, which was slightly 

lower than the original porosity value (33%). These authors concluded that the variation 

of porosity depends on dissolution and carbonation stage. The dissolution process 

causes an increase of porosity and carbonation process lead to a reduction of porosity.

Jung and Um (2013) also observed a significant reduction of porosity in API Class 

G cement samples, although these samples were exposed to lower pressure and 

temperature conditions (T=50 ºC and PCO2=100 bar) during 2 and 8 months. A reduction 

from 31% to 22% was detected after 2 months and to 23% after 8 months of experiment. 

This porosity data was obtained using the Boyle’s Law. Thus, a similar trend is observed, 

despite the difference in pressure and temperature conditions. In addition, Satoh et al. 

(2013) also measured the change in porosity for API Class G cement samples using MIP. 

These cement samples were reacted to CO2-saturated brine at T=50 ºC and PCO2=180 

bar during 400 hrs, showing an initial slight reduction from 26.6% to 26.1%.

2.5.2. Effect of CO2 injection on evolution of permeability 

Although wellbore cement permeability is identified as a key parameter in a wellbore 

leakage scenario, it is very difficult to estimate (Bai, 2014) due to its extremely low 

values, approximately 10-5mD (Nelson, 1990). 

As explained above (Ch. 2.5.1), various properties as pore size distribution (Gong et 

al., 2014; Roy et al., 1993) and pore connectivity (Bernabé et al., 2011; Colombier et 

al., 2017) are fundamentally related to cement permeability. In addition, micro-cracks in 

cement are an inherent feature that generally interconnects pore spaces, and hence has 

a great influence on permeability (Kermani, 1991; Wang et al., 1997; Lim et al., 2000). 

Some authors consider that the initial formation of carbonation band on the outside 

surface of the cement leads to a reduction of porosity, acting as a temporal protective 

barrier (Carey et al., 2007; Mito et al., 2015) and, consequently, a decrease of cement 

permeability (Barlet-Gouédard et al., 2006; Kutchko et al. (2007, 2008); Duguid, 2009; 

Bachu and Bennion, 2009; Iyer et al., 2017).

Measurements on cement permeability have been conducted on laboratory by a few 

researchers in order to observe if well cement is able to maintain a low permeability at 
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reservoir conditions after CO2 injection. Kutchko et al. (2009) studied the variation of 

permeability on API Class H cement samples exposed CO2-saturated brine (1% NaCl) 

at T=50 °C and PCO2=150 bar for 5, 7, 9, 14 and 31 days. These cement samples were 

prepared using pozzolan additive (fly ash) with 2% bentonite, with volumetric ratios of 

35:65 and 65:35. The initial permeability for both unreacted cement samples was 1.1 

± 0.5 µD (1.09·10-18 m2) and increased until reach 13.5± 1.9 and 26.3 ± 4.2 µD (1.33-

2.59·10-17m2) in 35:65 and, achieving 20.8 ± 3.1 µD (2.05·10-17m2) in 65:35 after 31 days 

of exposure. Thus, It was observed a reduction of porosity and an increase of density in 

the altered layer, but the average of cement permeability increased. 

Bachu and Bennion (2009) carried out permeability measurements in API Class G cement 

samples reacted with CO2-saturated brine at T=65ºC and PCO2=151.6 bar for 3 months. 

Three permeability tests were carried out using different salinities (15,000, 60,000 and 

80,000 mg/l). Initial permeability measurements were conducted prior to CO2 injection, 

showing permeability values that vary from 0.116 µD to 0.232 µD (1.16-2.32·10-19 m2). 

During the first 5 days of experiment, it was an initial rapid decrease in permeability, 

followed by a slow reduction until cement permeability has remained stable at values 

around to 0.01 µD (1·10-20 m2), concluding that a protective layer (carbonated layer) was 

created which prevented the increase in permeability over time.

Fabbri et al. (2009) conducted liquid (kW) and gas (kG) permeability measurements in 

reacted API Class G cement samples. Two dried and three wet cement samples were 

exposed to supercritical CO2 at T=90ºC and PCO2=280 bar during 13, 35, 51, and 62 

days. Liquid permeability measurement in unreacted cement showed a value of 1·10-18 

m2. Duguid and Scherer (2011) also observed a similar initial value of permeability in API 

Class H cement samples that vary between 1·10-22 m2 and 1·10-21 m2 (Mandecki, 2004). 

Wet cement samples showed an initial slight reduction of cement permeability as the 

carbonation-front thickness increases in samples that were reacting during 13 (P13w), 

35 (P35w) and 62 (P62w) days. A slight reduction in permeability from 1·10-18 to 2.4·10-

18 m2 was observed during the first 13 days (P13w) of exposure, followed by values of 

1.3·10-18 m2 and 0.7·10-18 m2 in P35w and P62w, respectively. However, those cement 

samples that were dried (P35d and P62d) before CO2 injection, experienced an increase 

in permeability, achieving 5.2·10-17 m2 after 62 days (P62d) of exposure. 
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Cement permeability data are of great importance because inform about the cement’s 

capacity to transmit fluid. Moreover, permeability of cement helps to understand how 

the pore structure in well cement has changed due to geochemical reactions in which 

has been exposed during and/or post CO2 injection. For these reasons, an exhaustive 

study in both porosity and permeability was carried out in this PhD thesis. 

2.6. SUMMARY AND GAPS TO BE FILLED BY THIS STUDY

As shown in great detail in section 2.4, there is a considerable number of laboratory 

experiments focused on cement degradation in API Class H and G cements samples 

under geological storage conditions. During these experiments, cement samples 

were exposed to both supercritical CO2 and CO2-saturated brine at different salinities 

and experimental conditions. The minimum and maximum values of each of these 

experimental conditions are, respectively, 20 ºC and 90 ºC for temperature, 100 bar and 

280 bar for pressure, and 31 days and 8 months for experimental time. In addition, the 

use of some additives as pozzolan and bentonite in order to control the behaviour of the 

cement system was also considered.

The main information provided by these studies, most of them carried out only under 

a geochemical point of view, was the alteration depth together with the different zones 

created into the altered layer. However, these studies did not deal with real cases 

in situ where the CO2 was previously injected. It is also surprising that these essays 

were performed without prior and precise planning, as the depth of injection and the 

temperature and pressure representative of the wellbore location. This fact makes the 

outcome of each study less conclusive.

Moreover, there were very few studies related to changes in porosity and permeability 

caused by the effect of CO2 when it comes into contact with well cement, as showed 

in section 2.5. None of them are conclusive about the evolution in depth of porosity 

(primary and secondary) and its effect in the cement permeability. In addition, they do 

not consider the effect of original or potential secondary micro-cracks in the porosity 

and permeability evolution. Therefore, most of these experiments were focused on 

geochemical analysis instead of considering the importance of petrophysical changes, 

which are related with the stability and durability of the cement.
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In this scenario, the present work intends to fill some of the existing gaps. In the first 

place, the cement samples used in this work are representative of a real, good and well 

known candidate for the storage of CO2, the Goldeneye reservoir (North Sea) (cf. Ch. 

2.1.3 and 2.1.4). These cement samples take into account the temperature and pressure 

conditions of the reservoir at different depths and represent three locations along the 

abandoned GYA-01 wellbore. This is a differential fact in itself due to the absence of 

previous studies contemplating this situation.

An accurate analyst of cement samples will help to better understand what zone is 

more susceptible of suffering a degradation process. This information will facilitate the 

generation of realistic CO2 leak models, which will represent the real case considered. 

The intention is to avoid some of the assumptions and estimates of non-realistic models, 

such as that recently published by Alcalde et al. (2018), which they themselves describe 

as conservative model due to the lack of data and knowledge. Other purpose would be 

to move forward and persevere along the same research line of some groups in United 

States (Lackey et al., 2019; Postma et al., 2019), who are working firmly in order to 

predict the well leakage risks using real data.

Another great important gap to be filled is the evolution of micro-cracks, porosity and 

permeability caused by the effect of CO2 into well cement. The presence of original 

micro-cracks and their evolution were deemed relevant to understanding the potential 

increase or decrease of porosity and permeability over time. A particular focus is given 

to the potential pore connectivity pre- and post CO2 injection experiments, which will 

affect the changes in cement permeability.

In this context, the methods and techniques described in detail in the next chapter also 

acquired greater relevance in order to have more accurate data to evaluate the integrity 

of Class G cement representative of the Goldeneye reservoir.
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METHODS AND TECHNIQUES

A wide range of methods and techniques has been 

used during this work. In this chapter the methodology 

followed is described, placing particular emphasis on 

those methods or techniques less commonly known, some 

of which have been conveniently revised and sometimes 

adapted to this thesis main scientific purposes. The chapter 

is divided into three sections. The first section (3.1) describes 

the intensive work carried out in the laboratory in order to 

obtain the different API Class G cement samples processed. 

The analysis and characterization using geochemical and 

petrophysical analytical methods are described in sections 

3.2 and 3.3, respectively. 



Assessment of well cement risk leakage on CO2 geological storage: the Goldeneye reservoir (North Sea, UK)

42Chapter 3 - Methods and techniques

3.1. LABORATORY EXPERIMENTS

This section describes how the different cement Class G samples and brine samples 

were prepared for the CO2 injection experiments. The instruments and procedures 

used for CO2 injection experiments are also explained. Thus, this section is divided into 

three subsections, including well cement samples preparation (Ch. 3.1.1), brine samples 

preparation (Ch. 3.1.2) and, the CO2 injection experiments (Ch. 3.1.3).

3.1.1. Well cement samples preparation

The well cement samples used to understand the potential effects of CO2 injection 

in the Goldeneye field over time were prepared by an oilfield services company. The 

areas of the cement column more susceptibles of creating a potential CO2 leak from 

the Captain geological formation (Goldeneye storage reservoir) to the surface were 

considered.

Three locations along the wellbore GYA-01 are considered, at 1296 m, 2200 m and 

2560 m below the sea level (Fig. 3.1). A set of four samples at each level has been 

arranged considering pressure and temperature conditions on these locations and 

bearing in mind the real composition of the cement used in the Goldeneye reservoir 

area, a combination of API Class G cement with some additives, including pozzolan, 

antifoam and anti-settling. Pozzolan additive, which is a type of cement extenders 

(Kutchko et al., 2009), is used in order to reduce cement slurry and/or the quantity of 

cement per unit volume needed (Nelson, 1990; Hewlett, 1998). This type of additive 

is also used to reduce cement permeability (Al-yami et al., 2017). Antifoam agents 

(defoamers) are used to prevent foaming and air entrainment in cement slurries (Lake 

and Mitchell, 2006) and anti-settling agent is used to maintain the stability in cement 

slurry properties (Boisnault et al., 1999). 

The cement slurries were prepared by mixing fresh water with these materials according 

to the American Petroleum Institute (API) specifications and recommended practices 

number API RP 10B (API, 1997). The cement samples were then cast by filling cubic 

moulds and introduced into the curing chamber for around 24 hrs and taken into account 

the particular conditions of pressure (bottomhole pressure, BHP) and temperature at 

different depths. 
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1000 m
2000 m

3000 m
SET 1

1296 m

SET 2
2200 m

SET 3
2560 m

Neat Cement G
Cement G + Pozzolan

Fig. 3.1 – Location of three SETs of samples along the well cement.
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Finally, the cubic samples were cored and sliced into cylindrical plugs of about 1.5 

inch diameter x 1 inch length. The dimensions of the samples were selected taking 

into account the requirements of the different instrument used. Once the well cement 

samples are prepared, they have been preserved by immersion in fresh water until 

further usage with other methods and techniques. 

The general characteristics of each set are:

 - SET 1. This set is characteristic of location at 1296 m of depth. The cement is 

neat API Class G cement with antifoam and simulates the real cement that is in 

contact with the Mey sandstone formation, considered a secondary storage (cf. 

Ch. 2.1.4).

 - SET 2. This set represents location at 2200 m of depth. The cement is an API 

Class G cement with antifoam, pozzolan and anti-settling, representing the 

cement that it is in contact with a chalk group. This geological formation has a 

low permeability but no sealing capacity due to the presence of micro-fractures 

(cf. Ch. 2.1.4).

 - SET 3. This set is typical of location at 2560 m of depth. The cement is an API 

Class G cement with antifoam, pozzolan and anti-settling, and simulates the real 

cement that is in contact with Captain reservoir (Captain D sandstone, primary 

reservoir). It will be the first section of the cement column that will be in contact 

with CO2-saturated water (North Sea seawater or Captain aquifer water) (cf. Ch. 

2.1.4).

As shown in Table 3.1, samples from SET 2 and SET 3 have a density of 14 ppg (1677.57 

kg/m3) and a water-cement ratio of 0.44 (by volume). By contrast, the cement that 

represents SET 1 has a density of 16 ppg (1917.22 kg/m3) and a water-cement ratio of 

0.41 (by volume). Another perceptible difference between the SETs is the solid volume 

fraction (SVF), which is 36.99 % in SET 2 and SET 3, but in SET 1 corresponds to a value of 

47.78 %. In the interest of simplification and because all the cement samples considered 

in this study meet the API requirements, from here onwards this API reference will be 

omitted in the text.
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3.1.2. Brine samples preparation

A set of synthetic brines that represents the water present in the Goldeneye reservoir at 

a depth between approximately 2560 to 2700 m was prepared. These synthetic brines 

represent the water that could be in contact with the bottom part of the well cement 

and it has been used for the three different sets of samples. Table 3.2 shows the target 

brine composition and lists the amount of each ion required to attain the desired ion 

concentration for the production of the North Sea seawater (NSSW) (Mackay et al., 

2000) and Captain aquifer water (CAW). The data were kindly provided by The Flow 

Assurance and Scale Team (FAST), located in the Institute of Petroleum Engineering at 

Heriot-Watt University.

The ion concentration of NSSW is achieved by dissolving in distilled water the following 

seven salts: NaCl, KCl, MgCl2·6H2O, CaCl2·2H2O, SrCl2·6H2O, NaHCO3 and Na2SO4. The 

set of salts used were purchased from different companies, including Fisher scientific 

(NaCl, KCl, NaHCO3 and Na2SO4); Fluka/Honeywell (LiCl); ACROS Organics (MgCl2·6H2O, 

CaCl2·2H2O and BaCl2·2H2O) and Sigma-Aldrich (SrCl2·6H2O). The analytical reagent 

grade of these salts is between 99.0 to 99.8 %. The ion composition of CAW includes 

the mentioned salts, except Na2SO4 and incorporates BaCl2·2H2O and LiCl in addition. 

Sodium bicarbonate (NaHCO3) was the last salt added to avoid gaseous CO2 evolution 

escaping from the solution of this salt.

The salts are weighed using an OHAUS PA214 Pioneer Analytic Balance with an 

associated error of ± 0.3 mg. All of these salts were dissolved and mixed in a 1-litre of 

distilled water using a magnetic stirrer, with the purpose of obtaining a clear solution 

(approx. 20 min). The pH is measured and recorded using the Thermo Scientific Orion 

3-star benchtop pH meter, with an analytical error of ± 0.02, once all the salts have 

been dissolved.

Table 3.2. Concentration of each ion and HCO3- used for North Sea seawater (NSSW) and Captain aquifer water 
(CAW). TDS correspond to the total dissolved solids. The unit of each ion and TDS is mg/l. These data were provided 
by the Flow Assurance and Scale Team (FAST).

Concentration (mg/l) Na+ Ca2+ K+ Mg2+ SO4
2- Sr2+ Ba2+ Li+ Cl- HCO3

- TDS 

Brine - NSSW 10900 405 380 1300 2780 7 -- -- 19522 160 35454.43 

Brine - CAW 20035 1162 241 244 -- 265 69 5.8 33689 816 56527.02 
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Table 3.3 shows a calculation sample of the amount of each salt required for the brine 

preparation, where the molecular weight of the salt (MgCl2·6H2O) used in this example 

is divided by the molecular weight of the target ion (Mg2+), multiply by the target ion 

concentration of Mg2+, and then converted to grams.

3.1.3. CO2 injection experiments

Once the cement and brine preparation were completed, the experimental studies 

were performed with these samples using a set of high-pressure and high-temperature 

(HPHT) reactors. These reactors combine different components working under specific 

high pressure and temperature conditions during a long period in order to simulate as 

realistic as possible the CO2-brine-well cement interactions over time.

Because of its particular operational features, particularly those related with high 

pressures, this kind of equipment requires safety and environmental protection 

measures to avoid unexpected accidents when experiments are carried out. The high-

pressure laboratory, at RCCS at Heriot-Watt University, complies with the described 

requirements and includes 12 large reactors (vessel volume of 188 ml; maximum pressure 

of 270 bar) and 11 small reactors (vessel volume of 100 ml; maximum pressure of 250 

bar). Each reactor (Fig. 3.2) comprises a vessel as main body with its lid, a thermocouple 

pocket, two Tedelfi needly valves rated at 1000 bar (inlet and outlet valve), a Swagelok 

pressure relief valve (PRV) set at 280 bar, and a pressure gauge.

As shown in Fig. 3.2, a set of threads connects the pressure gauge and the PRV with 

the body of the vessel. Despite the resistance to corrosion and heat of the body, lid 

and thermocouple pockets, which were manufactured using 316L stainless steel, 

Table 3.3. Example of calculation for the amount of salt required. The ion used as example is Mg2+.

Target ion concentration of Mg2+ 1300 mg/l 

Molecular weight of Mg2+ 24.31 g/mol 

Molecular weight of MgCl2·6H2O 203.30 g/mol 

Equation = Mass of MgCl2·6H2O needed 203.30 g/mol

24.31 g/mol
 x 1300 mg/l x 

1l

1000
 = 10.87 g 
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polytetrafluoroethylene (PTFE) liners were used, preventing pitting and crevice corrosion 

due to the contact between the steel and water (AZO Materials, 2004). A HOTSET UK 

350W-heating jacket is fitted to the vessel’s body. This heating jacket is also connected 

to an OMEGA CN740 thermal controller in order to obtain the desired experimental 

temperatures. The thermal controllers have an accuracy of ± 0.1 °C (Omega, 2015). The 

internal temperature was measured using OMEGA TH1-CASS K-type thermocouples

Fig. 3.3 shows the components of the high pressure-temperature system employed. 

Once the cement sample and synthetic brine were inside the vessel, the injection of 

supercritical CO2 was carried out through a syringe pump (Teledyne ISCO pump-Model 

260D) with high precision pressure transducers, with 0.1 % linear accuracy (Teledyne 

Isco, 2015). Liquid CO2 cylinder with vapour withdrawal was connected to the pump 

controller in order to supply the gas (supercritical CO2) into the vessel. CO2 is stored in 

the small cylinder of the pump in gas phase. In addition, to avoid overheating, a VWR 

circulating bath was also connected to pump controller in order to keep the pump 

cylinder cool. 

Fig. 3.2. Schematic diagram of high-pressure and high-temperature (HPHT) reactors used and its associated 
components

Inlet valve

Pressure gaugePRV

H-Jacket

Vessel’s body

Thermocouple
pocket

Outlet valve
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Prior to use the reactors for CO2 injection experiments, a leak test was carried out for a 

specified time period (1-2 months). The leak test was conducted for all reactors where 

fresh water was added and the pressure used was 270 bar and 150 bar for large and 

small reactors, respectively. A fly leak detection spray was used to detect the potential 

leaks, which can occur through the connections between the threads, the PRV and/

or valves. After leak test, once reactors were checked and validated, the cement core 

samples and the synthetic brines were introduced into different vessels (one sample per 

vessel) during periods of either 3 or 9 months. The experimental conditions selected 

are representative of reservoir temperature and pressure values in the Goldeneye field, 

as shown in Table 3.4. This table also shows the CO2-brine-well cement experimental 

conditions for each sample as well as sample nomenclature. Large vessels have been 

used for cement samples that react under higher pressures, for instance, SET 2 (220 bar) 

and SET 3 (265 bar) samples. It should be noted that these SET samples represent a 

depth of 2200 m and 2560 m, respectively. Small vessels were used for reacting cement 

samples from SET 1 (130 bar), representing a depth of 1296 m.

When the cement sample and the synthetic brine (NSSW or CAW) are introduced into 

the vessel, the reactor is ready to be sealed and heat it up to 50, 74 or 90 ºC. This 

heating process takes around 4-5 hrs. Supercritical CO2 is injected when temperature 

Fig. 3.3. Schematic diagram of the HPHT experimental set-up including the syringe pump and its associated 
components.

Vessels H-Jacket

Syringe Pump and Controller
CO2 cylinder

Vessels H-Jacket

Thermal Controller

Thermal Controller
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reached the target value and was maintained. The CO2 injection causes a build up of 

pressure to 130, 220 or 265 bar (depending on the set of cement sample used). These 

experimental conditions represent the maximum pressure and temperature in which 

well cement might be subjected in the study area (Goldeneye reservoir).

During the experimental periods, efforts were made to carry out a control in order to avoid 

loss of pressure inside the vessels or abrupt temperature changes that may affect the 

experiments. Pressure and temperature were controlled every 30 min. Once CO2 

injection experiment finished, the temperature was first decreased to ambient conditions 

(20-25 ºC). This cooling process took around 5-6 hrs with the aim of preventing internal 

sample damage as cracking. After that, the pressure was gradually reduced until CO2 

was released out of the reactor. The reacted cement sample is then preserved immersed 

in fresh water and, the reacted brine is vacuum filtered using filter paper with the aim 

of separating the aqueous solution from any precipitate. The filter paper used was 0.45 

µm glass microfiber Whatmand.

3.2. GEOCHEMICAL ANALYTICAL METHODS

This section describes the techniques and methods used to determine the main mineral 

composition and the potential presence of micro-cracks in cement samples pre- and post 

CO2 injection experiments. A set of techniques were used, including scanning electron 

microscope and energy dispersive X-ray spectroscopy (Ch. 3.2.1), X-ray diffraction analysis  

(Ch. 3.2.2), and finally, inductively coupled plasma and optical emission spectrometry (Ch. 

3.2.3).

Table 3.4. Experimental conditions used (synthetic brine, reacting time, pressure and temperature) for the three 
different sets of samples (SET 1, SET 2 and SET 3). Pressure (± 1 bar) and temperature (± 1 ºC).

Sets Depths (m) Name sample Synthetic brine Reacting time (months) Pressure (bar) Temperature (ºC) 
1 1296 S.1.1 NSSW 3 130 50 

S.1.4 NSSW 9 130 50 
S.1.5 CAW 3 130 50 
S.1.6 CAW 9 130 50 

2 2200 S.2.1 NSSW 3 220 74 
S.2.2 NSSW 9 220 74 
S.2.4 CAW 3 220 74 
S.2.5 CAW 9 220 74 

3 2560 S.3.1 NSSW 3 265 90 
S.3.2 NSSW 9 265 90 
S.3.4 CAW 3 265 90 
S.3.5 CAW 9 265 90 
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3.2.1. Scanning electron microscope and energy dispersive X-ray spectroscopy

Scanning electron microscopy (SEM) together with energy dispersive X-ray (EDX) 

spectroscopy is a set of closely associated analytical techniques that provides detailed 

imaging information about the morphology, distribution and composition of individual 

particles of an analysed sample (Kutchko and Kim, 2006).

SEM uses a focused beam of electrons. Upon contact with the sample, this beam 

produces backscattered electrons, secondary electrons and a characteristic X-ray. The 

interactions between electrons and the sample are detected and displayed on a monitor 

as a topological image at finer detail (Abd Mutalib et al., 2017). These images have 

higher resolution than those obtained with a light microscope. Usually, a SEM equipment 

includes an electron source, as the most important component, with a column which 

electromagnetic lenses, electron detectors, and a sample chamber (Fig. 3.4).

On the other hand, EDX spectroscopy makes the most of SEM using the energy of the 

X-rays emitted to detemine the elemental composition at concentration of at least 0.1% 

of a substance that possess an atomic number higher than the element boron. Because 

Fig. 3.4. Simple schematic diagram of a SEM.
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each element has a characteristic X-ray emission spectrum, they can be differentiated 

and their concentration in the sample measured (Abd Mutalib et al., 2017).

In this work, a Quanta FEG 650 SEM, equipped with a backscattered electron (BSE) 

detector (Buckman, 2014), in combination with an Oxford Instrument X-maxN 150 EDX 

detector was used. This system is located in the Centre for Environmental Scanning 

Electron Microscopy (CESEM) of the Institute of Petroleum Engineering (IPE), at Heriot-

Watt University. The well cement samples were analysed at 20 kV using low vacuum as 

mode of operation, at a pressure of 1.06 x 10-3 bar with a spot size of 4.5 and a working 

distance of 10 mm (Buckman, 2014). This mode of operation is indicated for clean uncoated 

non-conductive samples as ceramics, geological materials, or cements and concrete. The 

analytical accuracy of EDX analysis is of ± 2 %. Once the SEM scan is completed, the BSE 

provides a final image with visual information of analysed samples based on grey-scale 

intensity (Fig. 3.5). 

MAPS software (https://www.fei.com/software/maps/), a Thermo Fisher Scientific 

company product, is a modular application for automated acquisition of high 

resolution images of a polished section. The software allows collecting and stitching 

our images from large areas and easily find regions of interest. In addition, BSE 

images were used to determine the evolution of the aperture size of the micro and 

nano cracks present in the cement core samples and the presence of porosity, as 

described in Chapter 4. 

50 µm

Fig. 3.5. Backscattered electron (BSE) image of cement Class G. 
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AZtec 3.2 software was used to perform the EDX analyses and determine the elemental 

composition of the samples. These analyses were performed in a single area manually 

chosen within the field of view to allow obtaining both qualitative (spectrum) and 

quantitative data from selected areas, such as regions of alteration.

3.2.2. X-ray diffraction analysis

X-ray diffraction (XRD) is a fast, non-destructive analytical technique used for crystalline 

phase identification (Cullity, 1978). XRD is based on constructive interference of 

monochromatic X-ray radiation produced by a cathode ray tube which impacts in the 

crystalline sample inside a diffractometer. This action produces constructive interference 

and diffracted rays. The rays are collected, processed and counted in order to identify 

the different mineral phases present in the sample (Fig. 3.6).

The diffraction peak position is a product of the atomic distances in the crystalline 

structure following Bragg’s Law: 

     nλ = 2 d sin θ                              (3.1)

where λ is the X-ray wavelength, d is the inter-planar spacing involved and θ is the 

angle between the diffracted ray and the crystal planes. n is an integer, referred to 

as the order of diffraction, and is often unity.  Normaly, λ is fixed in the most part of 

Fig. 3.6. Schematic diagram of powder diffractometer (Döbelin, 2017).
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diffractometers, and then a family of crystallographic planes produces a diffraction peak 

only at a specific angle 2θ (º2 Theta).

The results obtained from XRD analyses constitute a diffractogram (Fig. 3.7), a graph 

representing the intensity of the diffraction in the y-axis as a function of the diffraction 

angles 2θ, represented in the x-axis. Because the XRD pattern of each crystalline material 

is unique, the positions and intensity of the diffraction peaks in a diffractogram are 

determined by the spacing of the crystallographic planes of the material (Scrivener et 

al., 2004).

XRD has been widely used to identify and measure the presence of various crystalline 

phases in cement samples (Scrivener et al., 2004; Le Saoût et al., 2006; Stutzman et 

al., 2016). X-ray analysis were conducted on the cement core samples pre- and post 

CO2 injection experiments to ascertain mineral changes.

10 20 30 40 50 60

0

200

400

600

800

1000 Peak Position [º2 Theta] 

Peak Intensities (counts)

Diffraction Angle [º2 Theta]
0

Fig. 3.7. Schematic diffractogram, showing the peak positions and peak intensities. This figure was adapted from 
one prepared by Döbelin (2016).
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In this work, a Bruker D8-Advance powder diffractometer was used to obtain XRD data 

from original and reacted cement samples. This equipment is located in the Chemistry 

Department at Heriot-Watt University and operates with Ge-monochromated Cu Ka1 

radiation (wavelength = 1.5406 Å) and a LynxEye linear detector in reflectance mode. 

The scan type is formed by º2 Theta setup at 40 kV and 40 mA over diffraction angles 

range of 5-85° over eight hours per sample. The step length was 61.6 s per step, 

with 0,009° per step and a rotation speed of 30 rotations per minute (rpm). An X-ray 

crystallographer controls all the analytical process. Previously, it was necessary that the 

analysed material be finely ground and homogenized at smaller than < 75 µm. The 

amount of sample used has to be a large spatula size (~ 1 g) to fill the sample holder 

of 25 mm diameter and approx. 3 mm deep. The detection limit is of ~ 1% by volume.

The identification of the different mineral phases in the cement samples pre- and post 

CO2 injection experiments was achieved by comparison of obtained peak positions 

with one of the databases containing powder diffraction data, specifically the PDF-2 

database supplied by the International Centre for Diffraction Data (ICDD) (http://www.

icdd.com/index.php/pdf-2/).

3.2.3. Inductively coupled plasma and optical emission spectrometry

Inductively coupled Plasma (ICP) together with an optical emission spectrophotometer 

(OES) constitutes an ICP-OES system, one of the most powerful and popular analytical 

tools for determination of main and trace elements (Hou and Jones, 2000).

The ICP-OES technique is based on the unprompted emission of photons from atoms 

and ions that have been excited in a radiofrequency (RF) discharge (Helaluddin et al., 

2016). The sample solution is converted to an aerosol that is quickly vaporized into the 

central channel of the plasma at temperature of approximately 10000 K (Helaluddin et 

al., 2016). This action releases free atoms in gaseous state. Additional energy excites 

these atoms and generates the emission of photons. The wavelength of the photons can 

be used to identify the elements from which they originated. The element concentration 

in the sample can also be estimated because it is directly proportional to the total 

number of photons (Hou and Jones, 2000). The major components of a typical ICP-OES 

is shown in Fig. 3.8.
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The ICP-OES spectrometer used in this study was the HORIBA JOBIN-YVON ultima 2 

(Model-JY Ultrace 138 ICP-OES and Software V5), located at the laboratories of The 

Flow Assurance And Scale Team (FAST) of the Institute of Petroleum Engineering (IPE) 

at Heriot-Watt University. In this system, the continuous introduction of the liquid and 

gas samples forms an aerosol that is transported by Argon gas to the central channel of 

the plasma. The spectra atomic emission is dispersed by a diffraction grating and a light 

sensitive detector is responsible for measuring the intensities. Then, the information is 

processed by the computer system (Boss and Fredeen, 2004). The detection limit was 

0.001 mg l-1, and the analytical error was estimated to be in the order of ± 1-5 %.

ICP-OES analyses were conducted in this work to characterize and understand how the 

composition of the two prepared set of brines, representative of water that is present in 

the Goldeneye reservoir at a depth between 2560 to 2700 m (cf. Ch. 3.1.2), have been 

changed after CO2-brine-well cement interactions. Brine samples were collected and 

stored in the fridge upon preparation of each set of brines, as well as immediately after 

each of the experiments. 

Fig. 3.8. Schematic diagram of an ICP-OES assembly, modified from Ghosh et al. (2013) .
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3.3. PETROPHYSICAL ANALYTICAL METHODS

This section describes the techniques and methods used to obtain two petrophysical 

parameters, namely porosity and permeability from the pre- and post CO2 injection 

experiments. Porosity and permeability measurements, together with the presence of 

micro-cracks are of great importance in order to understand the evolution of the internal 

microstructure of cement samples. Three techniques were used and described below, 

including X-ray micro-computed tomography (Ch. 3.3.1), pulse transmission method 

(Ch. 3.3.2) and pore pressure transmission method (Ch. 3.3.3).
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3.3.1. X-ray micro-computed tomography

X-ray micro-computed tomography (X-ray µCT, referred to as micro-CT in this thesis) is 

a non-destructive three-dimensional imaging technique, which is extensively used for 

the visualisation as well as the analysis in detail of the very fine scale internal structure of 

objects, such as cement samples.

Micro-CT uses X-radiation to create cross-sections of the sample. X-rays travel in straight 

lines and pass right through the sample, where the radiation is absorbed, scattered, 

diffracted, refracted, or transmitted through the material (Wildenschild and Sheppard, 

2013). The transmitted radiation, which has a lower intensity caused by attenuation 

of radiation as it flows through the sample, is received by a flat panel detector which 

converts the X-ray energy into light to form an image (Fig. 3.9) (Lamei et al., 2016). 

In micro-CT images of heterogeneous materials, the various constitutive phases of a 

sample, as main grains, matrix, or cavities, can be identified based on their relative X-ray 

attenuation rates (Loeffler et al., 2018). However, segmentation of different features 

within the same phase as cavities requires a more accurate analysis. In a cement sample, 

cracks and porosity can be recognized as a type of cavities but their formation is the 

result of different processes.

Fig. 3.9. Schematic of X-ray computed tomography system where the source detector distance and source sample 
distance are shown.
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The micro-CT used in this work has been designed and built in-house in the Experimental 

Geoscience Laboratories of the School of Geosciences at University of Edinburgh. The 

cone beam instrument comprises a dual transmission/reflection 10-160keV Feinfocs 

X-ray sources, and a MICOS UPR-160-Air rotary table, which can hold a range of sample 

manipulators.

The instrument has two X-ray cameras: i) a Teledyne Rad-Icon Shad-o-cam 4MP CMOS 

10x10 cm X-ray flat panel detector with a Gadox scintillator and 50 micron pixel pitch, 

and ii) a Perkin Elmer XRD 0822 1MP 20x20 cm amorphous silicon flat panel detector 

with a Gadox scintillator and 200 micron pixel pitch. Data acquisition uses software 

developed in-house. The Octopus reconstruction package, developed by the University 

of Ghent (Belgium) and supplied by XRE (https://xre.be/) was used to reconstruct the 

internal 3D structure of the sample.

For the cement samples of this study (1.5 inch diameter x 1 inch length), 120keV at 10W 

target power has been used. Each scan comprised 2000 individual X-ray projections 

(2 second exposure) through a 360-degree rotation of the sample. X-rays were filtered 

through a 0.8 mm aluminium filter. The data were acquired with the Perkin Elmer camera 

(i.e. 200 micron pixel resolution) where source detector distance was 733.8 mm and 

source sample distance was 148.3 mm. The voxel size was 0.040032 mm and 958 slices 

were obtained. A thin-transparent film was used to wrap the cement samples in order to 

prevent evaporation during imaging.

In this study, the final visualisation and analysis of 3D data obtained by the micro-CT 

were performed using a dedicated powerful workstation running the last version of 

Avizo software (https://www.fei.com/software/avizo-for-materials-science/). Avizo allows 

the analysis and quantification of features of interest present in the images acquired 

by micro-CT. More specifically,because the software provides the possibility to gain 

detailed insight into the 3D volume of cement samples, Avizo was mainly used for the 

detection of numbers and size diameter of existing pores, and quantification of the 

overall porosity. Fig. 3.10 shows an image where the porosity appears with dark levels 

(low intensity voxels) and cement matrix appears with luminous levels (high intensity 

voxels).
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The distribution of the grey values observed in micro-CT images can be shown in a 

histogram where the x-axis represents the grey scale values (min: 0 and max: 255) and 

the y-axis shows the number of pixels found for each grey value (Fig. 3.11).

POROSITY
MATRIX

Fig. 3.10. A representative micro-CT cement image where low intensity voxels represent the porosity and high 
intensity voxels illustrate the cement matrix.

Count: 1048576 Mean: 93.233 StdDev: 64.058
0 255Grey values

Fig. 3.11. A representative Histogram of grey values distribution of the micro-CT image showed in Fig.3 10. The 
total pixel count, as well as mean and standard deviation are also calculated and showed.
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In order to improve image quality and reducing noise of images, Avizo incorporates a 

filter that can achieve a high-performance smoothing when the sample demands noise 

reduction, while maximally preserving edges. This reduction of noise does not alter the 

information contained in the images and helps to classify them during the segmentation 

process. The filter used was Filter Sandbox. The segmentation process in Avizo consists 

of assigning labels to image voxels with the aim of identifying and separating objects in 

a 3D image (ThermoFisher Scientific, 2018). Segmentation process is a prerequisite for 

surface model generation and accurate quantification such as porosity measurement, as 

explained previously in this subsection. The segmentation process was performed using 

Interactive Thresholding. This segmentation threshold creates a binary image where 

the voxels of intensity 1 is represented by blue colour and voxels of intensity 0 is the 

background (ThermoFisher Scientific, 2018). 

In this case, porosity is the interesting feature in the 3D image volume. Once the porosity 

features have been segmented, the porous structure can be quantified. Quantitative 

analysis of pores with volumes smaller than 103 µm3 was limited by image resolution. 

Unfortunately, it was not possible to identify pore size with less than 2.76 µm of diameter. 

This limitation leads to define the porosity calculated as macro-porosity, where the pores 

diameters measured are between 2.76 µm and 60 µm.

3.3.2. Pulse transmission method 

The pulse transmission method (PTM) technique measures the time of flight of an elastic 

wave propagating through a material (Ayling et al., 1995). It was described originally by 

Birch (1960).

There are two main types of acoustic waves, namely compressional and shear waves that 

are described below. Compressional waves are also known as P-waves. The particle motion 

associated with these waves is always in the direction of wave propagation. The P-wave 

velocity (VP) is sensitive to the saturating fluid type and it is generally used as porosity tool 

for a given lithology (Hamada, 2004). The effect of a general decrease in VP is caused by 

an increase of porosity (Castagna et al., 1985; Kassab and Weller, 2015; Si et al., 2016). 

Porosity is referred as to bulk porosity in this Thesis because the elastic waves propagates 

through the entire cement core samples, finding all empty space up the pathway.
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Shear waves are also known as S-waves. In this case, the motion of individual particles is 

always perpendicular to the direction of wave propagation. Shear-waves in anisotropic 

media are used to exhibit birefringence and travel as two separate orthogonal modes 

with different velocities, a fast S1-wave and a slow S2-wave (Liu and Martinez, 2012). The 

S-waves velocity (VS) is widely used to determine mechanical rock properties (Hamada, 

2004). The decrease of VS is connected with a greater presence of micro-cracks (Ayling 

et al., 1995; Saroglou and Kallimogiannis, 2017). On this basis, PTM is used to obtain P-, 

S1- and S2-wave velocities in the cement core samples with the aim of to characterise 

its internal microstructure and determining changes in porosity and damage of cement 

(micro-cracks).

The method has been applied using the system installed in the “Laboratorio de Mecánica 

de Rocas” (LaMEROC) of the University of A Coruña (Spain). This equipment consists 

of an ultrasonic pulser (width range of 100-1000 ns) and a signal receiver built into a 

single unit (ErgoTech, Traducer Pulser 1-10); a digital storage oscilloscope (PicoScope 

Series 5000) and compression platens (ErgoTech) with acoustic ultrasound transducers 

(1.3 MHz resonant frequency), which have been used in order to obtain P-, S1- and S2-

wave velocities. The software PicoScope 6 was used to monitor and process the digital 

waveforms. Fig. 3.12 shows a schematic representation of the equipment set-up.

Sample

Source
Transducer

Receiver
Transducer

DIGITAL STORAGE OSCILLOSCOPE

Transducer Pulser
1-10

P
S1
S2

Pulse
width

PULSE GENERATOR UNIT

COMPUTER

PicoScope 6
software

Pulse

Signal

Fig. 3.12. Schematic diagram for the experimental setup of acoustic measurements.
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A series of ASTM*1 and ISRM*2 restrictions as grain size and sample size have been 

considered. The wavelength property (lP,S) of ErgoTech transducers used are lP=3.85E-04 

and lS=2.31E-04. Grain size restriction is represented by lP,S ≥ 3fmean, where fmean is the grain 

size (ASTM, 2008; ISRM, 2014). The maximum grain size in the studied cement samples is 60 

µm, and therefore, these cement samples comply with the standard of grain size restriction. 

Sample size restrictions are represented by L/d ≤ 5; L ≥ 10fmean and d ≥ 5lP, where L is the 

sample length and d is the sample diameter (ASTM, 2008; ISRM, 2014). The length and 

diameter of the cement samples are 1 inch (25.4 mm) and 1.5 inch (38.1 mm) respectively, 

and hence the cement samples sizes comply with the standard sample size restrictions. 

VP and VS are determined by the transit time of ultrasonic pulses, considering the correction 

of the compression platens (face to face) that corresponds to 7.856 µs for P-wave velocity, 

12.97 µs for S1-wave velocity, and 13.88 µs for S2-wave velocity. Wave velocities were 

obtained by measuring the time taken for an ultrasonic pulse to cross the cement sample 

at ambient temperature and ambient pressure. The arrival time of P-, S1- and S2-wave 

velocities was measured by the first peak of arrival of the wave, which exhibits the first 

significant change of the ultrasonic signal on the oscilloscope (Fig. 3.13). 

*1 American Society for Testing materials  *2 International Society of Rock Mechanics

Arrival time of P-wave

Time (µs)

Time of flight

0.0

-2.0

-4.0

-6.0
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4.0

6.0

8.0

10.0

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0

Fig. 3.13. Example of the procedure for determining P-wave time of flight.
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A suitable vertical amplification and sampling rate was selected on the oscilloscope so 

that the pulse fell within the digitalisation window with a range of amplitude of ± 500 mV, 

and the sampling period used in the experiments was 100 µs. The number of samples 

was 6250 with a sampling interval of 8 ns, and its frequency was 62.5 mega sample per 

second (MS/s). The resolution of the hardware used was 15 bits. The absolute arrival 

time error was of the order of a ± 1 %. 

Determination of VP and VS of the cement samples requires measurements of two basic 

variables: the length of the wave travel path L (the length of the cement samples) and 

the length of the travel time of each wave type (TP and TS), taking into account the 

correction of the compression platens for each wave velocity (Aydin, 2013):                     

where VP and VS represent the compressional and shear wave velocity (km/s), respectively, 

L is the length of the cement samples (mm), TP,CORR corresponds to the length of the 

travel time for P-wave minus the correction of the compression platens (TP,MEASURED – 

7.856 µs), TS1,CORR corresponds to the length of the travel time for S1-wave minus the 

correction of the compression platens (TS1,MEASURED – 12.97 µs) and TS2,CORR corresponds 

to the length of the travel time for S2-wave minus the correction of the compression 

platens (TS2,MEASURED – 13.88 µs).

By measuring the ultrasonic pulse velocity of VP and VS waves other interesting elastic 

constants, such as the dynamic Young’s modulus (EDIN) and the dynamic Poisson’s ratio 

(νDIN), can be calculated (Winkler et al., 1979) with:

VP = !
 "  (3.2) 

VS1 = !
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where VP and VS represent the compressional and shear wave velocity (km/s) respectively, 

and ρ is the density (kg/m3). These elastic constants were considered because 

carbonation process can be related with the Young’s modulus (EDIN) (Fabbri et al., 2009; 

Xiao et al., 2002) and variation of Poisson’s ratio (νDIN) can be caused by the presence of 

micro-cracks (Bieniawski, 1967; Swamy, 1971; Li et al., 1998). According to Mehta and 

Monteiro (2005), micro-cracks have a great influence in the elastic modulus.

3.3.3. Pore pressure transmission method

The pore pressure transmission method (PPTM) is a technique proposed by Metwally 

and Sondergeld (2011) to measure permeability (kw) of a rock. PPTM is based on the 

pulse decay method introduced by Brace et al. (1968), which consists of inducing 

pore pressure disequilibria in the internal structure of the material and determining 

the permeability through the evolution of pore pressure-time decay curves towards the 

original steady state. This method (non-steady state method) is used to measure very 

low permeability (< 10-17 m2) (Flacon-Suarez et al., 2017).

This method has been applied in the studied cement samples using a specially custom 

designed and constructed pore pressure transmission system installed in the “Laboratorio 

de Mecánica de Rocas” (LaMEROC) of the University of A Coruña (Spain). The equipment 

combines a high-pressure core holder (Hassler-type) and two syringe pumps regulated 

by a single controller. Confining pressure was provided by fluid injection (oil) at high 

pressure using a syringe pump (Teledyne ISCO pump-Model 260hp) and pore pressure 

(up and downstream) was delivered through fluid injection (water) by a multi syringe 

pump (Teledyne ISCO pump-Model 100dx) both of them with high precision pressure 

transducers and 0.1 % linear accuracy (Fig. 3.14). The confining pressure (data provided 

by an oilfield services company) used for the different sets are 138 bar (SET 1), 296 bar 

(SET 2) and 345 bar (SET 3). 

 (3.6)   

nDIN =    (3.7) 

%'()*	+',)	 
'()*	',)

'()*	2',)

2'()*	',)

EDIN = r 	',)	

and:
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The different pressures used in this system (confining pressure and pore pressure) and 

temperature were determined by two accurate pressure transducers with ± 0.05 % 

accuracy, which are recorded as a function of time and directly connected to a data 

acquisition system through PCD 2K software control. For optimum temperature control, 

the core holder, the valves and pressure transducers connected to the Hassler (core 

holder) are placed into an insulated box that maintains temperature to ± 1.5 °C. This 

insulation was required in order to reduce potential temperature fluctuations caused 

by changes in ambient temperature of the laboratory during the experiments. The 

absolute variation in ambient temperature inside the built box over a maximum period 

of 72 hours is less than 0.2 °C. 

In order to determine the permeability of well cement samples using PPTM method, 

the upstream reservoir pressure (PUP) is kept at a constant value, whilst the downstream 

reservoir pressure (PDOWN) starts at a lower pressure (10-15 % lower than PUP). During 

the experiment, the pressure in the downstream reservoir rises exponentially, while 

the pressure evolution in the upstream reservoir remains constant (Fig. 3.15). Once the 

PUP and PDOWN flow became equal, the steady state is reached and permeability was 

estimated. 

According to Metwally (2011), permeability (kW) can be calculated using the equation 

3.8 (see next page) when the materials have very low porosity (effective porosity, Øe < 2 

%). Thus, permeability was measure for all sets of cement samples studied in this thesis.

Fig. 3.14. Schematic diagram of the equipment used for pore pressure transmission method (PPTM). The rig 
is equipped with a high-pressure core Holder (Hassler type) that is connected with two syringe pumps, one oil 
cylinder and two water cylinders. The pressure was measured using an absolute pore pressure transmitter (APPT).
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The permeability equation is:

where a corresponds to (ln(DPT/DP0)) vs. time, A (m2) is the area, kW (m2) refers to the intrinsic 

permeability, β (1/Pa) is the static compressibility of the fluid (water), μ(Pa.s) determine 

the dynamic viscosity of fluid, L (m) is the sample size (length), and the downstream 

reservoir volume is represented by Vd (m3). Vd corresponds to the measured volume of 

the section pipe from the valve (VDOWN) to centre of the Hassler. The experimental slope 

(a) is calculated using (ln(DPT/DP0)) vs. time as shown in Fig. 3.16. The analytical error was 

estimated to be in the order of ± 1-10 %.

A cylinder with a known volume (326.27 m3) and connected to a pressure transducer was 

used to calculate the volume (Vd) considering the ideal gas law (P*V = n*R*T). Helium gas 

was injected to the cylinder at 6 bar pressure, and then connected to the valve (VDOWN). 

The information obtained once helium gas is covering the space between the valve 

(VDOWN) and the centre of the Hassler, is a decrease of the original volume and pressure 
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Fig. 3.15. Example of application of the pore pressure transmission method (PPTM). The evolution of pore 
pressure at the upstream (PUP) and downstream (PDOWN) ends is illustrated in colour red and green, respectively. 
The variation of pressure is shown as DP1, DP2 and DP3. These experiments were performed at ambient 
temperature.
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that enable us to calculate the volume of the section pipe. Viscosity and compressibility 

of water are considering constant, due to their slight variation with respect to changes 

of pressure and temperature that occur in most groundwater applications. Thus, it was 

used μ = 1.12 x 10-3 Pa·s (1.124 cP), and β = 4.40 x 10-10 m2/N for water viscosity and 

compressibility, respectively (Freeze and Cherry, 1979).

The permeability measurements of the unreacted cement samples are reported in Recasens et al. (2017). For these initial 
measurements, four paired cylinders system Quizix SP-5400 pumps were used instead of multi syringe pump (Teledyne 
ISCO pump-Model 100dx).
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Fig. 3.16. Example of (ln(DPT/DP0)) vs time in order to obtain the experimental slope (a). The evolution of pore 
pressure at the upstream (PUP) and downstream (PDOWN) ends is illustrated in colour red and black, respectively. 
The variation of pressure over time is shown as DP1, DP2 and DP3.
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RESULTS AND DISCUSSION

This chapter provides the results acquired by a wide range 

of methods. These results are discussed and compared 

with similar studies reported previously. The chapter is 

divided into three sections. The first section (4.1) presents 

how the external structure of cement samples changed due 

to the interactions with CO2-saturated brine at different 

experimental conditions. Section 4.2 is focused on the 

effect of CO2-brine-well cement interactions in the internal 

microstructure of the cement samples. Finally, section 4.3 

discusses the petrophysical analyses in order to elucidate the 

porosity and permeability evolution of samples.
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4.1. MACROSCOPIC EXTERNAL CHARACTERISATION OF CEMENT ALTERATION

This section discusses the effect of long-term CO2-brine-well cement interactions on the 

physical appearance of cement samples such as the external colour or surface shape of 

the original cement core samples. These series of transformations were identified and 

assessed by visual observations of the external structure of the reacted cement cores 

samples.

4.1.1. Colour and surface changes

Unreacted cement cores samples have a very characteristic dark grey colour, comprised 

of a homogeneous mixture of grains of various sizes. The grain size cannot be detected 

by using the unaided eye, but it was determined using SEM. It is possible to observe that 

the pore size of the cement samples decreases from SET 1 to SET 3, as shown in Fig. 4.1.

As a result of the long-term CO2-brine-well cement interactions, visual evidences of 

cement alteration such as distinct colour changes at the edge of the cement samples 

were observed. In SET 1, cement samples that were reacted with CO2-saturated 

synthetic NSSW and CAW brine (cf. Ch. 3.1.2), S.1.1 and S.1.5 respectively, at T=50 ºC 

and PCO2=130 bar, show a brown-orange patina with a smooth texture which covers 

the whole core sample after 3 months experiments (Fig. 4.2). This patina is so thin that 

for S.1.1 it is possible to observe the original colour at the top of the core sample. 

However, after 9 months of exposure, the resulting colour for both samples, S.1.4 and 

S.1.6, is orange (Fig. 4.2). The formation of a brown-orange and orange patina around 

the core may be due to a change in the Fe-containing cement phases.

Fig. 4.1. Macroscopic images of unreacted cement core samples. The pore size can be easily observed in 
representative samples from SET 1. This pore size decreases substantially in samples from SET 2 until reaching 
undetectable levels by using the unaided eye in SET 3.

SET 1 SET 2 SET 3
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Duguid and Scherer (2010) found comparable results using cement Class H samples 

exposed to CO2-saturated brine (0.5M NaCl) at pH 2.4, T=20-50 ºC and PCO2=100 bar 

during 31 days. The outer orange layer formed was associated with the dissolution of 

brownmillerite [Ca2(Al,Fe)2O5] which could release iron oxide phases, causing a change 

in colour from brown to orange. Cao et al. (2013) considered similar experimental 

conditions (T=50 ºC and PCO2=90 bar) during 28 days to study the geochemical 

interactions between CO2-saturated brine (1% NaCl) and sandstone-cement. After 8 

days of exposure, the original dark grey cement colour changed to a brown-orange 

colour. Mito et al. (2015) also observed this shade change in reacted cement Class A 

at T=50 ºC and PCO2=100 bar during 56 days. In the last case, it was considered the 

interaction of CO2-saturated brine (0.5M NaCl) with sandstone-cement-steel and was 

observed that the original grey cement colour turned to orange in the cement adjacent 

to the sandstone. This orange layer was considered as the carbonation zone, as only 

calcite and aragonite were detected but not portlandite. Thus, this outer brown/orange 

layer seems to be formed at the early stage in exposed well cement to geosequestration 

conditions at a depth of about 1 km, regardless of the type of cement and whether it is 

in contact or not with sandstone rock.

SET 2 cement samples were reacted with CO2-saturated synthetic NSSW and CAW brine 

at T=74 ºC and PCO2=220 bar. In both cases, a grey with greenish shades patina was 

observed after 3 and up to 9 months of exposure (Fig. 4.3). This outer layer was soft to 

the touch and easily damaged, evidencing potential cement degradation. Similar colour 

and toughness were also observed in cement S.3.4 and S.3.5 from SET 3. These samples 

were reacted with CO2-saturated synthetic CAW brine at T=90 ºC and PCO2=265 bar for 

3 and 9 months, respectively (Fig. 4.4). Conversely, S.3.1, subjected to synthetic NSSW 

brine, shows a yellowish-green colour patina after 3 months experiments. This sample 

has a special brightness caused by the presence of a micro-crystals thin layer (cf. Ch. 

4.1.2), creating a very uniform cover over the entire cement surface. 

For SET 3, after 9 months, the outer yellowish-green colour turned to yellowish-orange 

colour (S.3.2). The micro-crystals layer observed in S.3.1 is now thicker but not so uniform 

around the core sample (Fig. 4.4). Thus, S.3.1 and S.3.2 have an outer grey with greenish 

shades patina covered by pearlescent white micro-crystals layer, although the outmost part 

of this crystalline cover has a yellowish colour possible acquired by the resulting brine colour.
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In summary, all reacted cement samples from SET 2 and SET 3 have an outer grey with 

greenish shades that is soft to the touch and easily damaged covering the whole core 

sample whatever the type of synthetic brine used (NSSW or CAW). Compared to SET 1, 

the outer brown/orange layer has not been formed and this may be caused by the lack 

of Fe-rich particles precipitation around the cement surface.

4.1.2. Growth and accumulation of crystals

The growth and accumulation of crystals have been formed at the bottom and top of cement 

surfaces as a result of long-term CO2-brine-well cement interactions. This overgrowth of 

crystals on the cement surface was also observed in previous experiments (Rimmelé et al., 

2008; Jacquemet et al., 2012; Um et al., 2017; Guo et al., 2017; Jobard et al., 2018).

For SET 1 samples that were in contact with CO2-saturated synthetic NSSW brine (S.1.1 

and S.1.4) few crystals not morphologically well defined were observed, forming a 

whitish-orange crust at the bottom and on the edge of the samples. In contrast, S.1.5 

and S.1.6, under CO2-saturated synthetic CAW brine, display relatively hexagonal-

shaped crystals with a characteristic whitish colour and around 1 mm thickness (Fig. 

4.2). An X-ray diffraction accurate analysis in order to determine their mineralogical 

composition was not carried out due to the small number of crystals. White acicular 

crystals with 1-3 mm thickness were formed covering a large part of the cement samples 

of SET 2, as shown in Fig. 4.3. These crystals are morphologically well defined in S.2.1, 

S.2.4 and S.2.5 but not in S.2.2 where a whitish crust is observed at the bottom and top 

of the cement surface. 

Also white acicular crystals with 1-3 mm thickness are present in cement S.3.4 and 

S.3.5 from SET 3 (Fig. 4.4). As mentioned above, a pearlescent yellow micro-crystals 

thin layer can be observed in S.3.1 and S.3.2, more uniform in the first case (cf. Ch 

4.1.1). The X-ray diffraction analysis of this crystalline material (SET 2 and SET 3) 

reveals that it is mainly calcium carbonate (CaCO3(S)) in form of aragonite with calcite 

and halite (NaCl) traces (cf. Ch. 4.2.2). Barlet-Gouédard et al. (2005) also observed the 

precipitation of aragonite in neat cement. In contrast, other authors (Jacquemet et al., 

2012 and Um et al., 2017) indicated that the white precipitates formed on the cement 

surface are calcium carbonate but in form of pure calcite mineral.
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4.2. COMPOSITIONAL AND CHEMICAL VARIATIONS

This section discusses the effect of long-term CO2-brine-well cement interactions on the 

internal microstructure of the cement samples. A series of transformations (as mineral 

composition and presence of cracks) has been recognized and assessed in the reacted 

cement cores samples using a combination of methods and techniques. These include 

scanning electron microscope together with energy dispersive X-ray spectroscopy 

(4.2.1), X-ray diffraction analysis (4.2.2) and inductively coupled plasma and optical 

emission spectrometry (4.2.3).

4.2.1. Microscopic alteration and elemental composition of cement

The internal structure of cement samples has been highly affected by CO2-brine-well 

cement interactions. At microscopic scale characterisation, a series of cracks of varying 

aperture size were observed in unreacted cement core samples. The aperture size of 

these cracks was measured on each SEM image that represent different areas of the 

cement sample by taking multiple (25-30) measurements. In each image, all cracks 

have been measured in order to define the minimum and maximum aperture size. The 

evolution of the original porosity and these microscopic cracks or the creation of new 

cracks after experiments is discussed here. The elemental composition and the depth 

of carbonation (altered layer) are also described. This altered layer is defined as the 

distance from the outer part of the cement sample to the boundary where the sample 

did not suffer any alteration process. The thickness of the altered layer is measured in 

each SEM-EDX image. This altered layer is caused by the degradation process.

4.2.1.1. SET 1

A representative scanning electron microscope (SEM) image of SET 1 is used here (Fig. 

4.5) to illustrate cement samples pre CO2 injection experiments. The well-defined and 

brightest grains represent the unhydrated cement particles (C3S, C2S and C4AF) and the 

dark grey matrix is composed by C-S-H phases surrounded by some cracks, where the 

value of the crack aperture varies from 300 nm to 3.02 µm although the maximum size 

observed in Fig 4.5 is 2.09 µm. In the BSE image, the porosity appears as the lowest 

signal intensity (black colour). As X-ray diffraction analysis show in Ch. 4.2.2, portlandite 

is present despite is not observed in SEM images. This mineral composition has been 



Assessment of well cement risk leakage on CO2 geological storage: the Goldeneye reservoir (North Sea, UK)

76Chapter 4 - Results and discussion

previously observed in cement (Kutchko et al., 2007; Stutzman, 2004; Liteanu and 

Spiers, 2011; Luquot et al., 2013). As a result of CO2-brine-well cement interactions, a 

thin altered layer is observed on the outer rim of the neat Class G cement core samples 

that were exposed for 3 and 9 months to CO2-saturated synthetic NSSW and CAW brine 

at T=50 ºC and PCO2=130 bar.

CO2-saturated synthetic NSSW brine-well cement interactions (SET 1)

Cement cores that were reacted with CO2-saturated synthetic NSSW brine for 3 (S.1.1) 

and 9 (S.1.4) months show a well-defined pale-yellow alteration zone on the outer rim of 

the samples (Fig. 4.6). This altered layer is irregular shaped, ranging in radial thickness  

from around 90 µm to 0.65 cm for both cement samples, and thus showing that there 

has been an initial reacted layer observed after 3 months of exposure and not extended 

throughout the cement in 9 months exposure time. This altered layer was measured 

using micro-CT images (cf. Ch. 4.3.1).

SEM images show four distinct areas, which consist of four colour-coded sections; grey, 

dark grey, light grey and dark. These zones are labelled in Fig. 4.6. The grey region 

Fig. 4.5. A representative SEM image of unreacted cement core sample of SET 1. Cracks with a size ranging from 
300 nm to 2.09 μm can be easily observed. Brightest phases represent the unhydrated cement particles and the 
dark matrix is composed by C-S-H phases. The black colour represents the porosity. This SEM image is located at 
the mid-length of the core sample.

Porosity

Unhydrated particles

C-S-H

1.12 µm

1.03 µm

1.18 µm

364 nm

594 nm

2.09 µm
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Fig. 4.6. SEM (A and B) and SEM-EDX (C and D) images of Class G neat cement samples S.1.1 and S.1.4. These 
samples were exposed to CO2-saturated synthetic NSSW brine at T=50 ºC and PCO2=130 bar for 3 (A and C) and 
9 (B and D) months. The altered zones described in the main text are easily discernible. These SEM-EDX images 
represent the mid-length of the core sample. 
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refers to the semi-unreacted cement (zone I); the dark grey region corresponds to the 

dissolution zone (zone II); the light grey region represents the carbonated zone (zone III); 

and the dark region corresponds to the outmost area characterized by high presence 

of silicon (zone IV). In both S.1.1 and S.1.4 samples, a transition zone between the 

dissolution and carbonated zones of a width approximately 44 µm was identified. These 

distinct areas (except the semi-unreacted cement) were previously found by Barlet-

Gouédard et al. (2007,2009), Kutchko et al. (2007, 2009), Duguid and Scherer (2010), 

Jung and Um (2013), Yamaguchi et al. (2013) and Zhang et al. (2014).

Zone II, ranging in width from 56.25 µm to 218.75 µm in S.1.1 and from 424 µm to 

941 µm in S.1.4 is characterized by a slight increase in porosity (secondary porosity) 

and decrease of calcium (Ca2+). This secondary porosity is observed as a change in 

BSE intensity relative to the semi-unreacted regions (zone I) and has an irregular shape 

ranging in size from 441 nm to 5.56 µm in both S.1.1 and S.1.4 samples. Calcium 

depletion can be seen in energy dispersive X-ray (EDX) image (Part C, Fig. 4.6) and 

is mainly due to the dissolution of portlandite (CH). This has been verified using X-ray 

diffraction analysis (cf. Ch. 4.2.2). This region appears when CO2 is being dissolved into 

the synthetic brine, carbonic acid (H2CO3) is formed (Eq. 4.1) and starts diffusing and 

reacting into the cement matrix, causing the portlandite (CH) dissolution and leaching 

Ca2+ out of the cement core (Eq. 4.2). 

CO2(aq)   +  H2O  t   H2CO3(S)  t  H+  +  HCO3
–  t   2H+  +  CO3

2–                                 (4.1)

Ca(OH)2(S)  r   Ca2+ (aq)   +  2OH– (aq)                                                                                                                                      (4.2)

Zone III, ranging in width from 89.3 µm to 741 µm in S.1.1 and around 1.3 mm in S.1.4 

(Fig.4.6) has a noticeable increase of calcium content caused by the secondary mineral 

precipitation of calcium carbonate (CaCO3(S)) (Eq. 4.3 through 4.6), and a sharp decrease 

of the original porosity, taking as a reference visual porosity of semi-unreacted cement. 

In this region, the original porosity has been filled by the precipitation of calcium 

carbonate. X-ray diffraction analysis revealed that this calcium carbonate is in the form 

of calcite and aragonite (cf. Ch. 4.2.2). Thus, calcium carbonate precipitation in cement 

is caused as a result of the reaction of Ca2+ leached by portlandite dissolution coupled 

with the inward diffusion of carbonated brine.
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Ca(OH)2(S)  +  2H+  +  CO3
2–   r   CaCO3(S)  +  2H2O                                                     (4.3)

3CaO·2SiO2·3H2O +  6H+  + 3CO3
2–  
r

   3CaCO3(S)  +  2am-SiO2(S)  +  6H2O                                         (4.4)   

Ca(OH)2(S)  +  H+  +  HCO3
–  

  
r

    CaCO3(S)   +  2H2O                                                      (4.5)  

3CaO·2SiO2·3H2O +  6H+  + 3CO3
2–  
r

   3CaCO3(S)  +  2am-SiO2(S)  +  6H2O                                        (4.6)

Zone IV, that corresponds to the outmost area, is completely depleted in calcium but with 

high presence of silicon and a significant increase in porosity, as observed in EDX image 

(Part C, Fig. 4.6). As seen in Eq. 4.4 and 4.6 above, high presence of silicon forming 

amorphous silica gel (am-SiO2(S)) is generated by the reaction of C-S-H (3CaO·2SiO2·3H2O) 

with carbonated brine in zone IV. In addition, as observed in ICP-OES analysis (cf. Ch. 

4.2.3), the increase of dissolved silica, from 0 ppm to 43.98 ppm, observed in the reacted 

brine in S.1.1 is likely to be due to some of the silicon from C-S-H was leached out of the 

cement core during the carbonation process for the first 3 months experiments. After 9 

months, the dissolved silica concentration kept constant at 43.20 ppm. This could mean 

that when the carbonated band is totally formed can act temporary as a barrier that does 

not enable to continue the flow of carbonated brine through this zone and stops the 

cement degradation. Carey et al. (2007) and Mito et al. (2015) also identified that this 

carbonation band creates a protective layer preventing further alteration of cement.

EDX image (Part D, Fig. 4.6) shows how secondary minerals precipitations has a 

representative prismatic shape with high content in calcium filling the original pores of 

S.1.4. This new mineral precipitation is calcite and aragonite and is detected in both S.1.1 

and S.1.4 using X-ray diffraction analysis (cf. Ch. 4.2.2). Calcite and aragonite might be 

formed by the inward diffusion of Ca2+ and CO3
2– that come from the original synthetic 

NSSW brine composition, affecting the marked reduction of Ca2+ concentration from 

400.25 ppm to 29.84 ppm in reacted brine for S.1.1 as observed by ICP-OES analysis (cf. 

Ch. 4.2.3). These Ca2+ and CO3
2– travelled through the micro-cracks until reaching into 

the pore space where come into contact with each other, forming calcium carbonates 

(CaCO3(S)) (Fig. 4.7). This area that has been called semi-unreacted cement (zone I) is 

characterised by the precipitation of calcium carbonates into the original porosity and 

no altered layers are created.

However, after 9 months of exposure, there is a slight increase of Ca2+ concentration 

from 29.84 ppm to 44.20 ppm in the reacted brine for S.1.4, even though the Ca2+ was 
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partially consumed by the precipitation of calcite and aragonite into pore space. As part 

B image of Fig. 4.6 shows, there is an increase of porosity in the carbonated band (zone 

III) that could be caused by CaCO3(S) dissolution (Eq. 4.7 and 4.8). Thus, the leached Ca2+ 

out of the cement core would lead to the increase of Ca2+ concentration in the reacted 

brine for S.1.4.

CaCO3(S)  +  CO2  +  H2O   r   Ca2+  +  2HCO3
–                                                           (4.7)

CaCO3(S)  +  2H+  r    CO2  +  Ca2+  +  H2O                                                                 (4.8)

Not all Ca2+ from the synthetic NSSW brine reacted into the porosity of cement, but 

there was a growth and accumulation of relatively hexagonal-shaped crystals on the 

cement surface, which are formed by calcium carbonates precipitation (aragonite and 

calcite) together with halite traces as X-ray diffraction measurements show in SET 2 and 

SET 3 (cf. Ch. 4.2.2).

A series of secondary micro-cracks with an aperture size from 1.52 µm to 2.72 µm 

observed through zone IV to zone I might be created due to a constant change in 

the internal microstructure of cement core samples (Part A, Fig. 4.6). These micro-

cracks were generated post carbonation process in both S.1.1 and S.1.4 and were also 

observed by Zhang and Talman (2014) in cement Class G after 84 days of exposure to 

Ca2+

CO3
2–

CO3
2–

Ca2+

PORE SPACE

Ca2+

CO3
2–

CO3
2–

Ca2+

CaCO3(S)

Fig. 4.7. Representative calcium carbonate (calcite and aragonite) precipitation into porosity caused by the 
reaction between Ca2+ and Co3

2– that come from original synthetic NSSW brine and travelled through micro-
cracks until reach pore space.
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similar experimental conditions (T=50 ºC and PCO2= 100 bar) and by Rimmelé et al. 

(2008) in cement Class G after 3 and 6 months of exposure using higher temperature 

and pressure conditions (T=90 ºC and PCO2= 280 bar).

CO2-saturated synthetic CAW brine-well cement interactions (SET 1)

Cement cores S.1.5 and S.1.6 that were reacted with CO2-saturated synthetic CAW 

brine for 3 and 9 months show a similar well-defined pale-yellow alteration layer on the 

outer rim of the samples. In this case, the altered layer has a ranging in radial thickness 

from a few microns to 0.39 cm for both cement samples. This alteration depth is lower 

to that observed in those samples exposed to CO2-saturated synthetic NSSW brine. 

Four distinct areas are also observed in the alteration layer of these reacted cement samples 

(Fig. 4.8), with a transition zone of 13.6 µm of width approximately between the dissolution 

and carbonated zones. As indicated above, the cement carbonation process starts on 

the outer face of the samples as long as there is not presence of cracks connecting the 

external part inward the sample. In this case, the cement carbonation will move towards 

the cracks thereby increasing the reacted area and leading to the seal of the original 

micro-crack by calcium carbonates precipitation as the BSE image (Part A, Fig. 4.8) shows. 

This demonstrates that the presence of cracks in the cement lead to higher degree of 

carbonation inward, as also observed using micro-CT images by Um et al. (2017).

X-ray diffraction of S.1.5 and S.1.6 reveals that this calcium carbonate is in the form 

of calcite, aragonite and vaterite (cf. Ch. 4.2.2), as is also observed in samples S.1.1 

and S.1.4. Moreover, BSE image (Part A, Fig. 4.8) also shows secondary micro-cracks 

formed post carbonation process and secondary mineral precipitation is filling the 

original porosity (EDX image, part D of Fig. 4.8). Thus, the increase of salinity seems to 

reduce the alteration depth in neat cement Class G subjected to CO2-saturated brine 

at T=50ºC and PCO2=130 bar, and the presence of micro-cracks that connect with the 

inner part of the core samples increase the depth of alteration. 

These results suggest that the rate of carbonation is directly influenced by salinity. This is 

possible because CO2 solubility decreases with increasing water salinity (Enick and Klara, 

1990; Spycher et al., 2003; Spycher and Pruess, 2005) and a lower CO2 solubility could 
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Fig. 4.8. SEM (A and B) and SEM-EDX (C and D) images of Class G neat cement samples S.1.5 and S.1.6. These 
samples were exposed to CO2-saturated synthetic CAW brine at T=50 ºC and PCO2=130 bar for 3 (A and C) and 
9 (B and D) months. The altered zones described in the main text are easily discernible. CaCO3(S) is precipitated in 
the original micro-cracks and porosity. Secondary micro-cracks are being formed post carbonation process. These 
SEM-EDX images represent the mid-length of the core sample.
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substantially limit the kinetics of cement degradation (Rimmelé et al., 2008). Different 

authors also observed a link between the alteration depth and water salinity. Verba and 

O’Connor (2010) studied the rate of carbonation using a salinity range from 1 to 2.2M at 

T=50ºC and PCO2=290 bar and observed that the alteration depth was higher in those 

experiments where lower salinity was used, probably due to the higher solubility of 

CO2 in brines with lower salinity. Verba et al. (2014) also considered that the alteration 

depth in Class H cement in contact with basalt is related with the salinity of the brine. 

The intense alteration in cement was related with the low salinity of the solution. In this 

case, cement Class H samples were exposed to CO2-saturated brine at T=35ºC and 

PCO2=100 bar for 84 days.

Other researchers have observed similar depth of alteration and reacted layers. Kutchko 

et al. (2007, 2008) observed that the altered layer (< 500 µm) in reacted cement Class H 

sample is also formed by three distinct zone after 9 days of exposure with CO2-saturated 

brine (1% NaCl) at T=50ºC and PCO2=303 bar, where the inner altered zone is depleted 

in calcium and called CH-depleted zone that correspond to the dissolution zone (zone II) 

observed in all cement samples of SET 1. This zone is followed by fully carbonation zone 

that it is also observed and refers to zone III, and finally, the outermost region called porous 

silica zone, coinciding with the high presence of silicon layer of zone IV. However, Kutchko 

et al. (2007, 2008) determined an unreacted cement area, which has not been observed in 

any of the cement samples of SET 1 after 3 months of exposure (T=50ºC and PCO2=130 

bar). This is because secondary mineral precipitation is filling the original porosity in the 

whole cement sample. For this reason, this zone has been considered as semi-unreacted 

cement. Thus, very similar results are observed in these experiments despite that Kutchko 

et al. (2007, 2008) used cement Class H instead of Class G, and the same temperature but 

higher pressure compared with the experimental conditions used for SET 1.

Carey et al. (2010) observed an altered layer from 50 µm to 250 µm in cement Class G 

that was in contact with casing after 394 hrs (16 an a half days) of experiment at T=40 

ºC and PCO2=140 bar, resulting in different distinct altered zones as the case observed 

for all cement samples of SET 1. Zhang and Talman (2014) carried out some batch 

experiments using neat cement Class G samples that were exposed to CO2-saturated 

brine (0.5M NaCl) at similar experimental conditions (T=53 ºC and PCO2=100 bar) for 3, 

7, 14, 28, and 84 days. After 84 days of exposure, two distinct zones (carbonated and 
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dissolution zones) that determine the altered layer (< 200 µm) were observed together 

with the unreacted cement zone. 

Duguid and Scherer (2010) found comparable results using cement Class H samples 

exposed to CO2-saturated brine (0.5M NaCl) at pH 2.4-3.7, T=20-50 ºC and PCO2=100 

bar during 31 days. The reacted cement showed a series of altered zones formed and 

progressed inward the sample. The different altered zones contained different crystalline 

phases, which correspond to the different zones observed in cement samples of SET 1. 

Duguid and Scherer (2010) observed three main zones, which are differentiated not 

only by the mineral composition but also by the colour. The outmost brown-orange 

zone, that showed a depletion of calcium but rich in silicon, is similar to zone IV defined 

in SET 1. A white zone that showed an increase in calcium, followed by a light grey 

zone which is a CH-depleted area are both similar to the carbonated zone (zone III) 

and the dissolution zone (zone II) identified and defined in SET 1. Duguid and Scherer 

(2010) observed a dark grey zone defined as an unreacted cement area, which was 

also considered by Kutchko et al. (2007, 2008). Thus, very similar reacted zones were 

observed in these experiments despite that Duguid and Scherer (2010) used cement 

Class H instead of Class G, and were reacted at pH 2.4-3.7, T=20-50 ºC and lower 

pressure (PCO2=100 bar).

4.2.1.2. SET 2

In contrast to cement samples of SET 1, it is important to highlight that samples of SET 

2 are mainly composed of cement Class G with the use of pozzolan additive (50:50). This 

pozzolan additive has a characteristic perfect whorl shape, leading to assume that the 

pozzolan additive used in SET 2 by the oilfield services company could be fly ash (Fig. 

4.9). The perfect circular shape of fly ash was well defined previously by Scherer et al. 

(2011), Kutchko et al. (2006) and Dembovska et al. (2017).

In SET 2, the aperture size of cracks, measured on each SEM image sample by taking 

multiple (25-30) measurements, varies from 206 nm to 2.67 µm (Fig. 4.9). There is a slight 

decrease of the crack aperture size in comparison with SET 1, which varies from 300 nm 

to 3.02 µm. As was observed previously in the BSE image of SET 1, the well-defined 

and brightest grains represent the unhydrated cement particles (C3S, C2S and C4AF), the 
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dark grey matrix is composed by C-S-H and, the porosity appears as the lowest signal 

intensity (black colour). This mineral composition is also observed in unreacted cement 

samples by some authors as Kutchko et al. (2007, 2009), Liteanu and Spiers (2011) and, 

Luquot et al. (2013).

CO2-saturated synthetic NSSW brine-well cement interactions (SET 2)

When the original cement is exposed to CO2-saturated brines at T=74 ºC and PCO2=220 

bar, a sharp (≤ 1.5 mm) pale-yellow altered layer is clearly observed on the outer rim 

of the cement samples. Cement cores that were reacted with CO2-saturated synthetic 

NSSW brine for 3 (S.2.1) and 9 (S.2.2) months show this thick well-defined altered layer, 

forming a perfect concentric shape with a radial thickness of 1 mm in S.2.1 and 1.5 mm 

in S.2.2. Following this shape, there is a series of yellowish-white rings not well defined 

that propagates inward the cement core (Fig. 4.10). This variation of colour indicates 

that the degradation process did not finished on the first millimeters of the outer rim, as 

it was observed in samples of SET 1.

2.67 µm

2.24 µm

1.69 µm
2.48 µm

285 nm

SET 2

Porosity

Unhydrated particles

C-S-H

Pozzolan

Fig. 4.9. A representative SEM image of unreacted cement core sample of SET 2. Cracks with a size ranging from 
285 nm to 2.67 μm can be easily observed. Brightest phases represent the unhydrated cement particles and the 
dark matrix is composed by C-S-H phases. Pozzolan additive (potentially Fly ash) has a characteristic brightest 
circular shape and the black colour represents the porosity. This SEM image is located at the mid-length of the 
core sample.
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Fig. 4.10. SEM (A and B) and SEM-EDX (C and D) images of Class G neat cement samples S.2.1 and S.2.2. These 
samples were exposed to CO2-saturated synthetic NSSW brine at T=74 ºC and PCO2=220 bar for 3 (A and C) 
and 9 (B and D) months. The altered regions described in the main text are easily discernible. Images show a 
depletion of Ca2+ forming the dissolution zone together with the precipitation of CaCO3(S) which forms a series of 
carbonated rims (zone III) inward and the silicon zone (zone IV). These SEM-EDX images represent the mid-length 
of the core sample.
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SEM images show three distinct areas, which consist of three colour-coded sections 

conveniently labelled in Fig. 4.10. The dark grey regions corresponds to the dissolution 

zone (zone II and IIN), the light grey regions represents the carbonated zone (zone III and 

IIIN), and the dark region corresponds to the outmost area characterized by high presence 

of silicon (zone IV). In contrast to samples of SET 1, the semi-unreacted cement (zone 

I) is not present. In this case, there is an unreacted cement area (zone 0), but it is not 

observable in the SEM Image of the 3 months experiment (Part A, Fig. 4.10) because is 

located at 1.19 cm to 1.34 cm inward, as verified using micro-CT images (cf. Ch. 4.3.1).

A number of concentric fronts that are represented by these three distinct areas 

cover an extensive part of the cement core until it reaches the unreacted cement 

region (zone 0). The main mineral composition of this group of altered fronts refers to 

calcite, aragonite and vaterite detected in both S.2.1 and S.2.2 samples using X-ray 

diffraction analysis (cf. Ch. 4.2.2). In addition, a clear transition zone between the 

different dissolution and carbonated zones has not been observed in comparison to 

samples of SET 1.

Zone II, ranging in width from 39.4 µm to 162 µm in S.2.1 and from 883 µm to 949 µm 

in S.2.2, is characterized by a high decrease of calcium and a noticeable increase in 

porosity (secondary porosity) both caused by portlandite dissolution (Fig. 4.10). This 

secondary porosity has an irregular shape with ranging in size from 689 nm to 2.15 µm 

in S.2.1, and from 1.26 µm to 1.98 µm in S.2.2. Calcium depletion in the region and the 

different carbonated bands formed can be seen in the EDX images (Parts C and D, Fig. 

4.10). A well-defined carbonated zone (zone III) is observable in S.2.1 with a ranging in 

size from 113 µm to 174 µm followed by the dissolution zone (zone II). Bordering zone 

II, an irregular but uniform area formed by a set of carbonated and dissolution fronts is 

observed in S.2.1. This irregular area is labelled as zone III* and was also observed and 

determined as paleo-fronts by Rimmelé et al. (2008). Zone IV, which is the outer layer, is 

represented by some small particles that are rich in silicon (lilac colour) that correspond 

to amorphous silica gel (am-SiO2(S)).

A constant propagation of altered layer inward over time is shown in 9 months SEM 

image, where carbonated band (zone IIIN) with approximately 620 µm of width and a 

dissolution zone (zone IIN) are displaced inward the cement core and new dissolution 
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and carbonated zone are being creating on the outer part of the sample, labelled as 

zone II and zone III in Fig. 4.10. This propagation of altered layers leads to a continuous 

carbonation process around all S.2.2 that is almost completely filling the original porosity 

and original micro-cracks as is observed in micro-CT images (cf. Ch. 4.3.1). In addition, 

an overgrowth of calcium carbonates crystals (mainly aragonite) on the surface is noted 

and verified using X-ray diffraction analysis (cf. Ch. 4.2.2). 

CO2-saturated synthetic CAW brine-well cement interactions (SET 2)

A similar trend and front propagation of the altered layers is observed in cement cores 

S.2.4 and S.2.5 that were reacted with CO2-saturated synthetic CAW brine for 3 and 9 

months. Images show a well-defined pale-yellow alteration zone on the outer rim of the 

samples, which has a perfect concentric shape with a radial thickness of 1 mm in S.2.4 

and around 2 mm in S.2.5. Following this alteration zone, a series of yellowish-white rings 

that propagates inward the cement core are also observed (Fig. 4.11). As in the previous 

case, the semi-unreacted cement (zone I) is not observed. Unreacted cement area (zone 

0) is located at 1.67 cm to 1.75 cm inward in S.2.4 as is shown in micro-CT images (cf. Ch. 

4.3.1), showing a slight greater extension of reacted layer in S.2.4 than S.2.1.

After 9 months of exposure, S.2.5 has been fully altered and shows a slight greater width of 

the outer pale-yellow altered layer in comparison with S.2.2, suggesting that those cement 

samples that were exposed to synthetic CAW brine suffered a faster degradation than those 

that were in contact with synthetic NSSW brine. Thus, the level of salinity seems to be 

affecting slightly the carbonation rate, in such a way as that an increase of salinity contributes 

to raising the carbonation rate in cement Class G (50:50) subjected to CO2-saturated brine 

at T=74ºC and PCO2=220 bar. In contrast, these results do not follow the trend observed by 

Barlet-Gouédard et al. (2009), where the alteration process using cement Class G exposed 

to CO2-saturated brine at T=90 ºC and PCO2= 280 bar (similar experimental conditions) 

was slowed down at high salinity (by a factor of 10) compared with results using pure 

water. The additives used by Barlet-Gouédard et al. (2009) were antifoam agents, fluid loss 

control agents, dispersants and retarders but pozzolan additive was not used. Therefore, 

the presence of pozzolan additive has affected in the slight increase of carbonation rate 

observed in cement samples that were exposed to synthetic CAW brine, in comparison 

with those samples reacted with synthetic NSSW brine during the same experimental time.
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Fig. 4.11. SEM (A and B) and EDX (C and D) images of Class G neat cement samples S.2.4 and S.2.5. These 
samples were exposed to CO2-saturated synthetic CAW brine at T=74 ºC and PCO2=220 bar for 3 (A and C) and 
9 (B and D) months. Images show altered regions and a depletion of Ca2+ forming the dissolution zone (zone 
II) together with the precipitation of CaCO3(S) which forms a series of carbonated rims (zone III) inward and the 
silicon zone (zone IV). These SEM-EDX images represent the mid-length of the core sample.
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4.2.1.3. SET 3

SET 3 is defined as cement Class G with pozzolan additive (50:50), as well as SET 2. 

The use of pozzolan additive is one of the main differences between these two sets 

of cement samples with neat cement Class G of SET 1. A representative SEM image 

of this unreacted cement shows the characteristic perfect circular shape of pozzolan 

additive (potentially Fly ash) (Fig. 4.12). As was mentioned above (in SET 1 and SET 

2), the dark grey matrix is composed by C-S-H and the porosity appears as the lowest 

signal intensity (black colour). In this case, the portlandite (CH) is surrounding some 

unhydrated cement particles (C3S, C2S and C4AF) and, the crack aperture observed is 

from 182 nm to 1.57 µm although the range size observed in Fig 4.12 is from 937 nm 

to 1.54 µm. This aperture size is even lower than those observed in samples of SET 2, 

which means that there is a slight decrease of the crack aperture size from SET 1 to SET 

3. As was mentioned for SET 2, the mineral composition of unreacted cement samples 

was also found by some authors as Kutchko et al. (2007, 2009), Liteanu and Spiers 

(2011), Luquot et al. (2013).

Fig. 4.12. SEM image of unreacted cement core sample of SET 3. The cracks with a size ranging from 759 nm to 
1.54 μm can be easily observed. Brightest phases represent the unhydrated cement particles, where in some 
cases portlandite (CH) is surrounding them. The dark matrix is composed by C-S-H phases. Pozzolan additive 
(potentially Fly ash) has a characteristic brightest circular shape and the black colour represents the porosity. This 
SEM image is located at the mid-length of the core sample.
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The presence of these primary cracks in all set of samples could be due to the effect 

of decompression process during its preparation in the lab, where the solid volume 

fraction (SVF) and the confining pressure used for each set of samples may be directly 

associated with the amount and the crack aperture size obtained. Carey et al. (2010) 

and Wei et al. (2016) also observed the formation of cracks in cement and clay 

rock respectively, which were caused during and after a decompression process. The 

presence of primary cracks is considered negligible and they could represent the 

internal structure of well cement in a real case (wells on the Goldeneye field).

CO2-saturated synthetic NSSW brine-well cement interactions (SET 3)

Samples that were reacted with CO2-saturated synthetic NSSW brine for 3 (S.3.1) and 

9 (S.3.2) months at T=90 ºC and PCO2=265 bar show a sharp pale-yellow alteration 

zone, which is formed by precipitated calcite, aragonite and vaterite, as is observed 

in X-ray diffraction analysis (cf. Ch. 4.2.2). This altered layer has a perfect concentric 

shape with a radial thickness of 1.5 mm in S.3.1 and 2 mm in S.3.2, followed by a 

series of yellowish-white rings (paleo-fronts) not well defined that propagates inward 

the cement core (Fig. 4.13). 

The distinct areas observed in SET 1 and SET 2 are not well-defined in SET 3 (SEM, 

Fig. 4.13). In S.3.1 sample, the overgrowth and accumulation of calcium carbonate 

crystals (mainly aragonite) are perfectly observed on the surface, followed by a highly 

porous zone (secondary porosity area) with ranging in width from 37.5 µm to 75 µm. 

It has been difficult to delimit the next area because it is an irregular area composed 

by a not well-formed carbonated zone (zone III), followed by a dissolution zone (zone 

II). In this case, there is not unreacted cement area (zone 0), as was observed in SET 2, 

because cement samples of SET 3 have been fully altered after 3 months of exposure, 

which was verified by micro-CT images (cf. Ch. 4.3.1). This supports that samples of 

SET 3 have suffered a faster rate of penetration in comparison with samples of SET 

2, which has been caused by the increase of pressure and temperature used in its 

experiments. Omosebi et al. (2015) also observed that the increase of alteration depth 

is related to the increase of pressure and temperature in both cement Class G and 

Class H. 
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Fig. 4.13. SEM (A and B) and EDX (C and D) images of Class G cement samples S.3.1 and S.3.2. These samples 
were exposed to CO2-saturated synthetic NSSW brine at T=90 ºC and PCO2=265 bar for 3 (A and C) and 9 (B and 
D) months. Images show altered areas and a precipitation of CaCO3(S)  filling the original porosity and forms a 
series of carbonated rims inward. These SEM-EDX images represent the mid-length of the core sample
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The EDX image after 3 months of exposure (Part C, Fig. 4.13) shows that the original 

micro-cracks present in the outer part of the sample are being closed, while the 

carbonation zone forms. After 9 (S.3.2) months, there are not relevant changes in the 

images because the altered front propagates inward the cement core sample and, as 

was explained in samples of SET 2, different carbonated zones (zone III and IIIN) and 

dissolution zone (II and IIN) were created. Moreover, an irregular but uniform area formed 

by a set of carbonated and dissolution fronts (zone III*), known as paleo-front (Rimmelé 

et al. 2008) is also observed in S.3.2 (Part B, Fig. 4.13).

CO2-saturated synthetic CAW brine-well cement interactions (SET 3)

Cement cores that were reacted with CO2-saturated synthetic CAW brine for 3 (S.3.4) 

and 9 (S.3.5) months also show a similar thick well-defined pale-yellow alteration zone 

on the outer rim formed by the precipitation of calcite, aragonite and vaterite, as 

shown in X-ray diffraction analysis (cf. Ch. 4.2.2). In this case, the altered layer has a 

perfect concentric shape with a radial thickness of 2 mm in S.3.4 and 2.3-2.5 mm in 

S.3.5, followed by a series of yellowish-white rings (paleo-fronts) not well defined that 

propagates inward the cement core (Fig. 4.14). 

For S.3.4 sample, SEM and EDX images show four distinct areas (Part A and C of Fig. 

4.14) including a not well-formed carbonated band together with dissolution zone 

(paleo-front, zone III*), a dissolution zone (zone II) with ranging in width from 202 µm 

to 277 µm, followed by a very thin carbonated zone (zone III) ranging in width from 

2.89 µm to 10.9 µm and the outer zone that is rich in silicon, corresponding to zone 

IV. Pozzolan additive and secondary porosity are easily observables (Fig. 4.14). After 9 

months of exposure (S.3.5), the main areas observed are three thin carbonated zones 

(zone III, IIIN and IIIN2) with ranging in width from 5.93 µm to 82.7 µm, followed by three 

consecutives dissolution zones (zone II, IIN and IIN2) with a radial thickness less than 300 

µm. Zone III* and zone IV are also observed in S.3.5 (Fig. 4.14). As explained for S.3.1 

and S.3.2 samples, there is not unreacted cement area (zone 0) as observed in SET 2 

because the cement samples of SET 3 have been fully altered.

Observing the width of the outer pale yellow, those cement samples that were exposed 

to CO2-saturated synthetic CAW brine suffered a faster rate of penetration (carbonation 
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Fig. 4.14. SEM (A and B) and EDX (C and D) images of Class G cement samples S.3.4 and S.3.5. These samples 
were exposed to CO2-saturated synthetic CAW brine at T=90 ºC and PCO2=265 bar for 3 (A and C) and 9 (B and 
D) months. Images show the three altered areas, including irregular carbonated zone (zone III*), dissolution zone 
(zone II), carbonated zone (zone III) and silicon zone (zone IV). These SEM-EDX images represent the mid-length 
of the core sample.
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rate) in comparison with those reacted with synthetic NSSW brine, as also observed 

for samples of SET 2. Thus, a similar interpretation about the fact that an increase of 

salinity leads to a slight increase of carbonation rate when pozzolan additive is present 

in cement core samples.

Other researchers have also observed strong degradation that increases with time in 

cement core samples that were subjected at high pressure and temperature. Barlet-

Gouédard et al. (2006 and 2007) detected a similar alteration process using CO2-

saturated brine (deionized water) at T=90 ºC and PCO2=280 bar in Class G cement 

samples with antifoam agent, dispersants, fluid loss control agents and retarders as the 

additives added, but pozzolan additive (an extender) was not used. 

Barlet-Gouédard et al. (2006) observed that the alteration rate slightly decreased with 

time, showing a constant degradation from 1-2 mm in radial thickness after 44 hrs to 8 

mm after 3 months of exposure. As explained previously, SET 2 cement samples showed 

an alteration depth of 1.19-1.75 cm in radial thickness after 3 months of exposure, 

showing a faster degradation despite they were exposed to lower temperature and 

pressure conditions (T=74 ºC and PCO2=220 bar). A degradation of at least 1.9 cm 

(centre of the sample) in radial thickness is considered in those cement samples of SET 

3 due to all samples that were exposed to T=90 ºC and PCO2=265 bar have been fully 

altered after 3 months of exposure. Therefore, despite that the experimental conditions 

considered were fairly similar, a much faster rate of penetration is observed in Class G 

cement with pozzolan additive (SET 2 and SET 3 samples) after 3 months experiments in 

comparison with Barlet-Gouédard et al. (2006 and 2007) studies. Thus, the presence of 

pozzolan additive increases the alteration depth in Class G cement.

Rimmelé et al. (2008) studied the alteration depth in Class G cement samples that were 

reacted with CO2-saturated brine (deionized water) at T=90 ºC and PCO2=280 bar for 

half-day (13 hrs), two days (44 hrs), 3 weeks (523 hrs) and 6 weeks (1006 hrs). The samples 

size is 12.5 mm diameter x 25-50 mm length. The results showed that the alteration depth 

increases over time, from about 0.5 mm after a half-day, 1 mm after 2 days, 5 mm after 

three weeks to 7 mm (reaching the centre of the sample) after six weeks of exposure. 

This data can be compared with those obtained in samples of SET 3 because very similar 

experimental conditions (T=90 ºC and PCO2=265 bar) were used (except for the use of 
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pozzolan additive). Cement samples of SET 3 experienced a minimum degradation of 

1.9 cm (centre of the sample) in radial thickness after 3 months, in comparison with the 

7 mm observed by Rimmelé et al. (2008) after six weeks of exposure. Thus, the use of 

pozzolan additive seems to increases the rate of cement degradation.

Kutchko et al. (2009) found comparable results using 35:65 and 65:35 (by volume) 

pozzolan:cement Class H samples exposed to CO2-saturated brine (1% NaCl) at T=50 

ºC and PCO2=150 bar for 5, 7, 9, 14 and 31 days. The pozzolan additive used was class 

F fly ash, to which 2% bentonite was also added and the sample size is 12 mm diameter 

x 130 mm length. The cement samples that contain higher proportion of cement than 

pozzolan additive (35:65) experienced a very thin altered layer (< 100 µm) after 9 days 

of experiment, and it was completely altered after 14 days of exposure. However, a faster 

rate of penetration was observed in samples (65:35) pozzolan:cement that showed an 

altered layer of approximately 5 mm after 2 days of exposure and a fully altered sample 

after 8 days of exposure. Thus, Kutchko et al. (2009) observed similar results despite 

that they used cement Class H instead of Class G, the samples size is different and the 

temperature and pressure were much lower compared with the experimental conditions 

used for SET 2 and SET 3.

Zhang and Talman (2014) carried out batch experiments using 59:41 pozzolan:cement 

Class G samples that were exposed to CO2-saturated brine (0.5M NaCl) at T=53 ºC 

and PCO2=100 bar for 3, 7, 14, 28, and 84 days. The pozzolan additive used was fly 

ash, to which 2% bentonite was also added. Full alteration was achieved within 28 days 

of exposure, showing a fast rate of penetration, as also observed in SET 2 and SET 3 

samples, despite the experimental conditions were not similar. Comparing the results 

obtained by Zhang and Talman (2014) with those obtained in neat cement samples of 

SET 1 (T=50 ºC and PCO2=130 bar), in which it is shown a thin altered layer (< 0.65 cm) 

after 9 months of exposure, it can be assumed that the presence of pozzolan additive 

affects the rate of alteration of the well cement.
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4.2.2. Mineral phases identification and evolution

The evolution of the different mineral phases of the cement samples was evaluated 

in pre- and post CO2 injection experiments. A series of X-ray diffractograms are 

shown in order to facilitate the understanding of the potential changes in the mineral 

composition for each set of samples.

The original mineralogical composition of the unreacted cement samples for 

each set was obtained by using X-ray diffraction (XRD) analysis (Fig. 4.15). The 

major and main identified compounds in the unreacted cement samples include 

(Table 4.1): tri-calcium silicate (Ca3SiO5), di-calcium silicate (Ca2SiO4), tetra-

calcium aluminoferrite (Ca4Al2Fe2O10), magnesium-aluminium-silicate-hydrate as 

the hydrotalcite (Mg6Al2CO3(OH)16·4(H2O)), calcium aluminium-sulphate-hydrate 

(ettringite) ([Ca3Al(OH)6·12H2O]2·(SO4)3), calcium hydroxide (Ca(OH)2(S) or CH), 

known as portlandite, and calcium-silicate-hydrate phases (3CaO·2SiO2·3H2O or 

C-S-H). The C-S-H abbreviation used comes from cement chemistry nomenclature 

(cement notation) and it is not the standard chemical formula, since C-S-H can be 

composed by more than one mineral (as jennite and tobermorite, among others). 

This mineral composition was also observed in previous studies by Rimmelé et al. 

(2008), Luquot et al. (2013), Wigand et al. (2009), Anjos et al. (2013) and, Walsh et 

al. (2014).

Table 4.1. Mineralogical composition of the three sets of unreacted cement core samples. The mineral name of 
C-S-H is represented by * because can be composed by more than one mineral phase.

Chemical Name Chemical Formula Cement Notation Mineral Name 

CH Portlandite 

C-S-H * 

C3S Alite 

C2S Belite 

C4AF Ferrite 

Calcium hydroxide 

Calcium-silicate-hydrate 

Tri-calcium silicate 

Di-calcium silicate 

Tetra-calcium aluminoferrite

Magnesium-aluminium-silicate-hydrate 

Ca(OH)2(S) 

3CaO·2SiO2·3H2O

Ca3SiO5 

Ca2SiO4 

Ca4Al2Fe2O10 

Mg6Al2CO3(OH)16 · 4(H2O) C-A-S-H Hydrotalcite 
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4.2.2.1. SET 1

XRD measurements of the cement removed from altered layer (< 0.65 cm) in samples 

exposed to CO2-saturated synthetic NSSW brine for 3 (S.1.1) and 9 (S.1.4) months 

revealed that the outer rim is mainly composed of calcium carbonate (CaCO3(S)) in the 

form of calcite, aragonite and vaterite (Fig. 4.16). These minerals form the carbonated 

zones (zone III), showing clear evidence of degradation because no calcium hydroxide 

(portlandite) was found in the altered layer. The formation of these carbonated zones 

are also observed in similar studies carried out by Kutchko et al. (2007,2008), Duguid 

and Scherer (2010) and, Carey et al. (2010).

The semi-unreacted cement of S.1.1 and S.1.4 has also been analysed in order to 

obtain information about the composition of the secondary mineral precipitation 

into the original porosity. The X-ray diffractogram of Fig. 4.17 shows the original 

composition of cement as portlandite. C-S-H and the unhydrated cement particles 

(C3S, C2S and C4AF) are kept in this area, with the exception of the new precipitation 

of calcite and aragonite, which are partially filling the primary porosity, as observed in 

the SEM-EDX images (cf. Ch. 4.2.1). 

The altered layer (< 0.39 cm) of cement samples that were reacted with CO2-

saturated synthetic CAW brine for 3 (S.1.5) and 9 (S.1.6) months is also mainly 

composed of calcite, aragonite and vaterite (Fig. 4.18). Moreover, the observed 

carbonate in the semi-unreacted cement is calcite together with portlandite, 

C-S-H and the unhydrated cement particles (C3S and C2S) (Fig. 4.19). Thus, no 

mineralogical differences are observed between SET 1 cement core samples despite 

their difference of salinity.

The mineral composition of the growth and accumulation of crystals observed on the 

bottom and top cement surface has not been possible to obtain by X-ray diffraction 

analysis due to the small number of crystals. In addition, the mineral composition of the 

very thin brown-orange and orange patina formed in all cement samples of SET 1 (cf. 

Ch. 4.1.2) could not be verified using X-ray diffraction analysis, again due also to its low 

concentration.
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4.2.2.2. SET 2

In this set, XRD measurements of the cement removed from the pale-yellow altered layer 

(< 1.5 mm) in samples exposed to CO2-saturated synthetic NSSW brine for 3 (S.2.1) and 

9 (S.2.2) months indicate that the outer rim is mainly composed of calcium carbonates 

(calcite, aragonite and vaterite) and depleted in calcium hydrate (portlandite) (Fig. 4.20). 

The formation of calcium carbonates (CaCO3(S)) are also observed in similar studies 

carried out by Barlet-Gouédard et al. (2006, 2007) and Kutchko et al. (2009).

As observed in the previous section (cf. Ch. 4.2.1), the outer pale-yellow altered layer is 

followed by a series of yellowish-white rings (defined as paleo-fronts) that propagates 

inward. XRD measurements illustrate that this area is mainly composed of calcite, 

aragonite and vaterite with porlandite traces in both samples S.2.1 and S.2.2 (Fig. 

4.21), demonstrating that the degradation process was extended throughout the 

cement core samples as was also observed by Rimmelé et al. (2008). Moreover, there 

seems to be C-S-H and amorphous silica gel (am-SiO2(S)) in this area, even though they 

are not observed by XRD analysis, since it is assumed that C-S-H phases can be being 

represented by a very weak peaks and amorphous silica gel by a broad peak and both 

of them might be covered by noise.

The altered layer (< 2 mm) of cement samples reacted with CO2-saturated synthetic 

CAW brine for 3 (S.2.4) and 9 (S.2.5) months is also composed of calcite, aragonite and 

vaterite (Fig. 4.22), as well as the carbonates detected in the area represented by a 

series of not well defined yellowish-white rings in the inner part of the cement samples 

(Fig. 4.23). In addition, both group of cement samples exposed to T=74 ºC and PCO2= 

220 bar have been fully altered after 9 months experiments.

The mineral composition of the growth and accumulation of white acicular crystals 

with a size ranging 1 to 3 mm observed in S.2.1, S.2.2 and S.2.5 covering a large part 

of the cement samples is mainly aragonite with calcite and halite traces (Fig. 4.24). 

The precipitation of calcium carbonates at the surface of cement samples was also 

observed by Rimmelé et al. (2008), Jacquemet et al. (2012) and Um et al. (2016). The 

precipitation of halite (salt) is detected as suggested by Pruess and Müller (2009). No 

X-ray diffraction data were obtained for S.2.4, due to its low concentration.
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4.2.2.3. SET 3

XRD measurements of the cement removed from the pale-yellow altered layer (< 2 mm) 

in samples exposed to CO2-saturated synthetic NSSW brine for 3 (S.3.1) and 9 (S.3.2) 

months indicate that this area is composed of calcium carbonate (CaCO3(S)) in the form of 

calcite, aragonite and vaterite. In addition, as also observed in samples of SET 2, this area 

is depleted of calcium hydrate (portlandite) (Fig. 4.25). As was mentioned previously, the 

formation of calcium carbonates is also observed in similar studies carried out by Barlet-

Gouédard et al. (2006, 2007) and Kutchko et al. (2009).

As observed in samples of SET 2, the outer pale-yellow altered layer is followed by a 

series of yellowish-white rings that propagates inward the cement core. These rings are 

also mainly composed by calcite, aragonite and vaterite in both samples S.3.1 and S.3.2 

(Fig. 4.26), showing also that the degradation process was extended throughout the 

cement core samples. In addition, in this inner zone there may be presence of C-S-H 

and amorphous silica gel (am-SiO2(S)) not detected by XRD analysis because it could be 

covered by noise.

The altered layer (< 2.5 mm) of those samples reacted with CO2-saturated synthetic 

CAW brine for 3 (S.3.4) and 9 (S.3.5) months shows that it is also composed by calcite, 

aragonite and vaterite (Fig. 4.27). The area represented by a series of not well-defined 

yellowish-white rings in the inner part of the S.3.4 and S.3.5 is also composed mainly 

of calcite, aragonite and vaterite (Fig. 4.28). As observed for SET 2 samples, the X-ray 

diffraction data also show evidence of full degradation in both groups of cement 

samples exposed to T=90 ºC and PCO2= 265 bar after 3 months experiments.

The mineral composition of the white acicular crystals with a size ranging 1 to 3 mm 

observed in S.3.4 and S.3.5 are mainly composed of aragonite with calcite and halite 

traces (Fig. 4.29). As commented in SET 2, the precipitation of calcium carbonates at 

the surface of cement samples were also observed by Rimmelé et al. (2008), Jacquemet 

et al. (2012) and Um et al. (2017) and halite by Pruess and Müller (2009). No X-ray 

diffraction data has been obtained in S.3.1 and S.3.2 because forms a very thin layer of 

few microns and hence, its concentration is too low.
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4.2.3. Chemical composition of brines

The chemical composition of the reacted NSSW and CAW brines was investigated for 

Ca2+, Si4- and Fe2+ using ICP-OES. The pH (with an analytical error of ± 0.02) of the 

brine was measured pre CO2 injection experiments and immediately after collecting the 

reacted brine samples at ambient temperature and atmospheric pressure. 

4.2.3.1. SET 1

ICP-OES analysis of NSSW brine (Table 4.2) shows a decrease of Ca2+ in reacted brine 

for S.1.1, after 3 months experiment. As explained in the previous section (cf. Ch. 4.2.1), 

this reduction of Ca2+ is mainly caused by precipitation of calcium carbonates (CaCO3(S)). 

However, after 9 months of exposure, a slight increase of Ca2+ is detected in reacted 

brine for S.1.4, even though the Ca2+ was partially consumed by the precipitation of 

calcite and aragonite. This might be caused by the leached Ca2+ ions out of the cement 

core during the dissolution of CaCO3(S) from zone III. In comparison with other studies, 

Duguid and Scherer (2010) also observed a noticeable initial decrease of Ca2+ followed 

by a slight increase during its experimental time (31 days). Zhang and Talman (2014) 

also obtained a similar value (Ca2+=64 mg/l) in reacted brine after 84 days of exposure.

A small increase of Si4- is observed in the reacted brine of S.1.1 after 3 months 

experiment as Duguid et al. (2005) also observed. This increase is likely to be due 

to some of the silicon from C-S-H phases leaching out of the cement core during the 

carbonation process. After 9 months of exposure (reacted brine for S.1.4), Si4- is kept 

constant, which could be partly explained by the fact that when the carbonated band 

is totally formed, can act temporary as a barrier that it does not enable to continue 

the flow of carbonated brine inward and stop the cement degradation, as was also 

determined by Carey et al. (2007) and Mito et al. (2015). No noticeable change of 

Fe2+ has been observed in reacted brine of S.1.1 after 3 months experiment, despite 

having evidence of brown-orange patina formed around the reacted cement core that 

could be caused by some secondary mineral precipitation rich in iron (Fe2+). Thus, it 

hypothesized that some original crystalline structures (as ferrite (C4AF)) that contain 

iron were dissolved and this iron re-precipitated forming the external patina. However, 

a slight increase of iron is observed after 9 months experiment and it could be due 

to the dissolution of minerals rich in Fe2+ (original minerals and/or minerals that are 
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forming the external patina). Carey et al. (2010) carried out similar experiments at 

T=40 ºC and PCO2=140 bar, where a slight increasing trend of Fe2+ with some sharp 

oscillations during its experimental time (394 hrs) was noted, reaching values of Fe2+=0 

mg/l at 50, 130 and 200 hrs, thereby proving the precipitation of Fe-rich particles into 

cement core sample.

The same trend is found for the ICP-OES analysis of CAW brine (Table 4.3), where a sharp 

decrease of Ca2+ is observed in the reacted brine of S.1.5 after 3 months experiment. 

The Ca2+ has precipitated into cement sample as calcium carbonate (CaCO3(S)). After 

9 months of exposure, the reacted brine of S.1.6 shows a small increase of Ca2+ that 

would correspond to Ca2+ leached from the CaCO3(S) dissolution, as also observed and 

interpreted by reacted NSSW brine. A similar increase of Si4- is also observed in the 

reacted brine of S.1.5 after 3 months experiments, and it is kept constant after 9 months 

of exposure (in reacted brine of S.1.6). Moreover, as also observed in reacted NSSW 

brine, no change of Fe2+ is observed in reacted brine of S.1.5 after 3 months experiment 

and a slight increase is obtained during the last 6 months of exposure. Thus, no marked 

changes have been observed in reacted ICP-OES data reacted at T=50 ºC, PCO2=150 

bar and different salinities (NSSW and CAW).

Table 4.2. ICP-OES analysis results of CO2-saturated synthetic NSSW brine after 3 (S.1.1) and up to 9 (S.1.4) 
months experiments at T=50ºC and PCO2=130 bar. Target and stock of the North Sea seawater (NSSW) and 
reacted brine obtained for Ca2+, Si4- and Fe2+ are shown. The analytical error is in the order of ± 1-5 %.

SET 1 - Concentration (mg/l) Ca2+ Si4- Fe2+ 

405 0 0 

400.25 0.03 0.85 

29.84 43.98 0.05 

Target North Sea Seawater (NNSW) 

Stock North Sea Seawater (NNSW) 

Sample S.1.1 (3 months) 

Sample S.1.4 (9 months) 44.20 43.24 0.48 

SET 1 - Concentration (mg/l) Ca2+ Si4- Fe2+ 

1162 0 0 

1163 0.06 0.05 

8.80 39.10 0.18 

Target Captain Aquifer Water (CAW) 

Stock Captain Aquifer Water (CAW) 

Sample S.1.5 (3 months) 

Sample S.1.6 (9 months) 14.69 42.62 1.72 

Table 4.3. ICP-OES analysis results of CO2-saturated synthetic CAW brine after 3 (S.1.5) and up to 9 (S.1.6) months 
experiments at T=50ºC and PCO2=130 bar. Target and stock of the Captain Aquifer water (CAW) and reacted 
brine obtained for Ca2+, Si4- and Fe2+ are shown. The analytical error is in the order of ± 1-5 %.
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4.2.3.2. SET 2

ICP-OES analysis of NSSW brine (Table 4.4) shows a sharp increase of Ca2+ in reacted 

brine of S.2.1 after 3 months of experiment. This marked initial increase indicates 

that the rate of Ca2+ ions leached out (dissolution of CH and C-S-H) of the cement 

core would be faster than the rate of CaCO3(S) precipitation into the cement core. 

During the last 6 months of exposure, an increase of 96 mg/l of Ca2+ is observed in 

reacted brine of S.2.2. However, this small change is not considered because, it is 

within the analytical error, which was estimated to be in the order of ± 1-5 %. Zhang 

and Talman (2014) also observed this significant increase of Ca2+ in reacted brine that 

was in contact with cement Class G with fly ash (59:41) at T=50 ºC and PCO2= 100 bar 

during 84 days.

As Table 4.4 shows, an initial small increase of Si4- is detected in the reacted brine of 

S.2.1 after 3 months experiments, which is probably some of the silicon from C-S-H 

phases that leached out of the cement core during the carbonation process. Duguid et 

al. (2005) also observed that Ca2+ and Si4- were leached out from cement to the brine. 

However, no further changes are considered after 9 months of exposure (reacted brine 

of S.2.2) because the values obtained are within the analytical error. In contrast, a 

marked increase of Fe2+ is obtained after 3 month experiment and it is likely due to 

the dissolution of some original crystalline structure such as ferrite (C4AF), which is 

one of the unhydrated cement particles observed in the original cement composition. 

Moreover, the Fe2+ ions leached out of the cement core have potentially been the 

cause of a colour change from colourless to yellowish colour in the reacted brines. 

After 9 months experiment, the ICP-OES data show a decrease of Fe2+ in reacted brine 

of S.2.2 which means that some of the Fe2+ precipitated into the cement, although an 

external brown-orange patina has not been created, as observed in SET 1 samples. 

Carey et al. (2007) calculated mineralogical changes across the carbonation zone 

using the reactive transport code FLOTRAN where Illite (K,H3O)(Al,Mg,Fe)2(Si,Al)4O

10[(OH)2,(H2O)] that is a secondary mineral precipitate was found. Thus, this mineral 

(that contain iron) could be one of the minerals that are precipitating into the cement 

core samples, but it was not detected by X-ray diffraction analysis due to its low 

concentration of crystals.
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The same trend in Si4- and Fe2+ was observed for ICP-OES analysis of CAW brine (Table 

4.5) after 3 an up to 9 months experiment. In contrast, this tendency is not observed 

in Ca2+ because of an initial sharp increase after 3 months experiment (reacted brine 

of S.2.4) is followed by a decrease observed in reacted brine of S.2.5 during the last 6 

months of exposure. This decrease could be linked with a carbonation stage. Thus, the 

variation of Ca2+ in reacted brine could be related with two well-known distinct stages 

(carbonation and dissolution process) during the cement degradation process.

4.2.3.3. SET 3

For this set, no noticeable changes have been observed in ICP-OES analysis in NSSW 

brines (Table 4.6) and CAW brines (Table 4.7) for Ca2+, Si4- and Fe2+ ions after 3 and up 

to 9 months experiment in comparison with reacted brines of SET 2. 

ICP-OES analysis in NSSW brine (Table 4.6) shows a marked increase of Ca2+ after 3 

(reacted brine of S.3.1) and 9 months experiment (reacted brine of S.3.2). This increase 

is caused by CH and C-S-H dissolution. As Table 4.6 illustrates, a slight increase of 

Si4- is observed after 3 months experiment (reacted brine of S.3.1) and no change is 

considered after 9 months (reacted brine of S.3.2) because the values obtained are 

SET 2 - Concentration (mg/l) Ca2+ Si4- Fe2+ 

405 0 0 

400.25 0.03 0.85 

1952 68.12 226.70 

Target North Sea Seawater (NNSW) 

Stock North Sea Seawater (NNSW) 

Sample S.2.1 (3 months) 

Sample S.2.2 (9 months) 2048 71.60 151.87 

Table 4.5. ICP-OES analysis results of CO2-saturated synthetic CAW brine after 3 (S.2.4) and up to 9 (S.2.5) months 
experiments at T=74ºC and PCO2=220 bar. Target and stock of the Captain Aquifer water (CAW) and reacted 
brine obtained for Ca2+, Si4- and Fe2+ are shown. The analytical error is in the order of ± 1-5 %.

Table 4.4. ICP-OES analysis results of CO2-saturated synthetic NSSW brine after 3 (S.2.1) and up to 9 (S.2.2) 
months experiments at T=74ºC and PCO2=200 bar. Target and stock of the North Sea seawater (NSSW) and 
reacted brine obtained for Ca2+, Si4- and Fe2+ are shown. The analytical error is in the order of ± 1-5 %.

SET 2 - Concentration (mg/l) Ca2+ Si4- Fe2+ 

1162 0 0 

1163 0.06 0.08 

2830 60.99 267.98 

Target Captain Aquifer Water (CAW) 

Stock Captain Aquifer Water (CAW) 

Sample S.2.4 (3 months) 

Sample S.2.5 (9 months) 2532 65.93 199.80 
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within the analytical error estimated to be in the order of ± 1-5 %. A marked increase 

of Fe2+ in the reacted brine of S.3.1 is found after 3 months experiment. However, 

some of the Fe2+ has precipitated into the cement core because a slight decrease is 

observed in reacted brine of S.3.2 after 9 months of exposure. As observed in SET 2, 

the final colour in both reacted brines turn to yellowish colour and this could be due 

to the presence of iron.

The same trend in Si4- and Fe2+ was observed in ICP-OES analysis for CAW brine after 

3 an up to 9 months experiments (Table 4.7). A similar slight and constant increase of 

Si4- after 3 (reacted brine of S.3.4) and 9 months experiments (reacted brine of S.3.5) is 

observed. There has been significant colour change in both reacted brines, which turn 

to yellowish colour after CO2 injection experiments. As explained above, this colour 

change could be due to an increase of Fe2+ as reacted brine of S.3.4 shows after 3 

months experiment. A slight decrease of Fe2+ is obtained in reacted brine of S.3.5 

after 9 months of exposure, related to secondary mineral precipitation rich in iron into 

cement sample. In contrast, this tendency is not observed in Ca2+. In this case, there is 

an initial sharp increase of Ca2+ after 3 months experiment (reacted brine of S.3.4) and 

kept constant after 9 months of exposure (reacted brine of S.3.5) (Table 4.7). 

SET 3 - Concentration (mg/l) Ca2+ Si4- Fe2+ 

405 0 0 

400.25 0.03 0.85 

1990 91.18 173.17 

Target North Sea Seawater (NNSW) 

Stock North Sea Seawater (NNSW) 

Sample S.3.1 (3 months) 

Sample S.3.2 (9 months) 2520 100.98 146.88 

Table 4.6. ICP-OES analysis results of CO2-saturated synthetic NSSW brine after 3 (S.3.1) and up to 9 (S.3.2) 
months experiments at T=90ºC and PCO2=265 bar. Target and stock of the North Sea seawater (NSSW) and 
reacted brine obtained for Ca2+, Si4- and Fe2+ are shown. The analytical error is in the order of ± 1-5 %.

SET 3 - Concentration (mg/l) Ca2+ Si4- Fe2+ 

1162 0 0 

1163 0.06 0.05 

2443 89.30 202.79 

Target Captain Aquifer Water (CAW) 

Stock Captain Aquifer Water (CAW) 

Sample S.3.4 (3 months) 

Sample S.3.5 (9 months) 2436 94.71 136.41 

Table 4.7. ICP-OES analysis results of CO2-saturated synthetic CAW brine after 3 (S.3.4) and up to 9 (S.3.5) months 
experiments at T=90ºC and PCO2=265 bar. Target and stock of the Captain Aquifer water (CAW) and reacted 
brine obtained for Ca2+, Si4- and Fe2+ are shown. The analytical error is in the order of ± 1-5 %.
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On the other hand, for all sets of samples, initial pH measurements (pre CO2 injection 

experiments) showed that synthetic NSSW and CAW brine correspond to pH 7.7 

and pH 7.3, respectively. Unfortunately, pH measurements were not taken during the 

experimental time and, this is because the equipment used does not allow it. However, a 

marked decrease of pH is expected when CO2 dissolves into brine at specific temperature 

and pressure conditions, reaching values of about pH 3 as was observed by Toews et al. 

(1995). After CO2 injection experiments, the pH was measured in both reacted NSSW 

and CAW brine samples at ambient temperature and atmospheric pressure. The pH 

increased to values of 7.6 in samples of SET 1 and between 6.6 to 6.8 in samples of SET 

2 and SET 3, for both reacted NSSW and CAW brines. This pH was gradually buffered 

due to depressurization process.

4.3.  VOLUMETRIC AND STRUCTURAL CHANGES

This section discusses how the dissolution and precipitation of a variety of minerals observed 

previously (cf. Ch. 4.2) can modify the original internal structure of Class G cement causing 

important changes in both porosity and permeability parameters. The variation of 

porosity will be presented in 4.3.1, 4.3.2 and 4.3.3 subsections, where different techniques 

are used in order to complement and verify the results obtained. Finally, porosity data will 

help to ensure consistency in interpreting the permeability results for each set of samples 

(4.3.4 subsection).

4.3.1. Analysis of the internal structure

The use of micro-CT images provides a general overview through the reacted cement 

core samples to better understand the alteration process beyond the first few hundred 

microns of the most exposed area.

4.3.1.1. SET 1

There are no visible differences as regards the well-defined alteration zone with irregular 

shape on the outer rim of the samples (Fig. 4.30) for the cement samples exposed 

for 3 and 9 months to CO2-saturated synthetic NSSW and CAW brine at T=50 ºC and 

PCO2=130 bar. The alteration layer is formed by the carbonated zone (whitish area, zone 

III) and followed by the dissolution zone (dark grey colour area, zone II), as also observed 

and determined by Yamaguchi et al. (2013). The semi-unreacted cement region (zone 
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I) is also defined. Micro-CT images confirm that calcium carbonate minerals (CaCO3(S)) 

are precipitating into the original porosity around all cement cores, as interpreted and 

discussed in Ch. 4.2.1 and also observed by Jung and Um (2013). In some cases, the 

original porosity has been totally sealed when it is located in the carbonated zone (zone 

III), as observed for S.1.1, S.1.4 and S.1.5 samples (Fig. 4.30). 

Despite that the large majority of original micro-cracks remain unaltered with time, 

some of these cracks that are located on the outer face and propagating inward and 

have been sealed by the precipitation of calcium carbonates (whitish area) in S.1.4 

and S.1.5 samples (Fig. 4.30). Um et al. (2017) also observed how initial cracks were 

sealed by calcium carbonate (CaCO3(S)) precipitation in neat cement samples that were 

exposed to CO2-saturated brine at T=50 ºC and PCO2=100 bar during 13 months. Thus, 

the filling of some of the original micro-cracks together with the secondary mineral 

precipitation into pore space could lead to a reduction of bulk porosity, despite the 

existence of secondary porosity and micro-cracks created in the dissolution zone (zone 

II) and around the carbonated zone (zone III), as observed in the SEM-EDX images (cf. 

Ch. 4.2.1).

4.3.1.2. SET 2

There are visible differences in the internal structure of the cement core samples exposed 

at T=74 ºC, PCO2=220 bar and different salinities (NSSW and CAW) after 3 months. 

This cement Class G contains pozzolan additive (50:50). The main altered layer did not 

reach the central part of the sample for both S.2.1 and S.2.4. This is because there is 

an unreacted cement area (zone 0) (Fig. 4.31). Semi-unreacted cement (zone I) is not 

observed in these samples.

The S.2.1 sample exposed to CO2-saturated synthetic NSSW brine shows an unreacted 

cement area (zone 0) located at 1.19 cm to 1.34 cm inward cement sample. In contrast, 

the S.2.4 sample reacted with CO2-saturated synthetic CAW brine shows a slightly 

greater reacted layer and its unreacted cement (zone 0) is located at 1.67 cm to 1.75 

cm inward cement core sample (Fig. 4.31). This difference suggests that the presence 

of pozzolan additive together with the rise of pressure and temperature increase the 

carbonation rate for the samples exposed to higher salinity (synthetic CAW brine). 
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Three main distinct areas with a concentric but irregular shape are observed in both 

cement samples S.2.1 and S.2.4, known as the unreacted cement (zone 0), two main 

dissolution zones (zone II) and an area where the carbonated zone (zone III) dominated 

and paleo-fronts regions (a set of carbonation and dissolution zones) are observed (Fig. 

4.31). In cross-sections, Barlet-Gouédard et al. (2007) and Rimmelé et al. (2008) also 

observed a similar reacted internal structure with presence of paleo-fronts in Class G 

cement samples (with additives) that were exposed to CO2-saturated brine (deionized 

water) at T=90 ºC and PCO2=280 bar during 6 weeks. 

It is observed that the level of carbonation is reduced as it propagates into the cement 

core and the original porosity has been completely filled with calcium carbonates 

(whitish area) in zone II and III. This could lead to a potential reduction of the bulk 

porosity after 3 months experiment, despite secondary porosity is created in the 

dissolution zones (II). 

After 9 months, both S.2.2 and S.2.5 samples have been fully carbonated. The altered 

front propagated inward the cement core sample and paleo-fronts are also observed 

(Fig. 4.31). Other authors, such as Han et al. (2013), also observed an increase in the 

depth of carbonated area over time (28 days) using micro-CT images. In this case, S.2.2 

that was exposed to CO2-saturated synthetic NSSW brine presents four major distinct 

areas. Two of them correspond to dissolution zones (zone II) followed by two well-

defined carbonated zones (zone III). On the other hand, S.2.5 exposed to CO2-saturated 

synthetic CAW brine illustrates two major distinct areas: one dissolution zone (zone II) 

and one carbonated zone (zone III). In both cases, paleo-fronts are observed in zone III 

and the original porosity has been totally filled by calcium carbonates precipitation (Fig. 

4.31), causing a potential reduction of bulk porosity over time. 

4.3.1.3. SET 3

There are not marked differences in the internal structure of S.3.1 and S.3.4 samples 

that were exposed at T=90 ºC, PCO2=265 bar and different salinities (NSSW and CAW) 

after 3 months. As samples of SET 2, this cement Class G contains pozzolan additive 

(50:50). Both S.3.1 and S.3.4 samples are completely altered, and hence, there is not 

unreacted cement (zone 0) (Fig. 4.32). This demonstrates that the increase of pressure 
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and temperature results in an increase of the alteration depth as also observed by 

Omosebi et al. (2015) in both Class G and Class H cement.

Two well-defined dissolution zones (zone II) and two large carbonated zones (zone III) 

are observed for both S.3.1 and S.3.4 samples (Fig. 4.32). The outer rim corresponds to 

one of the dissolution zones, followed by an irregular carbonated area (zone III) where 

paleo-fronts are clearly observed. Bordering the zone III, the next dissolution zone has a 

smaller width and is located approximately half way towards the centre of the core. Thus, 

very similar dissolution and carbonated zones are created in S.3.1 and S.3.4 samples 

despite the fact that they were exposed to different salinities. In addition, a crack sealed 

by calcium carbonate precipitation is observed on the top right of S.3.1 (Fig. 4.32). This 

suggest that the original micro-cracks could be potentially also closed up as a result of 

calcium carbonate precipitation, as also observed by Barlet-Gouédard et al. (2005) and 

KjØller et al. (2016).

After 9 months, two dissolution zones (zone II), followed by two irregular carbonated 

zones (zone III) are also observed for S.3.2 sample, which was exposed to CO2-saturated 

synthetic NSSW brine. It is also important to highlight that it has been very difficult to 

define these dissolution and carbonated zones, as the carbonated band is not well 

defined and it is dissipating towards the inner cement core. In contrast, three main 

dissolution zones (zone II), and three irregular carbonated zones (zone III) were observed 

in S.3.5 (subjected to CO2-saturated synthetic CAW brine) (Fig. 4.32). In this case, the 

dissolution zone (II*) that was detected in the centre of the cement core has a very thin 

size (few mm) in an axial plane, and hence, it is not created in the entire cement core in 

S.3.5. 

As occurs in SET 2 samples, the original porosity is totally filled by calcium carbonate 

precipitation (CaCO3(S)) that could lead to an important reduction of the original bulk 

porosity, despite the existence of secondary porosity located in the dissolution zones 

(II).
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4.3.2. 3D visualisation and quantification of cement porosity

Porosity was evaluated in pre- and post CO2 injection experiments in order to observe 

potential changes in the internal microstructure of Class G cement core samples, caused 

mainly by the degradation process to which they have been subjected over time. The 3D 

visualisations and measurements presented below were performed using Avizo software 

(cf. Ch. 3.3.1). 

4.3.2.1. Pre CO2 injection experiments

A representative cement sample for each SET has been used in order to obtain the original 

macro-porosity (mØ) before carrying out the CO2 injection experiments (Table 4.8). These 

samples represent depths of 1296 m (S.1.5), 2200 m (S.2.1) and 2560 m (S.3.4). A marked 

contrast in the pore size and its distribution can be seen between the sample S.1.5 and 

samples that represent deeper depths (Fig. 4.33). S.1.5 shows a spherical macro-porosity 

of 1.25 % with a pore diameter of 2.76 µm to a maximum of 48.28 µm, which corresponds 

to a pore volume from 11 to 58914 µm3. Although there is a large pore size range, a 79.42 

% of the total macro-porosity has a pore diameter less than 12.41 µm. This contrasts with 

the 0.22 % that represents the macro-porosity of the sample with the maximum pore 

diameter calculated (from 36.28 to 48.28 µm) (Table 4.8). No marked trend for porosity 

distribution has been found and pore connectivity is not observed.

S.2.1 and S.3.4 show a spherical mØ of 0.37 % and 0.28 % respectively, which is much 

lower compared with S.1.5 (Fig. 4.33). The pore size is between 2.76 µm to 28.94 µm pore 

diameter for S.2.1 and to a maximum of 33.74 µm for S.3.4. In both samples, about 94 % 

Table 4.8. Summary of the macro-porosity (mØ) percentage related with the different pore volume and size 
of three representative cement samples S.1.5 (SET 1), S.2.1 (SET 2) and S.3.4 (SET 3) prior to CO2 injection 
experiment.

S.1.5 S.2.1 S.3.4

Volume (µm3) Pore Diameter (µm) Macro-porosity (%) Macro-porosity (%) Macro-porosity (%) 

< 1000 < 12.41 79.42 93.95 94.57 
1000 - 5000 12.41 - 21.22 16.80 6.03 5.05 

5000 - 10000 21.22 - 26.73 2.45 -- 0.29 
10000 - 25000 26.73 - 36.28 1.11 0.02 0.09 

25000 - 60000 36.28 - 48.57 0.22 -- -- 
60000 - 80000 48.57 - 53.46 -- -- -- 

80000 - 130000 53.46 - 62.85 -- -- -- 
TOTAL mØ (%) -- 1.25 0.37 0.28 
TOTAL PORES -- 11247 9938 8163 
SAMPLE SET -- SET 1 SET 2 SET 3 
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Fig. 4.33. 3D views of the macro-porosity (mØ) for three representative samples of each SET (S.1.5,S.2.1 and 
S.3.4) representing depths of 1296 m, 2200 m and 2560 m, respectively. The mØ is lower for those samples 
located at depth as S.2.1 (0.37%) and S.3.4 (0.28%) in contrast to S.1.5 (1.25%). A total of 11247 pores constitute 
S.1.5, in contrast to 9938 and 8163 pores found in S.2.1 and S.3.4, respectively. See correspondence between 
volume values and pore diameter in Table 4.8.
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of the total mØ has a pore diameter less than 12.41 µm. Only 0.02 - 0.09 % represents 

the macro-porosity of the sample with the maximum pore diameter obtained over a range 

from 21.22 to 33.74 µm. In this case, there is a distinct difference in the porosity distribution 

depending on its pore size (Fig. 4.33). No marked trend has been observed for small 

pores, but the largest pores are mainly located at the bottom or top of the cement core 

samples (Fig. 4.33). Moreover, as for S.1.5, pore connectivity has not been observed.

In summary, S.2.1 (SET 2) and S.3.4 (SET 3) show lower percentage of mØ than S.1.5 

(SET 1), and their pore size is significantly less than 12.41 µm. In contrast, pore size in 

S.1.5 was obtained over a greater range of diameters, from 2.76 to 48.28 µm. A total of 

11247 pores have been calculated in S.1.5 in contrast to a total of 9938 and 8163 pores 

for S.2.1 and S.3.4, respectively. Thus, it can be seen that pores smaller than 12.41 µm 

make up the majority of pore space in all sets of samples. It is important to underline that 

quantitative analysis of pores with volumes smaller than 103 µm3 was limited by image 

resolution, and unfortunately, it was not possibly to identify and quantify pore size with 

less than 2.76 µm in diameter. This distinct difference of macro-porosity together with 

its pore size and distribution could be due to two factors: (I) water-cement ratio (w/c) 

which affect the solid volume fraction (SVF) used, and (II) the curing chamber conditions 

in which cement samples have been subjected during their preparation. 

In previous studies, it was noted that the pore space in cement is dominated by micro and 

nanometric sizes. For instance, Justnes et al. (1995) determined the pore size distribution 

in cement Class G (w/c=0.5) by helium pycnometry and mercury intrusion porosimetry 

(MIP). Results showed a pore diameter over a range from 0.02 µm to 100 µm (20-100000 

nm), where a large percentage (40-60%) of this porosity had a pore diameter between 

0.05 µm and 0.5 µm (50-500 nm). Gong et al. (2014) calculated the size distribution in 

ordinary cement samples (not cement Class G) for different water-cement ration (w/c=0.3; 

0.5 and 0.7) and the majority of the pore size found was smaller than 0.1 µm (100 nm). 

Fujikura and Oshita (2011) observed a similar tendency in ordinary cement samples with 

different w/c (w/c=0.4, 0.5 and 0.6) using MIP. Fujikura and Oshita (2011) determined 

that the pores size was between 0.01 µm to 1 µm (10-1000 nm), although the majority of 

the pores were smaller than 0.1 µm (100 nm). These studies suggest that a considerable 

amount of pore space in samples of SET 1, SET 2 and SET 3 could be dominated by pore 

sizes smaller than 2.76 µm.
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4.3.2.2. Post CO2 injection experiments

SET 1 cement samples were exposed to the CO2-saturated synthetic NSSW and CAW 

brine at T=50 ºC and PCO2 =130 bar for 3 and 9 months. No significant changes can be 

appreciated in 3D pore imaging data (Fig. 4.34), but pore measurements show a noticeable 

reduction of the original macro-porosity, considering an initial mØ=1.25 % for all SET 1 

unreacted cement samples (S.1.1, S.1.4, S.1.5 and S.1.6) (Table 4.9). This mØ decrease is 

due to secondary mineral precipitation of calcium carbonates into the original pore space. 

As a result, a carbonated band is formed, mainly in the outmost region with a diameter up 

to 1.5 mm, as shown by SEM-EDX and micro-CT images (cf. Ch. 4.2.1 and Ch. 4.3.1).

S.1.1, which was exposed to CO2-saturated synthetic NSSW brine, has experienced a 

noticeable decrease of macro-porosity from 1.25 to 0.78 % during the first 3 months 

experiment. After 9 months, the macro-porosity of S.1.4 reached values up to 0.68 

%, showing a slight reduction during the 6 months period and considering that all 

cement core samples start out with the same original macro-porosity percentage (1.25 

%). The pore size distribution, shown in Fig. 4.34, is over a range of diameter from 11 

µm to a maximum of 51.28 µm in S.1.1 and a maximum of 33.27 µm in S.1.4.

S.1.5 was exposed to CO2-saturated synthetic CAW brine. This sample presented a 

similar decrease of mØ reaching values of 0.79 % after 3 months. The macro-porosity 

obtained for S.1.6, after 9 months of exposure, is 1.34 %. This illustrates an opposing 

Table 4.9. Summary of the macro-porosity (mØ) percentage related with the different pore volume and size for 
cement samples of SET 1 (S.1.1, S.1.4, S.1.5 and S.1.6) post CO2 injection experiment. S.1.1 and S.1.4 were 
exposed to synthetic NSSW brine during 3 and 9 months respectively. S.1.5 and S.1.6 that were in contact with 
synthetic CAW brine during 3 and 9 months respectively. E. Time & Brine indicate the experimental time (months) 
and synthetic brine (NSSW or CAW) used for each sample.

S.1.1 S.1.4 S.1.5 S.1.6

Volume (µm3) Pore Diameter (µm) Macro-porosity (%) Macro-porosity (%) Macro-porosity (%) Macro-porosity (%) 

< 1000 < 12.41 66.14 75.08 70.68 71.13 
1000 - 5000 12.41 - 21.22 24.18 21.61 23.41 20.47 
5000 - 10000 21.22 - 26.73 5.81 2.95 3.97 4.63 

10000 - 25000 26.73 - 36.28 3.19 0.36 1.61 2.71 
25000 - 60000 36.28 - 48.57 0.72 -- 0.25 0.88 
60000 - 80000 48.57 - 53.46 0.08 -- -- 0.06 

80000 - 130000 53.46 - 62.85 -- -- -- 0.06 

TOTAL mØ (%) -- 0.78 0.68 0.79 1.34 
TOTAL PORES -- 3892 6975 5642 6800 
SAMPLE SET -- SET 1 SET 1 SET 1 SET 1 

E. TIME & BRINE -- 3 - NSSW 9- NSSW 3 - CAW 9 - CAW 
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Fig. 4.34. 3D views of the macro-porosity (mØ) and pore distribution for samples of SET 1 post CO2 injection 
experiments. A total of 3892 pores constitute S.1.1, 6975 pores for S.1.4, and 5642 and 6800 pores for S.1.5 and 
S.1.6 respectively. See correspondence between volume values and pore diameter in Table 4.9.
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tendency compared with the rest of SET 1 cement samples. Although S.1.6 has a similar 

number of pores as the rest of cement samples post CO2 injection experiments, the 

pore volume is higher than the one in the original sample, which results in a mØ of 1.34 

%. The pore size distribution was obtained over a range of diameters from 11 µm to a 

maximum of 45.65 µm in S.1.5 and 58.93 µm in S.1.6 (Fig. 4.34). Thus, despite the fact 

that two different synthetic brines (NSSW and CAW) were used during the CO2 injection 

experiments, the macro-porosity quantification suggests that the brine salinity does not 

seem to have a significant effect in the reduction of macro-porosity.

For SET 1, after CO2 injection experiments, there has been around 5 to 15 % reduction 

in pore size smaller than 12.41 µm (1000 µm3) (Table 4.9). This reduction is caused by 

secondary mineral precipitation that fills the pore space located in the outmost region 

of the cement samples as is shown in micro-CT images (cf. Ch. 4.3.1). Han et al. (2013) 

also observed that as the experimental time (3, 7, 14 and 28 days) increases the porosity 

markedly decreases and, in addition, this reduction of porosity affect mainly smaller 

pore volume (0.01-0.1 mm3). Similar reduction in porosity (from 0.8 % to 0.5 %) was 

observed and quantify by KjØller et al. (2016), where a series of water-alternating-gas 

(WAG) CO2-brine flooding were conducted on cement Class G. This porosity reduction 

was also caused by calcium carbonate precipitation (CaCO3(S)). In addition, KjØller et al. 

(2016) also used a 3D reconstruction in order to obtain the pore volume percentage 

pre- and post CO2 injection experiments.

No macro-porosity results were obtained for cement samples of SET 2 and SET 3 

because all original porosity was totally filled by secondary mineral precipitation, as 

shown in micro-CT images (cf. Ch. 4.3.1). In addition, the pore size of the secondary 

porosity located in the dissolution zones corresponds to a very irregular pore shape with 

a diameter less than 10 µm. Because the image resolution is a limitation of the used 

micro-CT equipment, Avizo software cannot take into account this porosity and cannot 

be properly calculated. Moreover, the limitation in size for the porosity calculations 

has also affected the porosity generated by original micro-cracks because its aperture 

size is from 182 nm to a maximum of 3.02 µm (cf. Ch. 4.2.1) and/or the development 

of secondary micro-cracks, both called porosity micro-cracks. Thus, on this basis the 

porosity results presented here, macro-porosity should be taken as a minimum estimated 

of the total porosity.
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4.3.3. Determination of cement mechanical properties

This section describes the acoustic measurements conducted in cement samples pre- 

and post CO2 injection experiments. These measurements are useful to assess the 

microstructure evolution of Class G cement core samples. The changes in velocities of 

compressional waves (VP) and shear waves (VS) are considered first (4.3.3.1 subsection). 

The calculation of two dynamic elastic parameters, the dynamic Young’s modulus (EDIN) 

and the dynamic Poisson’s ratio (νDIN) is then presented (4.3.3.2 subsection).

4.3.3.1. Wave Velocity

The velocity of acoustic waves was used to characterise the internal microstructure of 

samples and to understand how bulk porosity (Ø) and micro-cracks are affected by the 

alteration derived from CO2-brine-well cement interactions.

Table 4.10 shows the average value for wave velocity data (km/s) and density 

measurements (kg/m3) considered as a representative for each set of pre CO2 injection 

experiments cement samples. It is noted that compressional (VP) and shear (VS) waves 

show a slightly decreasing tendency with depth, as well as the density of the samples. 

SET 1 cement samples present a major wave velocity than SET 2 and SET 3 samples. 

These VP and VS wave results are within the range observed for cement by Boumiz et al. 

(1996), Tavossi et al. (1999) and Kim et al. (2016). The velocity of waves is closely related 

with the density of the sample (Bourissai et al., 2013), whereby cement core samples 

with greater density will tend to have higher wave velocities (Si et al., 2016).

Based on wave velocity data, density variation (increase) results in greater compressional 

wave (VP). Accordingly, higher bulk porosity should be expected in the deeper cement 

samples (SET 3), which is consistent with the wave velocity information, but not with 

the porosity measurements obtained in Ch. 4.3.2. This is due to the fact that the elastic 

Table 4.10. Average values of acoustic wave velocities and density for all set of pre CO2 injection experiments 
cement core samples. VP and VS corresponds to compressional and shear waves respectively. 

Set of samples Depth (m) Density (kg/m3) VP (km/s) VS (km/s) 

SET 1 1296 1943 3.4589 1.8726 

SET 2 2200 1859 3.2902 1.8295 

SET 3 2560 1814 3.1843 1.7686 
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waves propagate through the entire cement core samples (Mehta and Monteiro, 2005), 

finding all empty space up the pathway. In contrast, porosity < 2.76 µm and the porosity 

micro-cracks have not been measured by Avizo software because of the size limitation 

explained in Ch. 4.3.2. The wave velocity data indicate an increase of bulk porosity with 

depth (ØSET3> ØSET2> ØSET1), as greater porosity is connected with lower compressional 

waves (Castagna et al., 1985; Kassab and Weller, 2015). This leads to the conclusion that 

the presence of micro-cracks could be higher in non-reacted SET 3 samples, followed by 

SET 2 samples, and lastly SET 1 samples.

4.3.3.1.1.  SET 1

Table 4.11 shows the variation of VP, VS and density for SET 1 cement samples reacted 

at T=50 ºC and PCO2 =130 bar for 3 and 9 months. Cement cores samples that were 

reacted with CO2-saturated synthetic NSSW brine show an initial sharp increase of VP 

after 3 (S.1.1) months experiment, which is related to a reduction of bulk porosity (Si 

et al., 2016). The increase of VP is also observed after 9 (S.1.4) months, but this was 

only 0.429 km/s in comparison with 0.582 km/s observed in S.1.1, indicating potential 

oscillations in porosity during 9 months of exposure.

This observation confirms that when the carbonated band is totally formed, it can act 

as a temporary barrier that prevents the flow of carbonated brine through this zone, 

stopping the cement degradation, as interpreted in Ch. 4.2.1 and also considered 

by Carey et al. (2007) and Mito et al. (2015). The later dissolution of some of these 

secondary calcium carbonates could lead to a slight increase of porosity with regard to 

the porosity observed after 3 months.

Table 4.11. Acoustic wave velocities and density measurements in pre- and post CO2 injection experiments cement 
core samples of SET 1. E. Time & Brine indicate the experimental time (months) and synthetic brine (NSSW or 
CAW) used for each sample. Density is in kg/m3 and VP (km/s) and VS (km/s) corresponds to compressional and 
shear waves, respectively. 

Samples E. Time & Brine Density - pre Density - post VP - pre VP - post VS  - pre VS - post 

S.1.1 3 - NSSW 1944 2010 3.429 4.011 1.877 1.993 

S.1.4 9 - NSSW 1937 2008 3.473 3.902 1.865 1.607 

S.1.5 3 - CAW 1959 1996 3.533 3.801 1.892 1.927 

S.1.6 9 - CAW 1905 1944 3.292 3.574 1.803 1.784 
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As previously explained, cement core samples that experienced an increase of VP waves 

after CO2 injection will correspond to higher density (Table 4.11). In CO2-saturated 

synthetic NSSW brine, an increase in cement density of 66 kg/m3 was obtained after 3 

(S.1.1) months experiment and, 71 kg/m3, after 9 (S.1.4) months of exposure. 

The values of shear waves velocity (VS) illustrate a slight increase of 0.116 km/s after 3 

(S.1.1) months experiment, following the same tendency as VP. However, after 9 (S.1.4) 

months of exposure, a marked decrease of 0.256 km/s is observed. This indicates the 

potential formation of secondary micro-cracks along the reacted cement sample (S.1.4), 

as greater presence of micro-cracks is connected with a decrease of VS (Saroglou and 

Kallimogiannis, 2017; Ayling et al., 1995).

Cement core samples that were reacted with CO2-saturated synthetic CAW brine show 

a similar trend. VP values present an increase, resulting a reduction of bulk porosity (Si et 

al., 2016) after 3 (S.1.5) months. The increase of VP is also observed after 9 (S.1.6) months 

of exposure. The increase of 0.281 km/s in S.1.6 was slightly higher, but not significant, 

in comparison with 0.268 km/s observed for S.1.5. For CO2-saturated synthetic CAW 

brine, the increase in cement density was 36 kg/m3 after 3 (S.1.5) months and 39 kg/m3, 

was obtained after 9 (S.1.6) months of exposure.

As observed for samples reacted with CO2-saturated synthetic NSSW brine, VS shows an 

initial increase after 3 (S.1.5) months experiment, followed by a reduction after 9 (S.1.6) 

months of exposure. However, in this case no significant change in the internal structure 

(presence of secondary micro-cracks) of S.1.5 and S.1.6 is considered because in both 

samples the variations of VS has not been significant. An initial slight increase of VS (0.035 

km/s) is seen in S.1.5 and a very small reduction of VS (0.019 km/s) is obtained in S.1.6.

In both cases, the decrease of bulk porosity in reacted cement samples is associated with 

the carbonation stage. Other authors also obtained a reduction in porosity using similar 

experimental conditions. Satoh et al. (2013) observed a slight reduction in porosity from 

26.6% to 26.1% in cement Class G that was exposed to CO2-saturated brine at T=50 

ºC and PCO2=180 bar during 400 hrs. Mercury-intrusion porosimetry (MIP) was used to 

obtain the bulk porosity. Jung and Um (2013) also observed a significant reduction of 

porosity using the same class of cement (cement Class G), which was reacted with CO2-
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saturated brine at similar experimental conditions (T=50 ºC and PCO2=100 bar) for 2 and 

8 months. Bulk porosity was reduced from 31% to 22% after 2 months and to 23% after 

8 months of exposure. This porosity data was determined using the Boyle’s Law. 

4.3.3.1.2. SET 2

Table 4.12 shows the variation of VP, VS and density for SET 2 cement samples reacted 

that were at T=74 ºC and PCO2 =220 bar for 3 and 9 months. Cement cores samples that 

were reacted with CO2-saturated synthetic NSSW brine show an initial increase of VP after 

3 (S.2.1) months experiment. This is also related to a reduction of bulk porosity (Si et al., 

2016) that is mainly caused by the irregular carbonated band formed and the enclosure 

of original pores by calcium carbonates, as shown in micro-CT images (cf. Ch. 4.3.1). The 

increase of VP is also observed after 9 (S.2.2) months of exposure. This increase was 0.196 

km/s in comparison with 0.119 km/s seen in S.2.1. Thus, S.2.2 illustrates that there is a 

higher reduction of porosity up to 9 months of exposure. This reduction is because the 

carbonation process reached the central part of the sample and, as a result, more than 

one well-defined carbonated band is formed, as shown in micro-CT images (cf. Ch. 4.3.1).

Cement core samples that experienced an increase of VP after CO2 injection experiments 

will also present higher density (Table 4.12). In CO2-saturated synthetic NSSW brine, an 

increase in cement density of 108 kg/m3 was obtained after 3 (S.2.1) months experiment 

and 127 kg/m3 after 9 (S.2.2) months of exposure. 

VS illustrates a slight decrease of 0.103 km/s after 3 (S.2.1) months experiment. This 

informs the potential creation of secondary micro-cracks along the reacted cement 

sample (Saroglou and Kallimogiannis, 2017; Ayling et al., 1995). After 9 (S.2.2) months 

Table 4.12. Acoustic wave velocities and density measurements of pre- and post CO2 injection experiments cement 
core samples of SET 2. E. Time & Brine indicate the experimental time (months) and synthetic brine (NSSW or 
CAW) used for each sample. Density is in kg/m3 and VP (km/s) and VS (km/s) corresponds to compressional and 
shear waves respectively. 

Samples E. Time & Brine Density - pre Density - post VP - pre VP - post VS  - pre VS - post 

S.2.1 3 - NSSW 1864 1971 3.269 3.388 1.825 1.722 

S.2.2 9 - NSSW 1858 1984 3.298 3.494 1.825 1.695 

S.2.4 3 - CAW 1868 2006 3.281 3.571 1.836 1.758 

S.2.5 9 - CAW 1849 1990 3.286 3.369 1.822 1.640 
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of exposure, a similar decrease of VS (0.130 km/s) is observed. This could mean that 

the potential secondary micro-cracks were most likely created during the first 3 months 

experiment, considering that micro-cracking occurs as a consequence of the carbonation 

process and not by the course of depressurisation of the reactor once the experiment 

is finished.

Cement core samples that were reacted with CO2-saturated synthetic CAW brine show 

a similar trend. VP indicates an important increase indicating a reduction of bulk porosity 

after 3 (S.2.4) months experiment. The increase of VP is also observed after 9 (S.2.5) 

months of exposure, although this notes that a very slight increase of VP (0.083 km/s) 

occurs in S.2.5, in comparison with the increase of VP (0.29 km/s) obtained in S.2.4. 

Therefore, there is a marked reduction in porosity after 3 months, and this is because, as 

observed in micro-CT images (cf. Ch. 4.3.1), the original porosity is almost totally filled 

by the precipitation of calcium carbonates. However, the reduction of porosity after 

9 months is lower than that for 3 months experiment, suggesting that the changes in 

porosity will depend on the carbonation and dissolution stages.

For the CO2-saturated synthetic CAW brine, the increase in cement density was 138 kg/

m3 after 3 (S.2.4) months experiment and 140 kg/m3 was obtained after 9 (S.2.5) months 

of exposure.

For SET 2, VS presents a very slight decrease of 0.078 km/s after 3 (S.2.4) months 

experiment, indicating that the internal structure of S.2.4 did not present significant 

changes regarding the formation of new micro-cracks. After 9 (S.2.5) months of 

exposure, a marked decrease in VS (0.182 km/s), suggests the potential creation of new 

micro-cracks (Saroglou and Kallimogiannis, 2017; Ayling et al., 1995) along the reacted 

cement sample.

4.3.3.1.3. SET 3

Table 4.13 shows the variation of VP, VS and density for SET 3 cement samples that were 

reacted at T=90 ºC and PCO2 =265 bar for 3 and 9 months. Cement cores samples 

that were reacted with CO2-saturated synthetic NSSW brine show an initial slight 

increase of VP after 3 (S.3.1) months experiment. After 9 (S.3.2) months of exposure, 
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the increase is really small. The increase was only 0.027 and 0.004 km/s for S.3.1 and 

S.3.2 respectively, showing that there is not a noticeable change in porosity. Despite 

that the original porosity was totally filled by secondary mineral precipitation (calcium 

carbonates) and a well-defined carbonated band is formed as shown in micro-CT 

images (cf. Ch. 4.3.1), the secondary porosity created at the same time in dissolution 

zones (zone II) and/or secondary porosity micro-cracks compensate the reduction of 

the original porosity, leading to no marked change in bulk porosity for 3 and up to 9 

months experiment.

Here too, cement core samples that experienced an increase of VP waves after CO2 

injection experiments will correspond to have higher density (Table 4.13) (Kassab and 

Weller, 2015). In CO2-saturated synthetic NSSW brine, an increase in cement density of 

172 kg/m3 was obtained after 3 (S.3.1) months experiment and 176 kg/m3 after 9 (S.3.2) 

months of exposure. 

For SET 3, VS marks a noticeable decrease of 0.152 km/s after 3 (S.3.1) months experiment, 

informing about the potential creation of new micro-cracks along the reacted cement 

sample (Saroglou and Kallimogiannis, 2017; Ayling et al., 1995). After 9 (S.3.2) months 

of exposure, a sharp decrease of VS (0.235 km/s) is observed, and it shows a continuous 

reduction over time, which entails the potential creation of secondary micro-cracks. As 

mentioned previously, this increase is considering that the micro-cracks is occurring as 

a consequence of the carbonation process and not by the course of depressurisation of 

the reactor once the experiment is finished.

Cement core samples that were reacted with CO2-saturated synthetic CAW brine show 

an opposite trend. VP indicates an initial sharp decrease of VP, which informs about an 

Table 4.13. Acoustic wave velocities and density measurements of pre- and post CO2 injection experiments cement 
core samples of SET 3. E. Time & Brine indicate the experimental time (months) and synthetic brine (NSSW or 
CAW) used for each sample. Density is in kg/m3 and VP (km/s) and VS (km/s) corresponds to compressional and 
shear waves respectively. 

Samples E. Time & Brine Density - pre Density - post VP - pre VP - post VS  - pre VS - post 

S.3.1 3 - NSSW 1809 1981 3.197 3.224 1.788 1.636 

S.3.2 9 - NSSW 1802 1979 3.106 3.110 1.744 1.509 

S.3.4 3 - CAW 1820 1890 3.240 3.067 1.798 1.486 

S.3.5 9 - CAW 1827 1919 3.136 3.025 1.773 1.458 
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increase of bulk porosity (Kassab and Weller, 2015; Si et al., 2016) after 3 (S.3.4) months 

experiment. The decrease of VP is also observed after 9 (S.3.5) months of exposure, 

although a lower decrease of VP (0.111 km/s) occurs in S.3.5, comparing with VP (0.173 

km/s) obtained in S.3.4. In contrast to other cement samples, the increase in porosity 

after 3 months experiment indicate that the percentage of secondary porosity created in 

the different dissolution zones (zones II), together with secondary porosity micro-cracks 

is greater than the percentage of the original porosity. However, the rate of increasing 

porosity trend does not seem to continue from 3 to 9 months of exposure and it could be 

explained by a constant variation of porosity caused by the carbonation and dissolution 

processes.

In CO2-saturated synthetic CAW brine, the increase in cement density was 70 kg/m3 after 3 

(S.3.4) months experiment and 92 kg/m3 was obtained after 9 (S.3.5) months of exposure. 

But in this case, an increase of density is observed despite the decrease of VP waves in both 

S.3.4 and S.3.5. This is because the calculation of its density was affected by the mass of the 

external crystals, which could not be removed without damaging the surface of the sample.

VS illustrates a sharp decrease of 0.312 km/s after 3 (S.3.4) months experiment, indicating 

that the internal structure of S.3.4 suffered a significant change regarding the creation of 

secondary micro-cracks (Saroglou and Kallimogiannis, 2017; Ayling et al., 1995). After 9 

(S.3.5) months of exposure, a similar decrease in VS (0.315 km/s) is obtained, suggesting 

that the potential creation of secondary micro-cracks occurred mainly during the first 3 

months experiment. It is also considered that micro cracking occurs as a consequence of 

the carbonation process and not by the course of depressurisation of the reactor once the 

experiment is finished.

In summary, reacted SET 1 cement samples show a greater increase of VP for those 

samples (S.1.1 and S.1.4) reacted with CO2-saturated synthetic NSSW brine, which entails 

a major reduction of bulk porosity in comparison with S.1.5 and S.1.6 reacted with CO2-

saturated synthetic CAW brine. This reduction of porosity is directly related with the 

formation of carbonation zone (zone III) and secondary mineral precipitation (calcium 

carbonates) into pore spaces dispersed throughout all cement samples, as observed 

in SEM-EDX images (cf. Ch. 4.2.1). VS waves inform about the potential creation of 

secondary micro-cracks in those samples (S.1.4) where a decrease of VS is observed, 



Assessment of well cement risk leakage on CO2 geological storage: the Goldeneye reservoir (North Sea, UK)

141Chapter 4 - Results and discussion

despite the fact that some micro-cracks were also observed in S.1.1 and S.1.5, as shown 

by SEM-EDX images (cf. Ch. 4.2.1). This could due to the fact that the micro-cracks 

observed in SEM-EDX images are negligible to be indicated by shear waves. 

For SET 2, reacted cement samples show a continuous increase of VP for those cement 

samples (S.2.1 and S.2.2) reacted with CO2-saturated synthetic NSSW brine. However, 

cement samples that were reacted with CO2-saturated synthetic CAW brine show a 

marked increase of VP after 3 (S.2.4) months experiment, followed by slightly increase 

(compared to the initial value) after 9 (S.2.5) months experiment, indicating that the 

major reduction of bulk porosity occurred over the first 3 months experiment. The 

reduction of VS that is observed in all reacted cement core samples of SET 2 inform 

about the potential creation of secondary micro-cracks. 

For SET 3, reacted cement samples show a very low variation of VP, indicating not a significant 

change in bulk porosity for those cement samples (S.3.1 and S.3.2) that were reacted with 

CO2-saturated synthetic NSSW brine. On the contrary, S.3.4 and S.3.5 that were reacted 

with CO2-saturated synthetic CAW brine suffered an increase in bulk porosity that could 

be linked with a dissolution stage. Therefore, the porosity varies following two well known 

distinct stages (carbonation and dissolution process) during the cement degradation. 

Moreover, the reduction of VS that is observed in all reacted SET 3 cement core samples 

inform about the potential creation of thin secondary micro-cracks. The interpretation of 

the reduction and/or increase of bulk porosity in reacted cement samples (SET 2 and SET 

3) can be directly associated with the carbonation and dissolution stage, respectively. 

Barlet-Gouédard et al. (2006 and 2007) also observed continuous changes in porosity 

over experimental time in cement Class G samples that were reacted with supercritical 

CO2 as well as CO2-saturated brine at T=90 ºC and PCO2=280 bar during two days, 

three weeks, six weeks and three months. These authors performed a quantification of 

bulk porosity evolution using MIP. In wet supercritical CO2, a rapid reduction of porosity 

from 33% to 27% in the first two days was observed, followed by a continuous decrease 

until reaching 15% after 6 weeks and then the porosity increased from 15% to 27% up 

to 3 months. 

This value (27%) remained unchanged for up to 6 months experiment carried-out by 

Rimmelé et al. (2008). In CO2-saturated brine, the carbonation front had almost completely 
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entered to the centre of the core during the first 3 weeks, resulting a sharp reduction 

of porosity from 33% to 9%. After this carbonation stage, the porosity increases from 

9% to 21% up to 6 weeks of experiment and reaching values of 28% up to 3 months, 

which is linked with a dissolution stage. After 6 months of exposure that was studied by 

Rimmelé et al. (2008), the final porosity reached valour of 30%, which was slightly lower 

than the original porosity value (33%). Two-stage of porosity evolution was also observed 

by Rimmelé et al. (2008) in cement samples that were reacted with CO2-saturated brine.

4.3.3.2. Dynamic elastic parameters

The dynamic elastic moduli were calculated by measuring the pulse velocity of 

compressional and shear waves to observe if the degradation process has an impact to 

the mechanical properties on the cement and affect the wellbore structural integrity. As 

explained in Ch. 3.3.2, the Young’s modulus (EDIN) is dependent on the effect caused by 

the degradation process and the Poisson’s ratio (νDIN) depends on the presence of cracks.

An average value for elastic constants was considered as a representative for each set 

of cement samples prior to CO2 injection experiments (Table 4.14). Previously calculated 

VP - VS waves (km/s) and density measurements (kg/m3) were added to the table, because 

they are the main parameters used in the equations to obtain the elastic constants (cf. Ch. 

3.3.2). Elastic values show a decreasing trend under different set of samples, from SET 1 to 

SET 3 (Table 4.14). The initial values obtained for νDIN are 0.292 (SET 1), 0.276 (SET 2) and 

0.271 (SET 3) corresponding to expected values for a porous elastic solid, as reported by 

Sayers and Grenfell (1993) and Ridha et al. (2018) for Class G cement samples. The initial 

values obtained for EDIN are directly depending on the w/c ratio (cf. Ch. 3.1.1); refer to 

17.31 GPa (SET 1), 15.84 GPa (SET 2) and 14.55 GPa (SET 3). As investigated by Boumzi 

et al. (1996), lower values of w/c ratio correspond to higher EDIN. 

Table 4.14. Average value of dynamic elastic parameters, wave velocities and density measurements for all set 
of pre CO2 injection experiments cement core samples. VP and VS corresponds to compressional and shear waves 
respectively. EDIN is the dynamic Young’s modulus and νDIN represents the dynamic Poisson’s ratio.

Set of samples Depth (m) Density (kg/m3) VP (km/s) VS (km/s) EDIN (GPa) nDIN 

SET 1 1296 1943 3.459 1.873 17.309 0.292 

SET 2 2200 1859 3.290 1.830 15.839 0.276 

SET 3 2560 1814 3.184 1.769 14.550 0.271 
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4.3.3.2.1. SET 1

Table 4.15 shows the variation of dynamic Young’s modulus (EDIN) and the dynamic 

Poisson’s ratio (νDIN) for SET 1 cement samples that were reacted at T=50 ºC and PCO2 

=130 bar for 3 and 9 months. 

The Young’s modulus obtained post CO2 injection experiments is significantly higher 

in all cement core samples (except for S.1.4), indicating that they were affected by the 

carbonation process, as described previously using SEM-EDX images (cf. Ch. 4.2.1). 

These results are in agreement with the research performed by Xiao et al. (2002). However, 

a decrease of Young’s modulus is observed in S.1.4, possibly due to partial dissolution of 

calcium carbonates that form the carbonated band. This was also interpreted as a slight 

increase of porosity (cf. Ch. 4.2.1) and compressional wave (VP) data, which was caused 

by the dissolution of calcium carbonates from the carbonated band (zone III). 

The values of Poisson’s ratio obtained show a sharp increase for all cement samples 

independently of what synthetic brine (NSSW and CAW) and reaction time were used. 

Kuo et al. (2017) also observed a rising trend in Poisson’s ratio in Class G cement 

exposed to CO2-saturated brine at T=70ºC and PCO2=200 bar for 83 days. This increase 

is typically related with the creation of secondary micro-cracks and/or extension of pre-

existing cracks, as was defined by Bieniawski (1967) in rocks and Krajcinovic and Mier 

(2000) in rocks and concrete.

4.3.3.2.2. SET 2

Table 4.16 shows the variation of dynamic Young’s modulus (EDIN) and the dynamic 

Poisson’s ratio (νDIN) for SET 2 cement samples reacted at T=74 ºC and PCO2 =220 bar 

for 3 and 9 months.

Table 4.15. Dynamic elastic parameters of cement core samples of SET 1 pre- and post CO2 injection experiments. 
E. Time & Brine indicate the experimental time (months) and synthetic brine (NSSW or CAW) used for each 
sample. EDIN is the dynamic Young’s modulus and νDIN represents the dynamic Poisson’s ratio.

Samples E. Time & Brine EDIN (GPa) - pre EDIN (GPa) - post nDIN - pre nDIN - post 

S.1.1 3 - NSSW 17.609 20.566 0.286 0.336 

S.1.4 9 - NSSW 17.476 13.996 0.297 0.398 

S.1.5 3 - CAW 18.219 19.674 0.299 0.327 

S.1.6 9 - CAW 15.932 16.505 0.286 0.334 
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A slight reduction of Young’s modulus was observed in all cement core samples 

(except for S.2.4), although these samples were also carbonated after CO2 injection 

experiments. This feature could be explained by the high presence of dissolution zones, 

as identified in micro-CT images (cf. Ch. 4.3.1). This change in tendency may be caused 

by dissolution zones, as was also observed by Fabbri et al. (2009). These dissolution 

zones, where the porosity is higher in comparison with carbonated zones, could affect 

the Young’s modulus values, because according to Wang and Li (2007), the Young’s 

modulus decreases as the porosity increases. In contrast, the Young’s modulus for S.2.4 

increased slightly, possibly due to a greater carbonation, and thus, higher reduction of 

porosity, which is consistent with the observed wave velocity (VP) values.

An increase of Poisson’s ratio is also observed for all cement samples. As also described 

for SET 1, this increase is linked with the creation of secondary micro-cracks and/or 

extension of pre-existing micro-cracks, as was defined by Bieniawski (1967) and Li et al. 

(1998), which affects the mechanical properties (Saroglou and Kallimogiannis, 2017) of 

cement post CO2 injection experiments.

4.3.3.2.3. SET 3

Table 4.17 shows the variation of dynamic Young’s modulus (EDIN) and the dynamic 

Poisson’s ratio (νDIN) for cement samples of SET 3 that were reacted at T=90 ºC and 

PCO2 =265 bar for 3 and 9 months.

For SET 3, a slight reduction of Young’s modulus is obtained for all cement samples post 

CO2 injection experiments, although they are totally altered and exhibit different thick 

carbonated layers, as shown by micro-CT images (cf. Ch. 4.3.1). As explained previously 

Table 4.16. Dynamic elastic parameters of cement core samples of SET 2 pre- and post CO2 injection experiments. 
E. Time & Brine indicate the experimental time (months) and synthetic brine (NSSW or CAW) used for each 
sample. EDIN is the dynamic Young’s modulus and νDIN represents the dynamic Poisson’s ratio.

Samples E. Time & Brine EDIN (GPa) - pre EDIN (GPa) - post nDIN - pre nDIN - post 

S.2.1 3 - NSSW 15.806 15.505 0.274 0.326 

S.2.2 9 - NSSW 15.839 15.344 0.279 0.346 

S.2.4 3 - CAW 16.022 16.612 0.272 0.340 

S.2.5 9 - CAW 15.690 14.386 0.278 0.345 
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for SET 2 samples, this feature could be explained by the high presence of dissolution 

zones that agrees with the observations of Fabbri et al. (2009), since an area where 

there is an increase of porosity lead to a reduction of the Young’s modulus (Wang and 

Li, 2007). 

Similarly to SET 1 and SET 2, an increase of Poisson’s ratio is observed for all cement 

samples. According to Krajcinovic and Mier (2000), Poisson’s ratio is increased due to 

the creation of new micro-cracks and/or the propagation of existing micro-cracks, which 

is consistent with VS information.

Table 4.17. Dynamic elastic parameters of cement core samples of SET 3 pre- and post CO2 injection experiments. 
E. Time & Brine indicate the experimental time (months) and synthetic brine (NSSW or CAW) used for each 
sample. EDIN is the dynamic Young’s modulus and νDIN represents the dynamic Poisson’s ratio.

Samples E. Time & Brine EDIN (GPa) - pre EDIN (GPa) - post nDIN - pre nDIN - post 

S.3.1 3 - NSSW 14.721 14.070 0.272 0.327 

S.3.2 9 - NSSW 13.919 12.126 0.270 0.346 

S.3.4 3 - CAW 15.035 11.239 0.278 0.347 

S.3.5 9 - CAW 14.526 10.999 0.265 0.349 

4.3.4. Evolution of permeability

Permeability measurements were performed in pre- and post CO2 injection experiments 

to determine whether the secondary porosity in the dissolution zones is affecting the 

creation of leakage pathways through the well cement. The method used to measure 

permeability is pore pressure transmission method (PPTM) (cf. Ch. 3.3.3).

A pre CO2 injection experiments representative cement sample for each SET was used 

to obtain the original permeability (kw). The samples used are S.1.5 (SET 1), S.2.1 (SET 2) 

and S.3.1 (SET 3), which represent depths of 1296 m, 2200 m and 2560 m, respectively. 

Table 4.18 shows the initial values obtained in permeability (kw) that corresponds 

to 2.06·10-21 m2 (S.1.5), 4.24·10-21 m2 (S.2.1) and 1.17·10-20 m2 (S.3.1). These values 

indicate a slight increase in permeability with depth (kW-SET3> kW-SET2> kW-SET1), which is 

consistent with the wave velocity information (cf. Ch. 4.3.3). Moreover, the results show 

that unreacted cement  samples are of good quality, since their permeability is extremely 

low, as previously reported by Nelson (1990), Mandecki (2004) and Bachu and Bennion 

(2009).
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4.3.4.1. SET 1

Table 4.19 shows the variation of permeability (kw) for SET 1 cement samples that were 

reacted at T=50 ºC and PCO2 =130 bar for 3 and up to 9 months. Cement cores samples 

that were reacted with both CO2-saturated synthetic NSSW (S.1.1) and CAW (S.1.5) 

brine show an initial very slight increase of permeability from 2.06·10-21 to 7.36·10-21 m2 

and from 2.06·10-21 to 7.95·10-21 m2 respectively, after 3 months experiment. This small 

variation could be caused by increasingly better connectivity between secondary pores 

created in the dissolution zone (zone II) and/or the creation of secondary micro-cracks in 

the altered area, as observed in SEM-EDX images (cf. Ch. 4.2.1).

After 9 months of exposure, the results obtained of permeability for both reacted with 

CO2-saturated synthetic NSSW (S.1.4) and CAW (S.1.6) brine remain close to those of 

the unreacted cement samples (Table 4.19), showing a slight reduction during the last 

6 months of experiments, considering that all cement core samples start out with the 

same original permeability value (2.06·10-21 m2). This reduction of permeability is related 

with the continuous precipitation of calcium carbonates (CaCO3(S)) into pore space. Thus, 

no change in permeability is considered for cement samples of SET 1 after 9 months of 

experiment.

Set of samples SET 1 SET 2 SET 3 

Samples S.1.5 S.2.1 S.3.1

Depth (m) 1296 2200 2560 

L (m) 2.73E-02 2.70E-02 2.70E-02 

D (m) 3.75E-02 3.76E-02 3.76E-02 

A (m2) 1.10E-03 1.11E-03 1.11E-03 

bw (1/Pa) 4.40E-10 4.40E-10 4.40E-10 

µw (Pa·s) 1.12E-03 1.12E-03 1.12E-03 

Vd (m3) 4.20E-06 6.00E-06 6.00E-06 

a (1/Pa) 4.01E-05 5.86E-05 1.60E-04 

kw (m2) 2.06E-21 4.24E-21 1.17E-20 

kw (mD) 2.09E-06 4.30E-06 1.18E-05 

Table 4.18. Permeability measurements (kw) of three representative pre CO2 injection experiments cement core 
samples (S.1.5, S.2.1 and S.3.1). L and D is the length and diameter of the sample (m), A is the cross-section 
area (m2), β is the static compressibility of the fluid (1/Pa), µ is the dynamic viscosity of fluid (Pa·s), Vd is the 
downstream reservoir volume (m3), a represents the slope vs time (s), and kw is the intrinsic permeability (m2 
and mD). The depth is represented in meters (m). The analytical error is in the order of ±1-10 %.
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4.3.4.2. SET 2

Table 4.20 shows the variation of permeability (kw) for SET 2 cement samples that were 

reacted at T=74 ºC and PCO2 =220 bar for 3 and up to 9 months. As was observed for 

SET 1, cement cores samples that were reacted during 3 months experiments with both 

CO2-saturated synthetic NSSW (S.2.1) and CAW (S.2.4) brine show an initial very slight 

increase of permeability from 4.24·10-21 to 9.25·10-21 m2 and from 4.24·10-21 to 7.56·10-21 

m2, respectively.

After 9 months of exposure, permeability for both reacted with CO2-saturated synthetic 

NSSW (S.2.2) and CAW (S.2.5) brine have reach values up to 1.18·10-19 m2 and 6.10·10-

20 m2 respectively, showing an increase of permeability over time. This continuing 

increase of permeability appears to result directly from the existence of secondary thin 

micro-cracks, as interpreted using dynamic elastic parameters (cf. Ch. 4.3.3) and/or a 

greater connectivity between pores (secondary porosity) that were created in a series 

of dissolution zones (zone II) in comparison with the connectivity of original porosity, 

allowing flow paths in reacted cement.

Table 4.19. Permeability measurements (kw) of three representative post CO2 injection experiments SET 1 
cement core samples (S.1.1, S.1.4, S.1.5 and S.1.6). L and D is the length and diameter of the sample (m), A is 
the cross-section area (m2), β is the static compressibility of the fluid (1/Pa), µ is the dynamic viscosity of fluid 
(Pa·s), Vd is the downstream reservoir volume (m3), a represents the slope vs time (s), and kw is the intrinsic 
permeability (m2 and mD). The depth is represented in meters (m). Time & Brine indicate the experimental time 
(months) and synthetic brine (NSSW or CAW) used for each sample. The Trend illustrates if there is an increase, 
decrease or not marked change in permeability post CO2 injection experiments. The analytical error is in the 
order of ± 1-10 %.

Samples S.1.1 S.1.4 S.1.5 S.1.6

Depth (m) 1296 1296 1296 1296 

E. Time & Brine 3 - NSSW 9 - NSSW 3 - CAW 9 - CAW 

L (m) 2.70E-02 2.71E-02 2.74E-02 2.75E-02 

D (m) 3.78E-02 3.82E-02 3.75E-02 3.74E-02 

A (m2) 1.12E-03 1.15E-03 1.10E-03 1.10E-03 

bw (1/Pa) 4.40E-10 4.40E-10 4.40E-10 4.40E-10 

µw (Pa·s) 1.12E-03 1.12E-03 1.12E-03 1.12E-03 

Vd (m3) 5.04E-06 5.04E-06 5.04E-06 5.04E-06 

a (1/Pa) 1.23E-04 2.53E-05 1.28E-04 3.54E-05 

kw (m2) 7.36E-21 1.49E-21 7.95E-21 2.21E-21 

kw (mD) 7.46E-06 1.51E-06 8.06E-06 2.24E-06 

TREND INCREASE NO CHANGE INCREASE NO CHANGE 
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4.3.4.3. SET 3

Table 4.21 shows the variation of permeability (kw) for cement samples of SET 3 that 

were reacted at T=90 ºC and PCO2 =265 bar for 3 and up to 9 months. The cement 

core sample that was reacted with CO2-saturated synthetic NSSW brine during 3 (S.3.1) 

months experiment shows an initial very slight increase of permeability from 1.17·10-20 

to 4.54·10-20 m2. After 9 (S.3.2) months of exposure, the permeability reaches values up 

to 2.31·10-19 m2 informing about a steady increase of permeability. As observed in SET 

2 samples, this continuing increase of permeability appears to result directly from the 

existence of secondary thin micro-cracks and/or a greater connectivity between pores 

(secondary porosity), contributing to flow paths through the reacted cement.

However, a marked increase of permeability from 1.17·10-20 to 1.16·10-19 m2 was observed 

for the cement core sample that was reacted with CO2-saturated synthetic CAW brine 

for 3 (S.3.4) months. In this case, this noticeable initial increase (by a factor of 10) could 

be due to the increase of porosity that was interpreted using wave velocity information 

Table 4.20. Permeability measurements (kw) of three representative post CO2 injection experiments SET 2 
cement core samples (S.2.1, S.2.2, S.2.4 and S.2.5). L and D is the length and diameter of the sample (m), A is 
the cross-section area (m2), β is the static compressibility of the fluid (1/Pa), µ is the dynamic viscosity of fluid 
(Pa·s), Vd is the downstream reservoir volume (m3), a represents the slope vs time (s), and kw is the intrinsic 
permeability (m2 and mD). The depth is represented in meters (m). Time & Brine indicate the experimental time 
(months) and synthetic brine (NSSW or CAW) used for each sample. The Trend illustrates if there is an increase, 
decrease or not marked change in permeability post CO2 injection experiments. The analytical error is in the 
order of ± 1-10 %.

Samples S.2.1 S.2.2 S.2.4 S.2.5

Depth (m) 2200 2200 2200 2200 

E. Time & Brine 3 - NSSW 9 - NSSW 3 - CAW 9 - CAW 

L (m) 2.72E-02 2.80E-02 2.81E-02 2.71E-02 

D (m) 3.77E-02 3.78E-02 3.76E-02 3.74E-02 

A (m2) 1.11E-03 1.12E-03 1.11E-03 1.10E-03 

bw (1/Pa) 4.40E-10 4.40E-10 4.40E-10 4.40E-10 

µw (Pa·s) 1.12E-03 1.12E-03 1.12E-03 1.12E-03 

Vd (m3) 5.04E-06 5.04E-06 5.04E-06 5.04E-06 

a (1/Pa) 1.52E-04 1.90E-03 1.20E-04 9.91E-04 

kw (m2) 9.25E-21 1.18E-19 7.56E-21 6.10E-20 

kw (mD) 9.37E-06 1.20E-04 7.66E-06 6.18E-05 

TREND INCREASE INCREASE INCREASE INCREASE 
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(cf. Ch. 4.3.3) and either a potential greater presence of original micro-cracks or some 

of these original micro-cracks have higher aperture size, and thus, facilitating the flow 

of liquid. SEM image of S.3.4 (Fig. 4.35) clearly shows a large micro-crack with an 

aperture size from 3.71 to 5.68 µm that could be one of the original micro-cracks that 

are affecting the final permeability value. Thus, the original cracks open up flow paths 

that can potentially enhance permeability.

After 9 (S.3.5) months of exposure, the permeability reaches values up to 1.82·10-19 m2, 

which is a similar value to that obtained using synthetic NSSW brine. Thus, salinity does not 

seem to affect the variation of permeability over time in any of the set of cement samples.

In summary, no permeability changes were observed in SET 1 cement samples up to 

9 months of exposure despite secondary thin micro-cracks were observed in SEM-EDX 

images (cf. Ch. 4.2.1) and also interpreted using dynamic elastic parameters  (cf. Ch. 

4.3.3). Based on these results, the variation of permeability could be also related with 

the carbonated-zones thickness, since it assumes that the permeability decreases as the 

carbonated-zone thickness increases.

Table 4.21. Permeability measurements (kw) of three representative post CO2 injection experiments SET 3 
cement core samples (S.3.1, S.3.2, S.3.4 and S.3.5). L and D is the length and diameter of the sample (m), A is 
the cross-section area (m2), β is the static compressibility of the fluid (1/Pa), µ is the dynamic viscosity of fluid 
(Pa·s), Vd is the downstream reservoir volume (m3), a represents the slope vs time (s), and kw is the intrinsic 
permeability (m2 and mD). The depth is represented in meters (m). Time & Brine indicate the experimental time 
(months) and synthetic brine (NSSW or CAW) used for each sample. The Trend illustrates if there is an increase, 
decrease or not marked change in permeability post CO2 injection experiments. The analytical error is in the 
order of ± 1-10 %.

Samples S.3.1 S.3.2 S.3.4 S.3.5

Depth (m) 2560 2560 2560 2560 

E. Time & Brine 3 - NSSW 9 - NSSW 3 - CAW 9 - CAW 

L (m) 2.75E-02 2.74E-02 2.73E-02 2.74E-02 

D (m) 3.79E-02 3.78E-02 3.77E-02 3.75E-02 

A (m2) 1.13E-03 1.12E-03 1.11E-03 1.11E-03 

bw (1/Pa) 4.40E-10 4.40E-10 4.40E-10 4.40E-10 

µw (Pa·s) 1.12E-03 1.12E-03 1.12E-03 1.12E-03 

Vd (m3) 5.04E-06 5.04E-06 5.04E-06 5.04E-06 

a (1/Pa) 7.46E-04 2.33E-03 2.58E-03 2.95E-03 

kw (m2) 4.54E-20 2.31E-19 1.16E-19 1.82E-19 

kw (mD) 4.60E-05 2.35E-04 1.17E-04 1.85E-04 

TREND INCREASE INCREASE INCREASE INCREASE 
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Bachu and Bennion (2009) observed a decrease in permeability in cement Class G 

reacted with CO2-saturated brine at T=65ºC and PCO2=151.6 bar for 3 months. These 

experiments were carried out using different salinity values, including 15,000, 60,000 

and 80,000 mg/l. The original permeability measured pre CO2 injection experiments 

showed a cement permeability that varied between 1.16·10-19 to 2.32·10-19 m2. An initial 

fairly rapid reduction in permeability was observed during the first 5 days of exposure, 

followed by a slow decrease until permeability remained stable at values around 1·10-20 

m2. Bachu and Bennion (2009) concluded that the carbonation band formed acts as a 

protective layer and thus preventing permeability enhancement. Moreover, they also 

considered that brine salinity does not seem to affect to the variation of permeability 

over time.

However, a noticeable increase in permeability occurs in SET 2 and SET 3 cement 

samples and could be attributed to several factors, including: (I) the development of 

secondary thin micro-cracks as was interpreted using dynamic elastic parameters (cf. 

Ch. 4.3.3) and reported by Bachu and Bennion (2009), Rimmelé et al. (2008), Cao et 

al. (2013), Fabbri et al. (2009) and Wolterbeek et al. (2016); (II) the dissolution-zone 

thickness and/or the presence of more than one dissolution zone, which is consistent 

with the information obtained by micro-CT images (cf. Ch. 4.3.1) and the dynamic 

Young’s modulus data (cf. Ch. 4.3.3); (III) the increase of porosity as reported using 

wave velocity information (cf. Ch. 4.3.3) and, (IV) a potential better connectivity between 

2.5 mm

Original micro-cracks

Fig. 4.35. SEM image of S.3.4 post 3 months CO2 injection experiment. The crack with a size ranging from 3.71 
to 5.68 μm can be easily observed
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pores of secondary porosity, easily creating leakage pathways through the core cement 

samples. Despite this increase in permeability, the permeability results obtained in SET 

2 and SET 3 samples are considered relatively reacted cement with low permeability 

because these samples are well below the API recommended maximum well cement 

permeability values of 0.2 mD (1.97·10-16 m2) (Kutchko et al., 2009).

Kutchko et al. (2009) studied the variation of permeability on Class H cement samples 

that were reacted to CO2-saturated brine (1% NaCl) at T=50 °C and PCO2=150 bar for 5, 

7, 9, 14 and 31 days. These cement samples were prepared using pozzolan additive (fly 

ash) with volumetric ratios of 35:65 and 65:35 where 2% bentonite was added. The initial 

permeability for both unreacted cement samples was 1.1± 0.5 µD (1.09·10-18 m2) and in 

both cases there was an increase reaching values of 13.5± 1.9 µD and 26.3± 4.2 µD (1.33-

2.59·10-17m2) in 35:65 and, achieving 20.8 ± 3.1 µD (2.05·10-17m2) in 65:35 after 31 days of 

exposure. A similar increase (by a factor of 10) was also observed in reacted samples of 

SET 2 and SET 3. It is important to highlight that micro-cracks were observed in samples 

with volumetric ratios of 35:65 but not in 65:35. It was concluded that the flow occurs 

in the boundary between the altered layer en the inner areas, or through micro-cracks 

observed in the altered layer, as also described for SET 2 and SET 3.

Fabbri et al. (2009) measured the liquid permeability (kw) of reacted cement Class G 

samples with supercritical CO2 at T=90ºC and PCO2=280 bar during: 13, 35, 51, and 

62 days. Before CO2 injection experiment, three samples were wet and two dried. The 

original kw measured was 1·10-18 m2, which is a typical very low permeability. An initial 

slight reduction of cement permeability was observed in wet cement samples that were 

exposed during 13 (P13w), 35 (P35w) and 62 (P62w) days. A decrease in permeability 

from 1·10-18 to 2.4·10-18 m2 was observed in sample P13w and, permeability achieved 

values of 1.3·10-18 m2 and 0.7·10-18 m2 for P35w and P62w, respectively. This reduction 

was related with the increase of the carbonation-front thickness, as also observed and 

interpreted in reacted SET 1 samples. However, those cement samples that were dried 

(P35d and P62d) before CO2 injection, experienced an increase in permeability. 

The wet cement samples (P13w, P35w and P62w) were slightly damaged due to the 

presence of micro-cracks localised in the vicinity of the carbonation band (zone III). 

According to Fabbri et al. (2009), micro-crack formation could occur as a response of 
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the carbonation process itself or due to the process of depressurisation of the autoclave 

once the experiment finished, as also considered by Rimmelé et al. (2008). However, 

those samples that were dried before CO2 injection did not show a visible damage, and 

hence, it is concluded that the creation of secondary micro-cracks could occur mainly as 

a result of the carbonation process.

After this carbonation stage, the dissolution stage could lead to a potential significant 

increase of the dissolution-zone thickness and/or the presence of more than one 

dissolution zone, causing an expected increase in permeability, which would coincide 

with the permeability results obtained in SET 2 and SET 3 samples reacted for 3 and 

up to 9 months at similar temperature and pressure conditions. In contrast, dried 

cement samples showed a similar increase in permeability after 62 days (∼2 months) in 

comparison with samples of SET 2 and SET 3 that were reacted during 3 months, even 

though these samples were exposed to CO2-saturated brine, whilst Fabbri et al. (2009) 

used supercritical CO2 and without additives.
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CONCLUSIONS AND
FUTURE WORK

Hereafter, the main conclusions deduced from the results 

of the previous chapters are presented and several 

recommendations and future research directions following 

this work are suggested.
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5.1. MAIN CONCLUSIONS

The aim of this study was to understand the interactions between CO2-brine-well cement 

representative of the Goldeneye reservoir (North Sea) in order to evaluate the integrity 

of Class G cement in a CO2 sequestration environment.

A large body of information about the well cement evolution has been obtained using a 

wide range of methods and techniques during the laboratory experiments. The geochemical 

analytical methods used have provided the necessary information for assessing the effect of 

CO2-saturated brine on the external and internal microstructure of cement samples, which 

were exposed to different experimental conditions. Given the characteristic of a material as 

the well cement, the contribution of petrophysical analyses has proved important in order 

to elucidate the porosity and permeability evolution of samples.

Specifically, the main conclusions have been grouped according to these particular 

objectives: i) the cement degradation caused by CO2-saturated brine interactions; ii) 

the effect that CO2-brine-well cement has on porosity evolution; and iii) the effect that 

CO2-brine-well cement has on permeability evolution.

5.1.1. Class G cement degradation caused by CO2-saturated brine interactions

Three different geochemical (SEM-EDX, XRD and ICP-OES) and one petrophysical 

analytical methods (X-ray micro-CT) were used to evaluate and understand the rate of 

degradation in cement samples when it enters in contact with CO2-saturated NSSW or 

CAW brines.

Well cement has been identified as susceptible of suffering a degradation process caused 

mainly by geochemical reactions. In some cases, these reactions trigger the loss of 

integrity and the creation of new CO2 leakage pathways. Some analytical methods (SEM-

EDX and X-ray micro-CT) suggest that the depth of alteration observed in the different 

set of samples vary depending on factors such temperature, pressure and salinity in which 

these cement samples have been exposed, as well as the use of pozzolan additive.

Neat cement samples reacted at T=50 ºC and PCO2=130 bar (SET 1), showed a higher 

alteration depth in those samples exposed to lower salinity with the synthetic NSSW 
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brine, reaching a peak of 0.65 cm in radial thickness. In contrast, the altered layer in 

samples exposed to higher salinity (synthetic CAW brine) reached a radial thickness 

of 0.39 cm. Thus, this increase of salinity clearly reduces the alteration depth in neat 

cement samples exposed to CO2-saturated brine at T=50 ºC and PCO2=130 bar.

Four distinct areas have been identified in the alteration layer: semi-unreacted cement 

(zone I), dissolution zone (II), carbonated zone (III), and silicon zone (IV). In addition, in 

both cases (NSSW and CAW), when the carbonated band is totally formed it seems to 

act temporarily as a barrier by interrupting the flow of carbonated brine through this 

zone and stopping the cement degradation.

The distinct areas observed are defined by mineralogical changes. Semi-unreacted 

cement (I) is identified by the slight precipitation of calcium carbonates (calcite and 

aragonite) into original pore space. Dissolution of portlandite (CH) and calcium-silicate-

hydrate (C-S-H) form the dissolution zones. Carbonated zones are composed by the 

precipitation of calcium carbonates (calcite, aragonite and vaterite). Silicone zones are 

where amorphous silica gel precipitate. 

However, cement samples with pozzolan additive reacted at T=74 ºC and PCO2=220 

bar (SET 2), showed a greater alteration depth in samples that were exposed to higher 

salinity with the synthetic CAW brine, achieving a distance of 1.67-1.75 cm inward in 

comparison with 1.19-1.34 cm measured in those samples exposed to lower salinity 

with the synthetic NSSW brine. Thus, the increase of pressure and temperature in these 

samples together with the use of pozzolan additive led to a greater alteration depth in 

samples that were reacted to higher salinity (synthetic CAW brine). In this set of samples, 

four distinct areas were also formed in the alteration layer after 3 months of experiment, 

but semi-unreacted cement (zone I) was not observed. The zones are; unreacted cement 

(zone 0), dissolution zone (II), carbonated zone (III), and silicon zone (IV). However, after 

9 months, all cement samples were totally altered.

The increase of pressure and temperature (T=90 ºC and PCO2=265 bar) used in cement 

samples with pozzolan additive (SET 3) causes a faster rate of penetration, leading to a full 

alteration after 3 months of experiment. Cement samples reacted with the higher salinity 

(synthetic CAW brine) showed a greater alteration depth in comparison with those samples 
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reacted to lower salinity (synthetic NSSW brine). This alteration depth was measured in 

the outer pale-yellow alteration zone, which is the outermost layer and is completely 

carbonated. Three distinct areas were formed in the alteration layer: dissolution zone (II), 

carbonated zone (III), and silicon zone (IV). Unreacted cement (zone 0) was not observed.

5.1.2. Impact on porosity evolution of CO2-brine-well cement interactions

Two different petrophysical analytical methods (X-ray micro-CT and PTM) were used 

with the aim of understanding how the degradation process modifies the original 

internal structure of cement samples, causing important changes in bulk porosity and 

also affecting the evolution of micro-cracks.

For all sets of unreacted cement samples, pores smaller than 12.41 µm make up the 

majority (~80-95%) of pore space. In cement core samples of SET 1 and SET 2, despite 

the fact that secondary porosity is created into dissolution zones (zone II), the degradation 

process resulted in a general decrease of bulk porosity over time. This porosity reduction 

is due to calcium carbonates (CaCO3(S)) precipitation into the pore space. However, this 

reduction did not seem to be consistent across all cement samples, further suggesting 

that potentially the porosity is oscillating throughout the experimental time. 

In contrast, SET 3 samples showed a different trend. Even if they have suffered a faster 

rate of alteration, no change in porosity is observed in the samples that were exposed 

to synthetic NSSW brine. This means that the percentage of secondary porosity created 

(in dissolution zones and/or micro-crack porosity) is very similar to the percentage of 

reduced original porosity by the precipitation of calcium carbonates. In contrast, those 

samples that were exposed to synthetic CAW brine experienced an increase of bulk 

porosity. Thus, the porosity variation interpreted in all cement samples could be directly 

associated with the carbonation and dissolution stages.

Some original micro-cracks were sealed throughout the degradation process by the 

precipitation of calcium carbonates, but secondary thin micro-cracks were identified in 

most of the samples. These micro-cracks were potentially caused as a consequence of 

the carbonation process.
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5.1.3. Impact on permeability evolution of CO2-brine-well cement interactions

A well known petrophysical analytical method (PPTM) in the field of geology was used 

in order to identify the permeability evolution in cement core samples.

SET 1 samples experienced an initial slight increase of permeability after 3 months 

experiment, even though a reduction of bulk porosity was observed. The increase of 

permeability could be caused by increasingly better connectivity between secondary 

pores created in the dissolution zone (zone II) and/or the creation of secondary thin 

micro-cracks. This permeability increase is followed by a reduction until achieving similar 

initial values, due to the fact that the carbonation band formed acts as a protective layer, 

and thus, preventing increase in permeability. Thus, in general terms, no change in 

permeability is considered after 9 months of exposure in samples of SET 1.

SET 2 samples showed a steady increase in permeability (by a factor of 10) after 9 months 

exposure to CO2-saturated brine (NSSW and CAW), despite the bulk porosity reduction. 

This increase appears to result directly from the existence of secondary thin micro-

cracks and/or a greater connectivity between pores (secondary porosity) located into the 

different dissolution zones (zone II) in comparison with the connectivity of pores from 

original porosity. 

This steady increase in permeability is also observed in SET 3 samples that were exposed 

to CO2-synthetic NSSW brine after 9 months experiment. This increase could be also 

due to the presence of secondary thin micro-cracks and/or greater connectivity between 

pores of secondary porosity in comparison with original porosity. In contrast, a marked 

initial increase in permeability (by a factor of 10) was observed in reacted samples with 

CO2-synthetic CAW brine after 3 months. In this case, the increase of permeability is 

related with the increase of porosity and either a greater presence of original micro-

cracks. However, after 9 months experiment, the increase in permeability (by a factor 

of 10) is a similar value to the permeability data obtained for the same time in samples 

reacted with CO2-synthetic NSSW brine.

It can be concluded from this that while the decrease of permeability might be related 

with the carbonated-zone thickness increases, the increase of permeability could be 
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attributed to several factors, such as (I) the development of secondary thin micro-cracks, 

(II) the increase of porosity, and (III) a potential better connectivity between pores of 

secondary porosity. A maximum increase of an order of magnitude in permeability is 

observed in SET 2 and SET 3 after 9 months, regardless the different pressure and 

temperature in which have been subjected. On the other hand, the salinity does not 

seem to affect the variation of permeability over time in any set of cement samples.

Despite that the experimental results indicate an increase in permeability for SET 2 and 

SET 3 samples, this permeability values are still too low to consider that CO2 will leak 

through well cement after 9 months of CO2 injection. Although this does not mean that 

this increase in permeability would not continue over time, reaching values of leakage. 

However, neat cement that is located at 1296 m of depth (SET 1) could act as barrier, 

provided that there are not any mechanical defects in its internal structure, since its 

permeability did not experienced an increase after 9 months of CO2 injection. Thus, in 

the worst-case scenario, if permeability continues increasing and there is a CO2 leakage 

path between 2565 m and around 2200 m of depth, CO2 will migrate upwards easily 

and, it could remain stored in the secondary storage formation.

5.2.  GENERAL RECOMMENDATIONS

A set of recommendations for future work from this PhD research include the following 

aspects: 

- There are about 10,000 wells in the North Sea. Most of them could have similar 

characteristics as the abandoned wellbore studied in this thesis (GYA-01, 

Goldeneye reservoir). Thus, the potential risk of leakage due to the degradation 

process caused by the CO2 storage can be considered and evaluated in others 

wells of this area, in addition of course to the rest of wells of the Goldeneye field 

itself, using the ensemble of technical methodologies employed in this work. 

- While time may be a limiting factor for studies as the present work, given the large 

number of samples to be analysed in a specific short period, it would also consider 

conducting longer-term experiments. This could better define the temporary 

evolution of processes involved.



Assessment of well cement risk leakage on CO2 geological storage: the Goldeneye reservoir (North Sea, UK)

159Chapter 5 - Conclusions and future work

- The expansion and contraction process in which wellbores have been exposed 

throughout its lifetime may negatively affect the initial mechanical properties 

of cement sheath. Therefore, in this sense, it would be advisable to subject the 

laboratory test samples to the pre-treatment focused on cycling pressure and 

temperature change. 

- An initial poorly executed cementing job can form microannulus, a small gap 

between the casing and the surrounding cement sheath, which increases the risk 

of leakage. This thin uncemented channel could also be created during the CO2 

injection process due to the heating-cooling cycles in which the well cement is 

exposed. For this reason, some preliminary tests focused on cycling temperature 

could conveniently be made in order to define the aperture size created among 

the casing-cement contact. Once this aperture is defined and measured, CO2 

injection experiments can be carried out with the purpose of discovering whether 

the gaps will be eventually sealed by the secondary mineral precipitation.

- It would be of great interest to find out whether the mineral composition of the 

different geological formations that characterised the Goldeneye reservoir would 

facilitate the creation of a leakage path through the contact between well cement-

rock formations. As the chalk group located above the caprock unit could have 

fine fractures, a detailed experimental study focused on CO2-brine-chalk rock-well 

cement interactions is strongly recommended. 

- As was observed in this work, the pore connectivity in well cement might be mainly 

related to the presence of secondary micro-cracks and by increasingly better 

connectivity between secondary pores created in the dissolution zones. This pore 

connectivity directly affects the cement permeability and therefore the risk of CO2 

leakage. Consequently, a predicted cement permeability evolution model would 

be of great interest in order to determine the potential risk of leakage through 

well cement over time. The data obtained in this thesis could be used as an initial 

and important input of the main database of such model.

- The data obtained in this thesis will facilitate the understanding of well cement 

behaviour on the thousands-of-years timescale. It must be stressed here that the 
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obtained data represent a real case, and they can be used to create a predictive 

vertical CO2 leak model through well cement (without considering the casing and 

rock formation). The use of real data will also avoid the assumptions and estimates 

of other published non-realistic models. 

- Finally, the generation of a CO2 leak model through well cement, considering the 

effect of geological strata layering, is of particular importance in order to estimate 

geological CO2 storage security. Despite that the risk of leakage is difficult to 

predict, this model could clarify whether CO2 will go through well cement or the 

direction in which CO2 could flow will be affected by the presence of fine fractures 

located in the chalk geological formation. The information obtained in these 

models could be also applied in others potential CO2 reservoir located in the 

North Sea.
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