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Abstract 
Carbon Capture and Storage is a nascent technology developed with the intention of collecting 

carbon dioxide emissions from the flue gasses of point source producers, such as power 

stations or cement works. The carbon dioxide is then stored in underground geological 

reservoirs so that it does not reach the atmosphere, reducing the rate at which greenhouse 

gasses accumulate and influence climate change. However, as with all nascent technologies, 

the benefits of these developments and concepts must be weighed against the risks of serious 

and long-term environmental impact should an accidental release occur. The aim of this thesis 

is to study the potential for environmental damage caused by a release of carbon dioxide into 

the marine environment from a sub-seabed carbon dioxide reservoir generated through 

carbon capture and storage development. The quantification of the rate of change caused by 

such an accidental release of carbon dioxide will be studied, as will the rate at which natural 

conditions are re-established upon cessation of the release. 
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All men dream, but not equally. Those who dream by night in the dusty recesses of their minds, 

wake in the day to find that it was vanity: but the dreamers of the day are dangerous men, for 

they may choose to act on their dreams with open eyes and make their dreams reality 

 

From TE Lawrence, The Seven Pillars of Wisdom. 
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Foreword 
As with all PhD theses, the route to completion has been long, occasionally tortuous and has 

not followed the straight course that was intended at the start of the studentship, the course 

diverted by new findings, areas of interest and tasks that need completed. 

From the start of this studentship it was apparent that my role would not be solely that of a 

PhD student collecting and analysing data. With 8 years of professional experience as an 

engineer and manager in the oil and gas industry, my interest in this studentship was not 

confined to the purely academic arena of sediment biogeochemistry. I had a set of skills that I 

could use to help the overall progress of the QICS project (Chapter 3). These skills range from a 

certain level of expertise in drilling techniques, through to project management and system 

design. The QICS experiment was non-trivial in many respects and my background enabled me 

to join the project in a far more active role than would have been the case had my experience 

been more limited. I was able to attend (and contribute to) detailed planning discussions into 

the drilling design for the required well and present (as well as explain) various options to the 

scientific team. I was asked to design, then project manage, certain deliverables such as the 

gas injection and monitoring system used for QICS, ensuring cost effective design, pressure 

integrity and safe operation of the system. I was very active during the experiment, gaining a 

certificate to drive the heavy plant required to move and replace manifolded gas cylinders and 

was responsible for ensuring continuous gas supply to the experiment for the whole injection 

phase, liaising between gas production companies and local delivery agents.  

During the QICS experiment I was also tasked, in a role subordinate to my supervisor Henrik 

Stahl, with helping the 50 or more visiting scientists, co-ordinating lab needs, facilitating their 

scientific requirements, co-ordinating their logistical needs and ensuring the collection of their 

samples and data, equipment deployment, retrieval and maintenance as well as conducting 

my own research. On one occasion I was asked to plan and co-ordinate a sample collection 

week at the end of the QICS project for a group of visiting scientists in the absence of my 

supervisor. I had a busy week, ensuring the smooth interaction of boat activities, scientific 

divers, scientists, the correct equipment deployment at the correct location as well as ensuring 

the usual requirements of equipment logistics and laboratory requirements. As a result of 

these activities I was included as co-author on several papers for which, though some are 

outside of my direct area of expertise as a scientist, I played an important role in facilitating 

and organising the research detailed. The papers are presented in Appendix A, but are as 

follows: Blackford et al. (2014a), Pratt et al. (2014), Queiros et al. (2014), Tait et al. (2014), 

Watanabe et al. (2014) and Widdicombe et al. (2014). I also authored a paper describing the 
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entire QICS experiment (Taylor et al., 2014b) and one on some of my findings from QICS 

(Taylor et al., 2014a). These two papers are reproduced, verbatim, in Chapters 3 and 4 of this 

thesis. 

During the summer of 2013 I, along with several other researchers, attempted to recreate 

aspects of the QICS experiment in a controlled laboratory setting. The findings from this 

experience were used to enhance the experimental design for the Coverall experiment, 

discussed in Chapter 6. I also played a part in aiding the application of an undergraduate 

student to the Carnegie Trust Scholarship programme, which she won. I then supervised this 

student during her time with the Coverall experiment, aiding her research and acting as first 

point of contact during her summer work. I used my experience from the summer of 2013 to 

contribute to the Coverall experiment and have co-authored a review paper detailing the 

background and motivation for this experiment which has been submitted for review (Hicks et 

al., submitted). To start this thesis, it is important to state its scope. Through the journey of 

completing a PhD it is easy to lose sight of what the essence of the task in hand actually is, to 

focus on the minutiae of the current experiment while neglecting the fundamentals – a trap 

which surely leads to failure. It becomes easy to transpose the “Why” of the PhD to the “How” 

of the work being done and the “what” of the data collected. Furthermore it becomes easy to 

do something, anything, to appear constructive, leaving worries like the hypothesis and 

purpose of the experiment until there is data with which to work, creating a post facto 

hypothesis.  

Here, then, the fundamental reasoning of this PhD thesis will be laid out in a format that will 

then explain the thesis construction chosen and perhaps explain the course that this PhD 

studentship has taken. In this chapter, hypotheses will be itemised, each of which will be 

returned to in succeeding chapters. There will be no attempt to answer the hypothesis at this 

stage. It is important to note that in several cases the findings (or lack thereof) from one 

experiment have given rise to successive works, such that several of the hypotheses that were 

answered during this studentship were not apparent at the beginning of the work, instead 

only arising as the work progressed. This chapter, Chapter 1, will set Carbon Capture and 

Storage in a wider context, defining it and examining its merits and demerits, reviewing the 

current understanding surrounding this technology and its environmental implications. 

Chapter 2 will include a description of many of the techniques that I use throughout this 

studentship, rather than repeat the same information several times throughout this thesis. 
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This PhD commenced close to the start of a large collaborative project, funded mainly by NERC 

and the Scottish Government. This project was several years in the planning and over one year 

in the execution. The first hypothesis, as dealt with in Chapter 3, therefore, is whether it is a 

realistic ambition to simulate a carbon capture and storage experiment in a field setting? The 

difficulties with this experimental set up were legion. Personal experience, gained from just 

under a decade working as an engineer and manager in the international oil and gas industry 

showed just how complex it can be to design, set up and then operate any facility that has a 

component of horizontal directional drilling required in the implementation phase. When 

anecdotal evidence from oil majors such as BP and Shell suggests that they are willing to 

accept a failure to reach the designated well target for 25% of wells drilled (each at the cost of 

tens to hundreds of millions of Pounds Sterling, and with a team of up-to 50 highly 

experienced engineers and managers and 200 off shore engineers), this first question is not a 

negligible one. With only a few percent of the personnel involved in the collaboration having 

any experience of dealing with industrial drilling, pressure management or gas handling, 

success was far from assured. Chapter 3 will, therefore, detail the step by step process of the 

experiment set up, a task in which I participated actively and which took up a large percentage 

of the first 9 months of my PhD.  

In Chapter 4 and 5, several findings from the successful field experiment will be discussed, 

both in the context of the wider experiment and in isolation. There will be an attempt to 

answer the question “what is the environmental impact of a sub-sea floor release of carbon 

dioxide”. This will, by necessity, be broken down into several sub-questions (each pertaining to 

one of the areas of impact as discussed in “1.2 Carbon Capture and storage & the Environment 

– scope of impact”), more targeted and specific than the overarching hypothesis itemised, but 

each will be addressed in some detail. As noted above, the experiment was a large 

collaboration and, frankly, there are many areas of the quantification of environmental impact 

that are far outside the scope of this thesis. Here the focus will be on sediment 

biogeochemistry, and in particular how alterations in the carbonate chemistry caused by the 

carbon dioxide injection could affect oxygen uptake into the sediment, nutrient cycling, metal 

mobility, pH and the flux of dissolved carbon dioxide from the sediment.  

Undeniably  the experiment as conducted during the summer of 2011 was expensive, both as 

regards cash cost, use of assets, equipment hire, consumables cost and so forth, but also in 

the amount of time needed to design, set up, implement, carry out and then decommission 

the experiment. The experiment required committed attention from upwards of 50 scientists 
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for months at a time. The question must be asked, therefore, is there an easier way to do it? Is 

it possible, having conducted a field experiment on a large scale, to replicate some of the 

findings in a targeted small scale laboratory based experiment? Experience (and much of the 

literature reviewed) would suggest not – targeted experiments were too narrowly focussed, 

small scale experiments were often too small scale to be useful, environmental replication is 

often poor and the studies are usually not collaborative and hence only answer one or two 

focussed questions rather than a range of questions across disciplines (eg Cruz Payan et al., 

2012b). If it is indeed possible to answer some of the questions in chapter three coherently in 

a laboratory based experiment, the savings could be considerable for future experiments in 

the same field.  

Chapter 6 deals with the final experiment in this PhD studentship, a lab based simulation of a 

leak from a CCS facility. Using newly available technology and a number of replicates as part of 

an association with a multinational collaboration experiment building on a proof of concept 

experiment conducted in 2012, several questions will be answered. The pre-eminent of which 

surrounds the fate of carbon dioxide in surface sediments. As will be discussed in Chapter 4, 

the fate of carbon dioxide in the sea floor sediments used for these experiments is not clear. 

During the experiment detailed in chapters 3, 4 and 5, only a small proportion (~15%) of the 

carbon dioxide released into the sub seabed sediments escapes the sediment as a gas at the 

seabed (Blackford et al., 2014a, Mori et al., 2015, Taylor et al., 2014a), with the rest being 

dissolved in pore waters and then either exiting the sediment as a flux of dissolved inorganic 

carbon or remaining within the sediment in one phase or another. The question centres on the 

buffering capacity of sea floor sediments to carbon dioxide gas – if the carbonate in the 

sediment can contain some of the escaping carbon dioxide gas, is it possible for a widely 

dispersed release of gas to be buffered by the sediment for a large period of time before it 

starts to become a significant environmental risk? 

The final chapter, Chapter 7, will attempt to bring these discrete experiments to a focus and to 

highlight the findings from this PhD studentship in a coherent manner. It will underline the 

importance of the findings and suggest future work that can be carried out to further enhance 

the understanding of the environmental impact of a leak from a carbon capture and storage 

facility. Only with this information can legislators hope to decide just how valuable carbon 

capture and storage is in the drive to reduce net carbon dioxide emissions from anthropogenic 

sources. Far more importantly, however, is the need to effectively legislate this burgeoning 

industry. With the sustained price of crude oil of over 100 $US per barrel for most of the last 5 



14 
 

years, the incentive to use the technologies associated with carbon capture and storage to 

enhance oil recovery from a reservoir while also enhancing a company’s green credentials in 

the public eye, carbon capture and storage will proceed regardless of its environmental merits, 

or demerits. That said, recent steep fluctuations in the price of crude oil may have delayed 

implementation of this technology. Legislation will be required to control this spread of the 

technology, but will also be required to instigate effective and long term monitoring projects, 

to detect a leak if (or when) it occurs. 
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Chapter 1: Leakage of carbon dioxide 
from a simulated sub-seabed 
Carbon Capture and Storage 
reservoir: potential impacts 
on benthic biogeochemistry 
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1.1 Carbon Dioxide, impact and mitigation 

1.1.1 Carbon Dioxide, its impact and mitigation strategies. 

It is well known by the scientific community that global atmospheric carbon dioxide 

concentrations are increasing at a steady rate, as shown by the data set that has now 

become known as the Keeling curve (Keeling, 1998). The data sets are now expansive 

and a cursory search will produce several similar curves from around the globe (see 

Figure 1 for an example)(Stocker et al., 2013). 

 

Figure 1. Global mean carbon dioxide concentration, taken from The_Global_CCS_Institute (2014) 

These data have given rise to a series of protracted discussions, first amongst the 

scientific community and then between the scientific community and the general 

public discussing the impact of increasing atmospheric carbon dioxide concentrations, 

up from ~280 ppm in 1850 to over 390 ppm today (Field et al., 2014) with the 

consequent impacts on the global climate and the additional impacts of other 

pollutants on natural systems, as well as the close examination of the actual source of 

the carbon dioxide and its fate in the atmosphere and hydrosphere with 25% of 

anthropogenically derived CO2 (9.1 PgC yr-1) taken up by the worlds ocean, increasing 

temperature and acidity (Rhein et al., 2011). This discussion will leave this quagmire of 

politically motivated claims and counter claims, proof and abjuration to those best 

able to deal with it instead making the simple statement that the case for carbon 

dioxide gas negatively impacting the global climate such that it has important 
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consequences not just for humans, but for the global biosphere has been well made 

and to a sufficient degree, particularly in the most recent Assessment Report 

published by the Intergovernmental Panel on Climate Change (Stocker et al., 2013), 

that the data and conclusions therein will be accepted within the bounds of probability 

laid out in the report itself.  

However, as is also well known, the impact on global climate is not the sole 

environmental concern related to an increasing concentration of carbon dioxide in the 

global atmosphere. The other area of scientific investigation has become known as 

Ocean Acidification, a process that revolves around the increase of partial pressure of 

carbon dioxide gas in the atmosphere. As has been proven, this exerts an increasing 

partial pressure of CO2 against the surface of the world ocean, increasing the carbon 

dioxide concentration in surface waters, causing a disruption to the natural carbonate 

system in sea water (Caldeira and Wickett, 2003, Cao and Caldeira, 2008, Doney et al., 

2009). This will be discussed in much greater depth within this chapter, with a more 

specific discussion on its import relating to the environmental impact of CCS. 

This scientific evidence has been sufficient to persuade many governments to look at 

strategies to reduce the emission of carbon dioxide gas. One such strategy is to reduce 

the demand for energy from the national population, through increases in awareness 

of climate change, enforcing the use of more efficient technologies such as low energy 

light bulbs and incentivising improvements in home insulation or by applying 

Pigouvian taxation on, for example,  fuels and private motor vehicles. However, as new 

technologies become available to reduce demand, this is more than offset by the 

increase in global population, the stubborn refusal of many (if not most) humans to 

modify their behaviour as well as the increasing energy consumption due to increasing 

affluence in many areas, as discussed in Bachu (2008). In short it seems that humans 

are unwilling to sacrifice the lifestyle to  which they have become accustomed, such as 

affordable travel, centrally heated (or air conditioned) homes and various consumer 

appliances.  

An alternative method of reducing carbon dioxide emissions from a nation state is to 

invest heavily in renewable energy generation, through subsidising energy production 
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from wind farms, the use of biofuels, generation of power from hydro schemes 

(terrestrial or tidal and wave power), geothermal energy and so on. Although 

financially interesting and useful towards the goal of reducing carbon emissions, it 

needs to be noted that these schemes have generally met with a mixed reception in 

many countries (Cohen et al., 2014). This is compounded by the fact that there has yet 

to be a convincing method for replacing cars and lorries with an efficient, reliable and 

convenient alternative. Electric cars do exist (and are becoming more popular, 

particularly in Norway where they receive several subsidies, such as free parking and 

free access to recharging facilities in certain areas), but generally they are seen as 

being too limited in power capacity and take too long to charge to be an effective 

replacement for a standard family car. Similarly electric trains are commonly used 

internationally, but nevertheless many people still prefer the flexibility offered by their 

cars. It also must be said that, changing to electric-only cars is a long term ambition 

and an expensive one, however the main point source producers of CO2 will remain as 

power stations and thus the greatest effort at emissions mitigation should be focused 

in this area. 

Despite the increasing demand for energy globally, the growth of renewable energy 

generation still lags behind that of fossil fuel based energy generation (largely as a 

result of the European sovereign debt crisis of 2008-2011 reducing the availability of 

subsidy) (Lee and Zhong, 2014) with the consequent increases in carbon dioxide 

emissions. Hence, there is call for research into alternative solutions to this dilemma. 

In addition to enhanced energy efficiency in all aspects of energy use, some of those 

solutions centre on the idea of “geo-engineering”, whereby natural systems or 

physical attributes are harnessed to mitigate against increasing carbon dioxide release 

to the atmosphere with the associated implications for climate change. One example 

of this among many is Oceanic Iron Fertilisation, where micronutrients are introduced 

to areas of the worlds ocean that are rich in macro nutrients such as Nitrates, but 

which have low primary productivity, in a bid to increase the rate at which carbon 

dioxide is captured by the biosphere and thence deposited on the sea bed for burial in 

sediment (Gnanadesikan et al., 2003, Law et al., 1998). These climate mitigation 

techniques would allow the world economy to continue in a “business as usual” 
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manner, relying on fossil fuels to produce the vast majority of energy used around the 

globe, with only a limited impetus for change towards a greener power infrastructure.  

Such techniques can be split into two groups, the first of which aim to effectively 

“manage” the global climate, irrespective of the carbon dioxide concentration in the 

atmosphere. These are known as Solar Radiation Management (SRM) schemes. They 

do not, generally, help to stabilise the possibility of future global climate change, but 

instead to mitigate against it by reducing the amount of energy in the atmosphere, 

through reducing the amount of latent heat. These schemes would do things such as 

coating large areas of desert in a high albedo coating, to reflect insolation before it can 

heat the globe, painting the roofs of buildings in a similar manner, or even positioning 

arrays of mirrors at a LaGrange point in the solar system between Earth and the Sun, 

to reflect a portion of insolation away before it even reaches Earth. Govindasamy et al. 

(2003) provides a summary of different methods that have been considered. However, 

it should be noted that these schemes are either of limited practicality, difficult to 

implement, expensive or too limited in extent. Similarly, they have no effect on the on-

going problem of ocean acidification and thus will not be discussed further in this 

thesis.  

Another area of examination by nation states is that of carbon remediation. This is the 

capture and use, or safe disposal, of carbon dioxide gas as it is produced from large 

point source emitters. These schemes have the capacity to reduce net carbon dioxide 

emissions while continuing to allow a nation to rely on hydrocarbons as a main source 

of power generation (Govindasamy et al., 2003). There are several methods that can 

be used to carry out this task. One is to make the carbon dioxide into something else 

(eg Lee et al., 2014). There are several possibilities (Sanna et al., 2014), ranging from 

changing carbon dioxide into calcium carbonate, through a two stage process, 

whereby a calcium or magnesium silicate is treated to remove the silica, then allowing 

the resulting calcium and magnesium to react with the carbon dioxide to form a 

material ostensibly similar to many chemical precipitates found throughout the 

geological record (Mazotti et al., 2005). Another is by converting the carbon dioxide 

back into a hydrocarbon for use as a fuel or in plastics manufacture, through the 

application of hydrogen and sufficient energy – usually in a solar facility (Lee et al., 
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2014). Both of these ideas are attracting large amounts of attention from scientists 

and engineers, throughout Europe and beyond. Due to their complexity and the pace 

of innovation, it is perhaps sufficient to say here that they exist but that there are 

several significant hurdles to overcome before commercial application can be 

realistically achieved and before these ideas can come close to coping with the carbon 

dioxide output from one average power station. Problems include the mining effort 

required to procure the required calcium and magnesium silicates for transformation 

into carbonates, as well as what to do with the by-products and the resulting millions 

of tons of carbonates that this system would produce, or the transformation of carbon 

dioxide to fuel at a rate fast enough to be commercially interesting (Lilliestam et al., 

2012, Mallapragada et al., 2013). 

This leads to the disposal of carbon dioxide in a manner that does not impact the 

global climate or biosphere. One option, as discussed by Barry et al. (2013b) is known 

as deep sea carbon sequestration. In outline, carbon dioxide gas can be compressed to 

form what is known as a super critical fluid – a point at which the fluid has some 

properties of a liquid, in that it flows and forms pools, but at a molecular level behaves 

as a gas. For carbon dioxide, supercriticality can be achieved in the natural 

environment, at the pressure of seawater at over 1,400 m depth and ambient 

temperatures of the deep ocean (Barry et al., 2005). In this situation it has been 

hypothesised that supercritical carbon dioxide could be injected into the deep sea, 

where it would pool on the sea floor and thus can be disposed of in a manner that 

does not affect the global climate. However, there are several drawbacks with this 

idea. Firstly, the pure carbon dioxide in fact slowly mixes into the overlying sea water, 

through molecular diffusion and small scale turbulence, leading to areas of highly 

acidified and hypercapnic (or carbon dioxide enriched) bottom water “downstream” of 

the pools of carbon dioxide (Barry et al., 2005). Additionally, it was observed that any 

animal entering the pool of carbon dioxide quickly asphyxiates, rapidly becoming a 

target for near-by predators, which then suffer a similar fate (Barry et al., 2013b). 

Finally, it can be questioned whether this practice would even be legal, as under the 

law of the sea and OSPAR convention, it is illegal to dump waste at sea, which this 

practice would effectively encourage, although presumably the convention could be 
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re-negotiated to allow this practice if required, a process not without precedent (IPCC, 

2005). 

1.1.2 Carbon Capture and Storage 

One of the most well developed control mechanisms for carbon dioxide gas is that of 

Carbon Capture and Storage (variously referred to Carbon Capture and Sequestration, 

Carbon Capture, Utilisation and Storage or Carbon Capture and Geological Storage, 

here referred to as Carbon Capture and Storage, or CCS). This technology involves the 

capture of carbon dioxide from large point source emitters or even from diffuse 

sources such as direct from the atmosphere (Lackner et al., 2012) and then 

transporting it to an area of fractured or permeable rock formation and injecting it 

into the pore spaces of this formation (Figure 2).  

 

Figure 2. Schematic of CCS infrastructure. Hydrocarbons are mined/produced and burned in a power station. Flue 
gas is scrubbed, capturing CO2, which is transported by pipeline to an injection facility, where it is stored for 
geological time-scales. Image courtesy of Scottish Carbon Capture and Storage. 

 

Typically, the formations that are used for CCS must meet certain criteria. Firstly it is 

important that they have not only adequate porosity (either between grains or in 
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fractures), but also must have a high degree of permeability, allowing the flow of 

carbon dioxide through the formation (IPCC, 2005). Porosity is defined as Primary 

(inter-granular voids in, for example, sandstone) or Secondary (cracks and fractures in, 

for example, limestone), with permeability being the ease of flow of a fluid between 

pores, whether primary or secondary. In essence, porosity dictates the amount of 

carbon dioxide that can be stored in a rock matrix at a defined temperature and 

pressure, permeability defines how quickly and easily this volume can be injected into 

that matrix. The second requirement is that of a block to fluid movement within the 

formation (IPCC, 2005). In the oil industry this would be referred to a cap rock, for an 

aquifer it is known variously as an aquastop, aquatard or aquaclude (here he 

terminology “caprock” is used in all instances). In essence, this is a low permeability 

formation that overlies the high permeability formation into which the carbon dioxide 

is being injected. There are many and various trapping mechanisms, some of which 

involve the stereotypical syncline of claystone, overlying a layer of sandstone, as 

described in basic texts on oil reservoirs. Others are more complex involving fault 

bounding, strata “pinching out” and traps formed by mobile salt domes to mention a 

few. Most of these mechanisms are discussed in Hunt (1995) and in Glennie (1998) in 

some detail. Although these texts deal with the structures from the point of view of 

hydrocarbon exploitation, the mechanisms for trapping and containing carbon dioxide 

are not dissimilar (IPCC, 2005). They can be either structural in nature (such as an 

anticline or a fault bounded trap, with a porous rock holding the fluid sealed in place 

by a blanket of impermeable claystone, or sealed by a fault movement. They can also 

be stratigraphic in nature, with porous sandstone “pinching out” against an 

impermeable barrier to movement, or a similar feature caused by an ancient erosion 

surface then unconformably overlain by an impermeable rock, or by a mobile (or 

“plastic”) substance such as salt rising through overlying strata to cause anticlinal and 

fault bounded reservoir complexes. All these structures range in scale from several 

meters or tens of meters through to tens of kilometres (Hunt, 1995). See Figure 3. 

Over time, however, the carbon dioxide in CCS reservoirs also has the ability to 

dissolve into existing pore fluids, precipitate onto grains within the reservoir matrix or 

accumulate as a fluid within the reservoir (Metz et al., 2005). 
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Figure 3. Several basic hydrocarbon trap types. 

The carbon dioxide can be stored in many differing geological situations, even used for 

many different purposes (IPCC, 2005). The most immediately obvious solution is to 

inject the carbon dioxide into exhausted oil and gas reservoirs, from which most of the 

pore fluids have been extracted and which also provide a reasonably secure cap rock 

(otherwise there would never have been any oil or gas accumulations in the area 

concerned). However, the very production of oil from a reservoir can make this 

difficult – it is routine practice during oil production in inject a fluid, commonly 

seawater, or saline water from an aquifer, into the formation to maintain reservoir 

pressure while oil is extracted. In this case there is limited space for carbon dioxide in 

an exhausted reservoir, unless pore fluids are once again extracted to make space for 

the carbon dioxide (IPCC, 2005, Glover, 2009). It is also possible to inject the carbon 

dioxide (usually as a supercritical fluid, but it can also be injected in the dissolved 

phase with water, or as a gas) into saline aquifers, where it will dissolve into the pre-

existing pore fluids or displace them laterally or vertically (Glover, 2009, 

The_Scottish_Government, 2011). These can be spatially extensive and, in the case of 

the North Sea, account for the vast majority of the available space for carbon dioxide 

injection (Glover, 2009, The_Global_CCS_Institute, 2014). However, there are 

concerns about the nature of the aquifer – whether it is sealed at the edges as well as 

by a caprock. Any seal preventing the lateral movement of fluids away from an 

injection point will limit the volume of carbon dioxide that can be injected into the 
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formation without increasing the pressure to a point where there is a danger of 

inducing fractures in the overlying caprock (Glover, 2009, Hunt, 1995).  

It is, indeed, possible to inject the carbon dioxide into un-minable coal seams, where 

the carbon dioxide has an affinity for the high carbon coal and is adsorbed onto the 

coal. However, this runs the risk of future technology developments being unable to 

mine the coal seam, not because it is too deep or unsafe with current technology, but 

because it was used as a storage reservoir for carbon dioxide (IPCC, 2005). 

Additionally, large scale fractured basalt provinces have been mooted as a potential 

storage site for carbon dioxide (IPCC, 2005). 

Currently, however, there are three main types of storage formations that are being 

examined (and actively pursued) for CCS. In America and Canada, by far the most 

important are active oil reservoirs. As outlined above, during the production of oil, it is 

common to inject a fluid into the reservoir. This has two purposes, firstly to maintain 

reservoir pressure, so that the oil flows from the reservoir more freely (Hunt, 1995). 

The second purpose is slightly more prosaic, in that if water is injected into distant 

areas of the reservoir, it can both maintain reservoir pressure as well as “sweep” oil 

through the reservoir and towards the production wells. However, with this method, 

the volume of oil left adhering to individual sand grains within the reservoir, trapped in 

interstices between sand grains, can result in the amount of oil recovered from a 

reservoir being as low as 30% of the available resource (Hunt, 1995). However, carbon 

dioxide is readily soluble in crude oil and can act to reduce its viscosity and surface 

tension, in turn reducing its adhesion to sand grains (IPCC, 2005). In this case, carbon 

dioxide, as a supercritical fluid, can be used to both maintain reservoir pressure during 

production as well as increasing the producible resource by up to 27% compared to 

the recoverable resource were water to be used instead (IPCC, 2005), in a process 

known as Enhanced Oil Recovery (EOR) – which incidentally forms a second reason for 

governmental interest in this area of industrial activity (The_Scottish_Government, 

2011). This is obviously a great potential benefit to the production company, although 

not without complication, as the dissolved carbon dioxide in the crude oil would need 

to be “stripped out” and then re-injected.  
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Alternatively CCS can be employed where there is a high and sustained taxation on the 

generation of carbon dioxide gas, such as Statoil’s Sleipner field, where the produced 

natural gas is rich in carbon dioxide. With high tax levies on carbon dioxide emissions 

in Norway, the technology was developed to separate the carbon dioxide from the 

natural gas produced in this field (the natural gas contains approximately 25% carbon 

dioxide) and re-inject the carbon dioxide into a saline aquifer. This has been on-going 

since 1996, with 0.9MT of carbon dioxide being injected annually 

(The_Global_CCS_Institute, 2014).  

The second area for examination by current technologies is the use of exhausted gas 

reservoirs (Bachu, 2008, Glover, 2009). They are not produced in the same way as oil 

reservoirs, in that there is no requirement to maintain reservoir pressure to encourage 

flow of the gas. Generally, they are just left to “de-gas” while production occurs, 

leaving the reservoir at a vastly reduced pressure than before exploitation. In this case 

it would be possible to simply fill the reservoir up again, to the previous native 

pressure before sealing the wells and abandoning the field (Still, 2012).  

The final area of current research is that of quantification of the opportunities offered 

by saline aquifers. This represents perhaps the largest target reservoir for carbon 

capture and storage in the North Sea (The_Scottish_Government, 2011, 

The_Global_CCS_Institute, 2014). In basic numbers, these storage sites may be far 

more important than the reservoirs suggested for use by EOR and exhausted gas 

fields. However, this is not without risk. Firstly, saline aquifers are of no interest to the 

oil and gas companies who have generated the vast majority of geological data on 

sedimentary basins world-wide, except where they form overburden which needs to 

be drilled en-route to a commercial reservoir. Therefore they are poorly characterised, 

to the point where there is even uncertainty whether they are bounded or not. If they 

are bounded, this will severely limit the amount of carbon dioxide gas than can be 

pumped in to the aquifer, as the brine will be trapped in place and cannot be forced 

aside, the aquifer pressure will increase as soon as injection commences and the 

capacity will consequently be far smaller (Glover, 2009). Not only are they poorly 

characterised spatially and volumetrically, they are also only poorly studied by rock 

mechanics, who can currently only provide limited critical information about the 
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integrity of the cap rocks, the porosity and permeability of the formation and the 

expected injection pressures that may be safely used (IPCC, 2005, 

The_Global_CCS_Institute, 2014). These investigations will be carried out in due 

course, but until then the estimates of capacity for these storage sites may be 

incorrect by several orders of magnitude, all told (The_Global_CCS_Institute, 2014, 

Glover, 2009). 

The behaviour of the carbon dioxide within the porous medium of which the reservoir 

is composed or the environment to which it may escape is complex and offers a life-

time of research in itself (eg Dewar et al., 2013, Dewar et al., 2014); but can be 

summarised in very general terms. Firstly, the carbon dioxide will be buoyant 

compared to the fluids within a saline aquifer or an oil reservoir, particularly if the 

supercritical state of the carbon dioxide is lost due to lower injection pressures, such 

that the fluid reverts to its gas phase during storage or prior to injection through 

constraints in pressure management. Therefore the gas will tend to rise along pressure 

gradients and follow lines of high permeability within the sediment. If the carbon 

dioxide encounters a path of least resistance, such as a natural or man-made fracture 

in the reservoir seal, it will then continue to rise through the geological strata until it 

reaches the surface (Bachu and Watson, 2009, Celia et al., 2009, Zhang and Bachu, 

2011), which serves to underline the importance of accurate and careful reservoir 

characterisation prior to CCS implementation. However, any decision made to invest in 

CCS technologies will, ultimately, be purely based on the economic costs of this choice, 

the variability of supply of carbon dioxide, security of disposal and continuity of 

operation (Vögele and Rübbelke, 2013). 

1.1.3 Carbon Capture and Storage – failure mechanisms. 

As alluded to in the section above, carbon dioxide, whether gaseous or supercritical, 

will be buoyant in most known pore fluids in most known reservoir formations. It will 

have a propensity to migrate upwards in any reservoir setting (Bachu, 2008, Bachu and 

Watson, 2009, Glover, 2009, IPCC, 2005). To complicate matters, the injection of any 

fluid into a sealed (or even an unsealed) reservoir will create a local or regional 

pressure increase. Even if the reservoir is unsealed and there is a free migration of 

fluids through the reservoir, there will be a pressure wave that travels through the 
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reservoir, potentially disrupting the cap rock and any other seals that may be present. 

This may lead to the fracturing of the cap rock unless the pressures are carefully 

maintained below an acceptable level. Presumably, if the reservoir and cap rock are 

adequately characterised prior to the initiation of CCS activities, this problem can be 

avoided by the simple expedient of limiting injection pressures and rates to a level 

below the fracture pressure of the weakest section of the reservoir (Bachu and 

Watson, 2009, Celia et al., 2009). 

Another mechanism for integrity failure of a CCS facility is that of weaknesses caused 

by activities that penetrate through the cap rock, creating a man-made weakness. This 

is much harder to quantify and is perhaps the most likely failure route for carbon 

containment (Bachu, 2008). Quite simply, the acts of reservoir exploration and 

hydrocarbon or water extraction require wells to be drilled through the cap rock. 

Routinely, particularly for the case of hydrocarbon extraction, these wells are 

concentrated at the highest point of the reservoir, where the cap rock is exposed to 

the highest pressures from pore fluids and where the carbon dioxide will concentrate 

over time (Bachu and Watson, 2009).  
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Figure 4. showing the sequential nature of casing strings, with the aim of ensuring containment in a drilled well, 

where theoretically no single leak could lead to a release of gas. However, this schematic is of the Macondo well 

drilled by the Deepwater Horizon rig in 2010, showing that despite precautions this system is occasionally not 

failsafe. (BP, 2010) 

These weaknesses take many forms, from exploration wells that were drilled decades 

ago and improperly abandoned (and often improperly plotted on maps, resulting in 

uncertainty over their location, depth and the quality of the abandonment procedures 

used), to modern wells drilled specifically for the purpose of carbon dioxide injection 

(Bachu and Watson, 2009). The area of well design and engineering is a complex one 

and forms only a small part of this thesis, so it is probably sufficient to state at this 

stage that there are a few failure mechanisms in wells that are worth discussing here. 
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Firstly, all wells are drilled in a section by section basis, with successive sections being 

drilled through the preceding one. An example of a well schematic is shown in Figure 

4. After drilling a section, the drilling equipment is pulled out of the well and a tubular 

steel “casing string” is lowered into the well and sealed in place with cement. Prior to 

drilling the next section a pressure test is routinely conducted to check the integrity of 

the seal and ensure that it is safe to continue drilling the next section of the well. 

However, there are several weaknesses with this system. Firstly, when the cement is 

pumped down the casing string and into the gap between the casing and the 

formation (the annulus), there is no way of knowing for sure how complete the 

cement sheath around the casing is, until several hours, or days, after the cementing 

operation is complete. It is completely possible for cement to form “stringers”, where 

there are bubbles of other fluids trapped between the casing and the side of the well, 

with only small sections of cement actually responsible for the seal (Yalcinkaya et al., 

2011). Secondly, the casing sections are screwed together and are, in theory, a 

pressure tight seal. However, this is not always the case, as small flaws in the threads, 

or even cross threading during the make-up of the joint can cause a failure in pressure 

integrity (BP, 2010). Thirdly, the pressure test itself may damage the seal between the 

cement and steel – as the pressure in the casing is increased (often by several hundred 

bar), the steel tubular will flex and stretch (BP, 2010). If the cement is only partially set 

at this point, it will move to accommodate this change in size, but does not always 

move back after the pressure is released at the end of the test, leaving a micro-

annulus between the steel casing and the cement, essentially a conduit along the 

length of the well from top to bottom (BP, 2010, Graham et al., 2010). Finally, as 

anyone knows, steel will eventually corrode, a process that is only accelerated in a 

warm, humid and saline environment, as frequently exists where formation fluids 

meet a steel casing string at several thousand meters depth. Failure mechanisms are 

discussed elsewhere, as the discussion can become complex. For further reading 

Bachu and Watson (2009) or Celia et al. (2009) is a good place to start. 

In addition to the problems of well integrity caused by the drilling and casing process, 

there is one of concern to many CCS schemes, which is the problem of the cement 

used to seal the wells that penetrate the cap rock. As is well known, cement is a 
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strongly alkaline mixture, composed, in very basic terms, of calcium carbonate and 

other minerals which are initially “cooked” to remove carbon dioxide and oxygen from 

the matrix and then, when they are hydrated, react with water to re-form calcium 

carbonate and calcium hydroxide complexes. However, as anyone who has ever 

dripped vinegar onto a lump of limestone or chalk will know, cement will react with an 

acidic fluid and will tend to dissolve. Thus a great deal of attention is being paid to the 

dissolution mechanisms between cement and fully CO2 saturated saline water (eg 

Pires et al., 2011, Zhang and Bachu, 2011).  

These problems outlined above have led to work examining failure rates of the 

pressure integrity of wells which pass through a cap rock, with a correlation between 

the age of the well and its failure rate, as well as between the type of well (i.e. 

hydrocarbon, aquifer and acid gas disposal) and its failure rate. The conclusion is 

rather surprising, in that on average there are up to 1.5 integrity failures per well 

during its lifetime (Bachu and Watson, 2009). With many of the older North Sea 

platforms that are capable of supporting CCS (Glover, 2009) having been used for 

hydrocarbon production for three decades or more with some platforms having 

upwards of 100 wells penetrating into the reservoir, this represents a significant 

number of potential leakage pathways through which carbon dioxide could flow.  

As can be imagined, these leakage pathways will tend to follow conduits of least 

resistance, from the cap rock through to the sea floor, thus it can be anticipated that 

in many cases leaks of carbon dioxide will occur where the well enters the sea floor (at 

the “well head”, to use oil industry terminology). However,  if there is a fracture 

elsewhere in the cap rock, there will be a migration along factures and porosity 

channels that will eventually result in a disseminated release of carbon dioxide from 

the sea floor over a large area, as is seen in many natural oil and gas seeps (Anka et al., 

2014) that generally cover large areas (Weber et al., 2014), with many small discrete 

seeps in a larger zone (NASA, 2000).  

Although diffuse leaks of carbon dioxide will be mitigated by residual trapping of and 

previous exposure to carbon dioxide in-between sand grains (Ruprecht et al., 2014), it 

is probable that such leaks will eventually migrate to the seabed. Residual trapping is a 
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mechanism caused by the surface tension of fluids in a two (or more) fluid system 

(Rasmusson et al., 2014). The pores between sand grains (for example) are irregularly 

shaped with throats at the junctions between grains, which are occasionally partially 

blocked by clay mineral growth (Hunt, 1995). The easiest way of visualising residual 

trapping is imagining a bubble of one fluid entering a pore space that is filled with a 

second fluid, displacing it. However, due to surface tension, the displacement will be 

incomplete – the sand grains will be coated in, for example, water, while there is a 

“bubble” of carbon dioxide in the pore, effectively surrounded by water. As it rises 

through the sediment it will squeeze through the pore throat into the next pore, being 

constricted by the space available. At a certain point, the small volume of the carbon 

dioxide bubble that remains in the original pore will be pinched off, as the surface 

tension acts to isolate a small amount of carbon dioxide within the pore. Not only does 

this have the effect of reducing the size of the bubble of carbon dioxide as it migrates 

through pore throats in the sand grains, this small bubble of carbon dioxide gas also 

acts as a block to further migration of more carbon dioxide bubbles (Ruprecht et al., 

2014) in a process known as hysteresis. 

Furthermore, over time the carbon dioxide may interact with the surrounding matrix 

and trigger carbonate deposition within the pore space, reducing the porosity and 

(perhaps) the permeability, thereby altering flow paths for subsequent carbon dioxide 

movements. This has the added effect of reducing the risk of leakage from a diffuse 

release of carbon dioxide gas through a reservoir cap rock or along a fault or fracture 

(Altman et al., 2014), particularly when the effects of residual trapping, hysteresis and 

precipitation are combined. This serves to underline the importance of poorly sealed 

or corroded wells as a conduit for carbon dioxide leakage from a CCS reservoir. 

It is instructive to note that the UK government (among many others) keeps a careful 

record of hydrocarbon releases and spills from off-shore oil industry infrastructure 

through the Health and Safety Executive’s Offshore Division and also independently 

confirmed by the Oil and Gas UK. In this case, the numbers published are edifying, with 

2,984 hydrocarbon releases to the environment from UK oil and gas infrastructure 

since the turn of the millennia (HSE, 2014) from approximately 450 offshore 

installations. In this case it is clear that leaks can, and do happen, either through 
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human error, the age of equipment or a myriad of other failures that can lead to a loss 

of containment. Although this is a loss of containment of hydrocarbons, it should be 

noted that the safety, financial and environmental consequences of such a leak 

(particularly when occurring off shore where there is a limited scope to simply “run 

away” from an accident) can be particularly harsh, with correspondingly high levels of 

attention to leak prevention (HSE, 2014). As a result, one can be reasonably confident 

that, when a Carbon Capture and Storage facility is opened in UK territorial waters, 

using the same equipment and technology as currently is in use within the oil industry, 

a leak of carbon dioxide will occur given a reasonable time frame, given that only a 

small number of installations, certainly fewer than 10, will be used for CCS in the near 

to medium term. It is therefore incumbent on environmental scientists to discover the 

impact and extent of such a release in the marine environment in order to inform 

policy makers in the North Sea and allow effective and evidence based science to 

inform decision making at the national and even international level. 

One further question that relates to the question of a sub-seabed leak from a CCS 

reservoir has to be asked. What, precisely, is leaking? This is an essential question and 

may be dependent on the fuel burned during power generation (coal or gas), the type 

of capture mechanisms used and even the type of CO2 generation mechanism (Metz et 

al., 2005). Although this is an area of active research and rapid development as 

capture efficiency is continually improved (e.g. González-Salazar, 2015, Khakharia et 

al., 2015, Ma et al., 2014), the wide range of possible techniques and processes can be 

loosely divided into two main areas. That of pre-combustion capture, and of post 

combustion capture (Metz et al., 2005). In its most basic form, pre-combustion 

capture involves the injection of steam, or oxygen, into a fuel source, converting it to 

Hydrogen and Carbon Monoxide (known as syngas capture) (Metz et al., 2005). The CO 

is then converted to CO2 and pure CO2 is captured. The resulting Hydrogen is then 

used as a clean fuel, although it is important to note that, when using this system pure 

CO2 is captured, with any impurities in the fuel such as sulphur, remaining in the 

generated Hydrogen gas, along with trace amounts of Methane, CO and CO2 (Metz et 

al., 2005). 
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Post-combustion capture of storage is the simplest system to retro-fit to an existing 

power station and is also the method most likely to be used for CCS from large cement 

works (Havercroft et al., 2011). Using this technology, the fuel is combusted in the 

presence of air and the resulting gasses then scrubbed using one of a number of 

possible techniques from amine absorption (Sánchez-Vicente et al., 2015), carbon 

nano-tube precipitation (Lee et al., 2015a), silicate nano-tube adherence (Lee and 

Park, 2015), hydrate formation on various sub-straits (Babu et al., 2014) each of which 

may be enhanced by temperature or pressure regulation, given certain fuel and 

process types (Lee et al., 2015b). However, the salient point for this review is that this 

process results in CO2 of a purity of over 95% being provided for the storage phase, 

with contaminants including amines from the absorption process, sulphides and 

nitogen oxides from the combustion process and un-combusted fuel  (Metz et al., 

2005), which may have implications for the accurate simulation of a leak from a CCS 

facility. 

Furthermore, the CO2 gas captured is then pressurised for transportation and injection 

into a reservoir formation. Although the pressure of CO2 injection is very much 

dictated by the maximum reservoir pressure that can be safely used during the storage 

phase without fracturing the cap rock of the reservoir, it has important implications in 

case of a leak (Mazotti et al., 2005). CO2 is an odourless, colourless gas, with a density 

of 1.98 kg m3 at standard pressure and temperature and as such is heavier than air. It 

has no liquid state below 520kPa, and at 101kPa will sublime directly from solid to gas 

above -75.5 C.  It’s solid state is commonly known as “dry ice” or “cardice” (originally 

trademarks of industrial gas suppliers BOC and Air Liquide respectively). CO2 has a 

triple point between gas, solid and liquid at approximately 518 kPa and -56.6 C, with a 

“critical point” at 7.38 MPa and 31.1 C. At temperatures above this point, CO2 

behaves as a supercritical fluid, it is neither a gas not a solid, in that if can effuse 

through solids in a manner similar to gas (i.e. a sealed balloon of a gas deflates over 

time due to gas “leaking” through the balloon walls), but will also dissolve materials in 

a manner similar to a liquid. Critically for the application of CCS, however, close to the 

critical point and associated phase transformation lines (Figure 5), minute changes in 

temperature or pressure can result in enormous changes in volume. 
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Figure 5 CO2 phase diagram showing temperature and pressure of the triple point and critical points. Image 
courtesy of Wikipedia. 

This enormous change in volume between gas and critical fluid is of importance to CCS 

for a number of reasons. Firstly, transportation of a supercritical fluid is far more 

efficient that transportation of a gas, as higher pressures can be used, more volume 

can be moved at any one time given the same size pipe-line and there is no risk of 

accidental over-pressuring of the system resulting in a massive loss of CO2 transfer 

rate as the CO2 is already a supercritical fluid.  

However, it has one large disadvantage, which is that any depressurisation of the 

pipeline caused, for example, by an unplanned leak, may result in explosive 

depressurisation of the pipeline as the supercritical fluid drops below the critical 

pressures and instantly becomes a gas. Similarly, any leak from a CCS reservoir of 

supercritical CO2 will show only a tiny reduction in reservoir pressure, even though as 

the CO2 migrates upwards it may reach a point of explosive decompression, 
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transforming into vast quantities of gas. However, the probability that efficiencies of 

transportation and storage mean that for the most part, CCS will be conducted with 

CO2 in the supercritical phase and consequent monitoring for leaks will be upgraded 

as needed (Havercroft et al., 2011, Mazotti et al., 2005). 

1.2 Carbon Capture and Storage & the Environment – scope of 

impact. 

1.2.1 Perturbations in the carbonate system 

Irrespective of the assertions of total containment from a CCS facility from the 

reservoir mechanics, it is important, even essential, to make some predictions to scope 

the impact such a leak would have (Blackford et al., 2008). Trying to quantify this has 

many pitfalls. Firstly, it would be necessary to quantify the size of the leak, where 

would it occur and how long would it take to stop the leak? It is also important to 

suggest what the leak pathway may be, for example from a corroded marine riser, 

connecting a well head to an off-shore platform, or a diffusive flow from the sea floor 

caused by a fracture in the cap rock? Additionally, how long would it last for – would it 

be a case of closing a valve until a diver can weld a repair patch onto a pipe, or would 

it be a few months as a leaking well was sealed with a new batch of cement, or could it 

be indefinite, due to a leak through the cap rock from a reservoir that had already 

been filled with carbon dioxide and abandoned? There are several papers that have 

attempted to resolve this question through modelling predicted pH changes in the 

water column at various points in the North Sea (Blackford et al., 2008, Blackford et 

al., 2009, Blackford et al., 2013). Similarly, it has been possible to examine the range of 

impacts that such a leak may have by examining natural seeps of carbon dioxide in the 

marine environment and extrapolating to the related fields of ocean acidification and 

the study of the environmental impact of a leak from a CCS facility (Hall-Spencer et al., 

2008, Kerrison et al., 2011, Widdicombe et al., 2013).  

However, these methods have several well-known shortcomings (Taylor et al., 2014b). 

Firstly, although the modelling approach most certainly has several advantages, it is 

heavily dependent on the correct baseline conditions being included in the data. 
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Additionally, data on the quantity of carbon dioxide that is released in a leak can only 

be assumed, as thus far such a leak has not been detected due to the relatively recent 

implementation of CCS technologies. It is also extremely difficult to accurately model 

the entire suite of interactions of a fully functioning ecosystem, never mind predict the 

response of that ecosystem to a known (or modelled) stressor (Widdicombe and 

Spicer, 2008). 

The study of natural carbon dioxide seeps is also an area of research that is not only 

important in its own right, but has wide application to both the study of Ocean 

Acidification and quantifying the potential impact of a leak from a CCS facility, or 

testing new detection equipment (Caramanna et al., 2011, Espa et al., 2010). However, 

the drawback of this avenue of research is that it is not possible to explore the rapidity 

with which local shifts in communities occurred, nor the rapidity with which baseline 

conditions could return to the site when such a seep stops emitting carbon dioxide, 

unless by random chance a seep ceases release during the study period. Similarly, 

many of the known seeps are in warm, Mediterranean waters, in shallow regions and 

also contain some component of heavy metals and H2S emissions due to their volcanic 

origin (Tassi et al., 2014). Therefore, it may be difficult to draw a direct comparison 

between these sites and the North Sea, where there are several sites for carbon 

capture and storage under active utilisation, development or planning 

(The_Global_CCS_Institute, 2014). 

That said, there are many areas of overlap between examination of the impact of a 

leak from a CCS facility and the field of ocean acidification (Blackford et al., 2008). It 

has long been established that there will be many ecosystem level  impacts of a large 

scale reduction in pH of sea water, as could be anticipated as anthropogenic carbon 

dioxide concentrations increase in the worlds atmosphere and hydrosphere (Caldeira 

and Wickett, 2003, Feely et al., 2004, Orr et al., 2005, Turley et al., 2010, Widdicombe 

and Spicer, 2008). Additionally, similar changes (possibly of a larger extent) could be 

anticipated when there is a leak from a CCS scheme. These changes could encompass 

most areas of biological activity (Murray et al., 2013), from the loss of calcifying 

organisms (or a reduction in their numbers) (Hendriks et al., 2010) through to a 

reduction in growth and survival rates (Fabry et al., 2008, Kroeker et al., 2010) and the 
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potential to change nutrient cycling within a community (Widdicombe and Needham, 

2007). All this may occur to the extent where it may be possible to monitor changes in 

ecosystem structures to help trace the presence of a carbon dioxide emission from any 

source (Noble et al., 2012) 

However, the potential impact of such changes are more far reaching than to have 

only a direct impact on benthic and pelagic communities through changes in pH alone 

(Widdicombe and Spicer, 2008). It has long been known that changing the partial 

pressure of carbon dioxide in sea water has knock on effects in the carbonate 

chemistry of sea water (Zeebe and Wolf-Gladrow, 2001, Wolf-Gladrow et al., 2007). 

Although at first this may seem a bit prosaic, its importance to biogeochemical 

processes should not be underestimated. The carbonate system in natural sea water is 

well understood although it is complex and dependant on many external factors, with 

biogenic and anthropogenic factors operating to alter the precise balance, along with 

changes introduced by regional and large scale ocean circulation patterns (Zeebe and 

Wolf-Gladrow, 2001). It hinges on the fact that carbon dioxide gas readily dissolves in 

sea water and forms a weak acid, carbonic acid. This, however, rapidly disassociates in 

sea water, so that the actual concentration of this acid in sea water is extremely low, 

although the term is often used for convenience when describing the carbonate 

system (Zeebe and Wolf-Gladrow, 2001). 

The carbonate system forms a chain of dissolution products with carbon dioxide at one 

end and bicarbonate at the other (Equation 1). At all stages between, the members 

are in equilibrium with the neighbouring components, with the equilibrium constant 

being influenced by the temperature, pressure and salinity of the water in which the 

measurements are being conducted (Zeebe and Wolf-Gladrow, 2001). 

eq 1 

CO2 (aq) + H20  H2CO3   HCO3
- + H+   CO3

2- + 2H+      

It is worth noting that the supply rate of CO2 to this equation is limited by Henry’s law, 

governing the solubility coefficient of CO2. It is possible to describe the entire 
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carbonate system in water as being the sum of dissolved inorganic carbon (DIC), as 

shown in Equation 2 below. 

           eq 2 

𝐷𝐼𝐶 ≡ ∑ 𝐶𝑂2  ≡  𝐶𝑂2 + 𝐻2𝐶𝑂3 + 𝐻𝐶𝑂3
− +  𝐶𝑂3

2− 

 

It should be said that in the vast majority of cases in the world ocean, the 

concentration of the bicarbonate end member of Equation 1 is far above the point of 

saturation (often referred to as supersaturated) (Orr et al., 2005), where precipitation 

can be biologically mediated to generate the shells, tests and calcium carbonate 

structures so important to a vast array of marine life. As the concentration of carbon 

dioxide in the water increases it serves to move equation 1 to the right, increasing H+ 

proton generation (thus reducing pH), reducing the saturation of bicarbonate, making 

it more expensive, in energy terms, for an organism to precipitate carbonate and also 

increasing the dissolution rate once precipitated (Orr et al., 2005).  

With the precise concentrations of all components of this system dependant on 

equilibrium constants, which are in turn dependant on the salinity, temperature and 

pressure of the seawater, it can be difficult to accurately measure all component parts 

in the same system. One way to circumvent this problem is by the measurement of 

two of the 6 parameters in the system (CO2, HCO3
-, CO3

2-, H+, Total Alkalinity and DIC) 

and then using this data to calculate the remaining unknown parameters using one of 

several programmes for various different platforms such as CO2Sys (Pierrot et al., 

2006) which operates on Microsoft Excel, with other systems available for use in an R, 

or in DOS based interface. Although it is theoretically possible to measure any two of 

the 6 properties as listed above, practice dictates that it is most common to measure 

pH (ie H+ or proton concentration), DIC, Total Alkalinity or dissolved CO2 content and 

calculate the remaining variables from there (Zeebe and Wolf-Gladrow, 2001).  

Total Alkalinity (TA) is one of the most fundamental (but perhaps one of the most 

widely misunderstood) measurements of the carbonate system, of relevance to a wide 

range of areas of the marine sciences, both benthic and pelagic. On some levels, its 
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most fundamental expression is to understand that it is a titration with a strong acid. 

On an oversimplified level, it is a volume of acid that is required to reduce the pH of a 

water sample to a certain level in other words it is a measurement of the acid required 

to fully protonate all the alkaline compounds in sea water. From this, the buffering 

capacity of the water sample to maintain its pH can be calculated, as can the 

carbonate saturation level, omega. The buffering capacity comes mainly from the 

excess of carbonate and bicarbonate dissolved in the water (although boron and, 

under certain circumstances NH3, can also be important) (Zeebe and Wolf-Gladrow, 

2001). The formula for Total Alkalinity is complex and involves the addition of all ion 

concentrations and subtraction of all cation concentrations in seawater. An 

abbreviated equation, highlighting the major contributors is shown in Equation 3. 

            eq 3 

𝑇𝑜𝑡𝑎𝑙 𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 = [𝐻𝐶𝑂3
−] + 2[𝐶𝑂3

2−] +  [𝐵(𝑂𝐻)4
−] +  [𝑂𝐻−] −  [𝐻+]   

However, as with all natural systems, the true picture is far more complex than has 

been alluded to above. The first concern is that in a natural system, carbonate and 

bicarbonate are not the only substances that act as buffers against a strong acid, there 

is a wide range of natural compounds in sea water that act as buffers to an acid, but 

which play no direct part in the carbonate system, which must be accounted for when 

using TA to calculate the carbonate system of a natural water. The second concern of 

relevance to this discussion (and by far the greater one) is that dissolved carbonate 

and bicarbonate are not the only sources for carbonate containing compounds that 

will be impacted by a passage of carbon dioxide gas through sediment. Most clearly, 

there is a probability that the sediment itself will contain a portion of carbonate in 

many forms, from that of dissolved pore waters, through to shell fragments and even 

living molluscs. Thus, care is required when discussing the free movement of dissolved 

or gaseous carbon dioxide gas through sediments. 

This is particularly true when estimating the flux of dissolved carbon dioxide from 

sediment into the overlying water. Several factors which must need to be considered 

are as follows. 
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 To what extent is carbonate (of any type, be it CaCO3 or carbonate / metal complexes) 

buffering the dissolved carbon dioxide? It is difficult to gain a full picture of the 

carbonate content of sediment for the entire sediment depth from the point at which 

the release of gas occurs, through to the sediment surface. 

 Is the migration of carbon dioxide through sediment uniform in three dimensions, or 

does it form “hot spots”, where there are enhanced fluxes through the sediment 

compared to a few metres or even just a few centimetres away? 

 Interstitial pore water will increase in density as it dissolves more carbon dioxide, thus 

the migration of pore water laden with dissolved carbon dioxide gas may, in a very 

diffuse leakage scenario, take a lot of time to reach the sediment surface and over a 

far wider area than that actually affected by a leak of carbon dioxide, making the 

accurate pinpointing of the leak non-trivial. 

1.2.2 Carbon Capture and Storage – metals and the environment 

Many mineral complexes form with metal ions at their core (Evans, 2009). Typically in 

the marine environment, these minerals are clays and small grains of sand and silt of 

terrestrial origin. Furthermore, in the marine environment, the sediment also acts as a 

sink for organic matter, containing by-products of life, from faecal matter, through to 

the decaying remains of life forms, containing their DNA, humic acids, proteins, 

respiration products, bio-accumulated contaminants in the flesh of dead organisms 

and a myriad of other carbon containing complexes (Glud, 2008). All these products 

contain various trace levels of metals, from the essential micronutrients such as Iron, 

Copper, Manganese, through to anthropogenic toxins with industrial or domestic uses 

such as Lead and Mercury (Evans, 2009). These metals frequently form compounds 

with either an organic or a carbonate base, for example, the metal complexes found in 

limestone ores of commercial viability, such as Cerusite (PbCO3) or Malachite 

(CuCO3.Cu(OH)2) or Azurite (2 CuCO3.Cu(OH)2) as examples. These minerals are 

naturally present in many sediments at low concentrations, becoming commercially 

valuable only at higher concentrations rarely found except when generated through 

specific geological processes (Evans, 2009).  

There are large swathes of the sea floor of the North Sea where natural sediment is 

anything but common. During the drilling of oil wells, a drilling fluid (known 
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colloquially as “mud”) is used to wash drilled rock fragments out of the well, while also 

lubricating the drill bit and providing borehole stability as well as corrosion control of 

metal components in the drill string. Although in the early days of drilling (around 

1900) the drilling mud was indeed a mixture of clay and water, more modern drilling 

fluids are commonly an invert emulsion of a low vapour pressure short chain oil, 

emulsified with a high salinity brine using complex soaps and emulsification agents. 

Viscosity is imparted with organophyllic clays and polymers, while density is controlled 

using finely crushed marble or barytes (BaSO4) (Schlumberger, 2014). In addition to 

this, the drilling “muds” are often treated with corrosion inhibitors, anti-foam 

chemicals which act to reduce surface tension on the fluids surface, wetting agents, 

which act to increase an emulsion’s ability to coat a particle surface in the “external” 

phase of the emulsion, rather than the “internal” phase, as well as biocides which kill 

any bacteria which may seek to consume some component of the fluid (commonly the 

organic gels and polymers). Drilling muds also inevitably contain corrosion products 

from the drill string, ultra-fine drill solids from the reservoir and overburden. They may 

also become contaminated with radioactive trace elements such as the gamma 

sources used for various tools to log aspects of the geology being drilled (Breuer et al., 

2004, Breuer et al., 2008). All drilled cuttings are passed over a mechanical sieve (a 

“shaker”) to separate the drilling fluid from the waste product. Until relatively 

recently, the drilled waste was dumped over the side of the platform. Commonly the 

drilled wastes are coated, on an approximately 1:1 basis in the drilling fluid that was 

used on the platform. This mixture forms a slurry that sinks to the sea floor, frequently 

at a depth below which tidal action can redistribute it (Breuer et al., 2004). It then 

accumulates with time and further drilling operations. It is frequently the case that 

one well can produce several hundred cubic meters of drilled slurry, occasionally up to 

two thousand cubic meters (Ball et al., 2012, Daan et al., 1992).  

In some cases, these “cuttings piles” on the sea floor have accumulated to remarkable 

size around the base of the platform, eventually producing a mound of highly 

contaminated utterly anthropogenic sediment with low level radiation signatures and 

high oxygen uptake for chemical oxidation, built up around the well heads of a well 

“template” (Ball et al., 2012, Breuer et al., 2008). These sediments are vulnerable to 
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releasing large quantities of oil and particulate metals, or metals dissolved in pore 

fluids, into the natural environment if they are subject to mechanical disturbance 

(Roberts, 2012) or changes in pH, oxygen dynamics of CO2 levels (Cruz Payan et al., 

2012b, Stahl et al., 2012, Tankere-Muller et al., 2007). 

As already noted above, it is likely that a future leakage scenario from a CCS facility 

would include the migration of either gas, or CO2 saturated pore waters and interstitial 

fluids along weaknesses associated with the well path, therefore arriving at the 

sediment/water interface at the well heads, an area closely associated with the 

cuttings piles generated by drilling activities on many platforms, particularly those 

established before 2002.  

Clearly there is the possibility that aside from the physical disturbance caused by the 

passage of gas though the cuttings beds proximal to the well heads in the North Sea 

(with the probability of re-suspension of contaminants) (Breuer et al., 2008), there is 

also a chance that the changes in benthic biogeochemical parameters caused by the 

passage of acid gas would destabilise the chemical balances either in natural, or 

anthropogenic sediment and cause an increase in metal mobility, potentially releasing 

some of the toxins into the overlying water (Roberts, 2012). It makes sense, therefore, 

to study the impact of this passage of gas and potential abrupt change in pH of pore 

water on relatively virgin sediments to understand a “best case” scenario, which can 

then be applied to more contaminated sediments in the North Sea in a manner similar 

to on-going work (Cruz Payan et al., 2012b). 

1.3 Scope of study 

To conclude this introductory chapter, it is important to itemise the hypotheses that 

were originally formed to guide this study. They were formed as part of the first major 

experiment of this thesis, the QICS experiment which will be discussed in full in 

Chapter 3, with findings in Chapters 4 and 5, with findings strengthened and confirmed 

by a follow-up, ex situ, experiment discussed in chapter 6. 

 Shortly after releasing CO2 into the sub seabed sediments an increase in DIC flux from 

the sediment into the overlying water will be observed.  
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 The increased flux of DIC from the sediment will be accompanied by a reduction in pH 

in the sediment pore water.  

 An increase in DIC flux and a reduction in pH of sediment pore water will stress in-

fauna and the microbial community (perhaps causing mortality), reducing oxygen 

demand into the sediment. 

 A reduction of in-faunal and microbial activity will result in a reduction in nutrient 

recycling between the sediment and the overlying water during the CO2 release phase.  

 Changes in pH and oxygen dynamics of the sediment will result in mobility of trace 

metals and pollutants from the sediment into the overlying water.  

 After the CO2 release is stopped, the DIC flux from the sediment will drop to baseline 

levels, the pH of the sediment will increase to baseline levels, as will oxygen 

consumption as in-fauna as the microbial community reverts to baseline activity levels. 

There will be an increase in oxygen consumption and nutrient recycling as labile 

organic matter is used.  
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Chapter 2:  Methods and analytical 
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2.1 Introduction 
Benthic biogeochemical sampling can be conducted either in-situ in the field or ex-situ 

by collecting samples for later analysis in the lab. In-situ data can for example be 

collected remotely, by deploying an autonomous benthic lander on the seabed 

(Tengberg et al., 1995), using this to measure and store the required parameters and 

then recovering the data on-board ship. Typical lander measurements include 

chamber incubations, which isolate an area of seabed and measure the chemical 

exchange rates of e.g. oxygen and/or dissolved carbon between the seabed and the 

overlying seawater (i.e. benthic fluxes). Benthic landers have also been used for 

deploying profiling units, equipped with arrays of microelectrodes that can probe the 

seabed for various biogeochemical parameters such as oxygen and pH (Glud et al., 

1994b). Alternatively, divers can deploy the above-mentioned instruments, but are 

limited to shallow waters (<40m) by health and safety considerations, the length of 

time required to decompress after deeper dives and by cost considerations for more 

advanced metal diving suits for deeper access. However, divers have the advantage of 

targeted sampling compared to autonomous benthic landers, which are typically free-

falling vehicles (therefore sampling semi-randomly) with negative buoyancy, which can 

be retrieved by discharging excess ballast to become positively buoyant and thereby 

retrieved after completing their experiment cycle. Ex-situ techniques involve collecting 

sediment by various techniques, including coring, grabbing or dredging, and returning 

to a laboratory with the sediment for further measurements of e.g. fluxes or profiling. 

Recovery of sediment to a laboratory can have deleterious effects on the rates to be 

measured, as changes in pressure and temperature of the core, upon retrieval of the 

same, can lead to accelerations in biogeochemical rates due to e.g. cell lysis (Hall et al., 

2007), generating high levels of labile nutrients in the sediment pore waters, reducing 

biological activity and hence altering the biogeochemical balance of the sediment 

fundamentally (Glud et al., 1994b). However, this is mainly applicable to deep-sea 

samples that are subject to significant changes in pressure and temperature. Thus, 

designing a biogeochemical sampling regime needs to take account of the attributes 

and drawbacks of each data collection method, the accuracy of the data generated 

and the difficulty of collection. Here this decision-making process is explained, with a 

description of the techniques most commonly used throughout this thesis. 
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2.2 Microprofiling 
Microprofiling is a technique that can be conducted either in an in-situ manner using 

benthic landers (Glud, 2008, Glud et al., 1994b), or ex-situ in temperature controlled 

aquaria using sediment cores collected for the purpose (Glud et al., 1994b, Glud et al., 

1994a) as was done on the samples in Chapter 4, or as in Chapter 6, in a temperature 

controlled sediment flume (Glud et al., 1994a), in a laboratory, with the sediment 

maintained in as close to natural conditions as possible. Microprofiling can produce a 

high resolution profile of changes in certain sediment parameters with depth. 

Typically, a microelectrode (in this thesis, measuring pH or Oxygen concentration) is 

used which has a tip diameter of 40 µm or less. They are constructed from various 

types of glass (Gardner and Udrea, 2009) and typically contain an electrolyte that is 

responsive to, for example, pH of sediment pore water or oxygen concentration (de 

Beer et al., 1997, Revsbech and Ward, 1983). The microelectrode is usually suspended 

several millimetres above the sediment water interface, then using a 

micromanipulator, is lowered into the sediment in constant increments, typically 100 

µm for the experiments described in this thesis. At each increment, the electrical 

output of the microsensor is recorded after allowing a few seconds (typically 10 

seconds) for the signal to stabilise to a constant output.  

The microprofile generated can contain a wealth of data on the dynamics of the 

seafloor sediments, from allowing the observation of spatial and temporal changes in 

oxygen and pH dynamics of the seafloor (Glud et al., 2009). Further, the data collected 

can be used to identify the oxygen dynamics of the sediment microbial community, 

assuming that, on the microscale, water is sufficiently viscous to prevent the water 

pumping action associated with macro-fauna (Berg et al., 1998, Glud, 2008) 

For the experiments described in Chapter 4, microprofiling was done manually, using a 

micromanipulator (Märzhäuser Weltzar GmbH, Type MM33 r.m. Kipp.) attached to a 

heavy (~20 kg) stand and positioned over an aquarium. The aquarium was filled with 

seawater that was collected at the same time and location as the sediment, from close 

to the seabed, by the crew of the SAMS research boat RV Seol Mara. The aquarium 

was placed in a controlled temperature room which was set to ambient temperature 

for the seabed at that time of year (measured by divers) and was circulated using an 
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immersion pump to replicate normal water circulation in the bay (Atamanchuk et al., 

2014). Sediment cores were collected by divers and transported to the controlled 

temperature room, then immersed in the aquarium within 30 minutes of collection. In 

the case of manual microprofiling, the micromanipulator was equipped with a manual 

dial, which is turned at each measurement increment manually, scrolling the 

micromanipulator stage, and thence the microelectrodes, down by a user-defined 

interval, in this case 100 µm. At this point the steady electrical output of the sensors is 

recorded against the depth increment in a notebook for subsequent transcription to a 

spreadsheet package for analysis. This allows for a wide range of user defined 

measurement increments, to as high as 10 µm resolution; although care is required to 

ensure that the increment steps are constant. It is also easy to nudge the stand while 

adjusting the micromanipulator dial, introducing error into the microprofile. This 

system has a 1 cm depth range. This set-up is shown in Figure 6. Profiles were carried 

out in daylight conditions replicating light conditions at 10 m water depth. On each 

sampling occasion an absolute minimum of 3 profiles was collected, with repeat 

profiles collected until the (fragile) microsensors were broken, typically 6 or more 

profiles were collected on each occasion. 

In Chapter 6 the microprofiling was done with an automated system purchased from 

Unisense (Märzhäuser Weltzar MD4 Right, mit Kippeinrichtung) attached to a 

Unisense multimeter (Microsensor 4 channel multimeter) and a computer running 

Sensor Trace Pro, allowing automatic profiling over a range of up to 5 cm, with the 

vertical axis of the micromanipulator motorised. This system differs from the manual 

system above by virtue of its computer control – the micromanipulator increments are 

pre-programmed, as is the time over which the electrical output of the microsensors is 

allowed to stabilise. This produces a microprofile that is free from any lateral 

movement caused by users accidently nudging the micromanipulator while dialling 

between increments. However, it lacks the range of user-defined interval selections, 

instead being restricted to multiples of 50 µm steps. In this case 100 µm was used. This 

system allows a greater depth range to be examined than the system described above, 

as well as allowing the instant conversion of the recorded electrical output of the 

microsensors to pH or oxygen concentration based on pre-calibrated points, whereas 
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the manual system relies on the entry of the electrical outputs and then subsequent 

transformation into concentration or pH units using calibrated values, which is a more 

laborious process. 

 

Figure 6. (a) Manual microprofiling system suspended on a stand over an aquarium of water collected from 
Ardmucknish Bay with sediment cores below (b) Automatic system from the Coverall experiment which was used 
over flumes. 

A benthic lander was deployed on three occasions in the experiment described in 

Chapter 3. This was the SAMS transect lander, which was equipped with 7 oxygen 

microelectrodes and 2 pH microelectrodes (and one associated reference electrode). It 

has the capacity to conduct multiple microprofiles in 100 µm increments from its 

multiple microsensors. After the microprofile is complete, it was programmed to lift 

the sensor head some 20 cm above the sediment surface to ensure it is past any 

obstacles, move the sensor head horizontally by 5 cm before conducting a further 

microprofile, repeating this operation 10 times or more, giving a very high density of in 

situ, high resolution data on the oxygen and pH dynamics of the sediments. The lander 

was deployed from RV Seol Mara and attached to a mooring buoy. It was retrieved 18 

hours later after conducting 10 microprofiles, with all microelectrodes, in a horizontal 

transect with a profile spacing of ~ 1 cm. However, it was quickly realised that the 
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lander contributed to the clutter of a busy and space-limited experiment site, the large 

footprint interfered with other benthic data collection operations. Additionally, the 

lander had to be lowered from the RV Seol Mara, to the seabed, interfering with diving 

operations during deployment and retrieval and running the risk of being lowered 

onto other benthic equipment causing damage to one or the other of the sensors. 

Additionally, since its deployment had to be completed while the boat was drifting 

relative to the seabed, precise targeting of its location was impossible rendering the 

data collected less reliable. Its use was quickly discontinued and instead ex-situ 

analyses were conducted. Both the manual and automatic systems are shown in Figure 

6. 

2.2.1 pH profiling 

LIX microelectrodes with a tip diameter of <10 µm, a soda glass shaft and a length of 

40 cm were constructed as fully described in de Beer et al. (1997) and in Queiros et al. 

(2014). The microelectrode cases were made of tapered, silanised, sized green glass 

tubes (tip diameter ~10 µm) attached to a soda glass shaft (silanised overnight using 

N,N-dimethyltrimethylsilylamine). The body of the sensor was filled with a KCl and 

NaH2PO4 electrolyte (300 and 30 mM respectively) and the tip filled with LIX solution 

to a depth of 400 – 600 µm. The LIX solution formed using two contiguous parts, 

drawn into the tube using partial vacuum. These were the inner and outer 

membranes. The inner membrane was formed by a mix of 2 mg Hydrogen Ionophore 

III, 0.6 mg Sodium Tetraphenyl Borate in 190 μl of 2-nitrophenyl octyl ether. The outer 

membrane was a mix of the inner membrane and a PVC solution at 1:3 ratio. LIX 

microelectrodes were then left to set overnight, before inserting a part chlorinated 

silver wire into the electrolyte and sealing this in place with epoxy resin. The reference 

electrode was made using a tapered soda glass tube (tip diameter 1 mm) filled with 

KCl and NaH2PO4 electrolyte viscosified with polymer and left to cure overnight. 

Microelectrodes were calibrated using pre-made buffers with a pH of 4, 7 and 9 on the 

seawater scale. The microelectrode was attached to a high impedance mV meter 

(JENCO Digital pH / mV meter 601A) for signal readout. For calibration, electrodes 

were suspended in pH buffer solutions (maintained at the same temperature as the 
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experiment conditions) and the mV response was recorded prior to and after profiling 

in the sediment. 

For profiling, the microelectrode was then introduced into the sediment and profiles 

with 100 µm increments were measured by recording the stable mV output after 10 

seconds at each depth interval. Micro-profiles were recorded to a maximum depth of 

1 cm for Chapter 4, up to 3 cm in Chapter 6 (depths limited by equipment), with the 

microprofile starting at least 1 mm above the sediment water interface. The sediment 

water interface was determined as the point at which the profile departed from a 

vertical pH profile, representing the uniformly mixed overlying water. The high 

resolution of the microprofile allows the monitoring of gradients in the sediment 

immediately below the sediment water interface, where established gradients are at 

the steepest and can span 1 full pH unit in only 2 or 3 mm depth range, with pH 

strongly influenced by (and in case of anthropogenic alterations such as described in 

this thesis) strongly influencing the micro scale habitat which accounts for a large (up 

to 50%) proportion of carbon remineralisation and biological activity in the marine 

ecosystem (Glud, 2008). 

All microprofiles generated from a specific sampling location (for example the 

reference or release zones discussed in Chapter 3) were then combined into an 

average profile for each sampling occasion. To remove erroneously high or low 

readings caused by the tip of the microelectrode colliding with obstacles in the 

sediment, a 3 point running average was applied to the average profiles. On each 

sampling occasion a minimum of three profiles per location were measured. Each 

individual core was profiled at least once, although typically cores were profiled twice, 

with the number of replicates from each core being limited due to breakage of the 

microelectodes from collision with shells and/or larger particles in the sediment. 

Profiles from the reference zone (Z4) were collected and profiled within 4 days of 

those collected at the release zone (Z1) so that seasonal changes and disturbances due 

to weather patterns could be discounted from any comparisons. 

Profiles were analysed for any significant differences at a range of depth points using 

ANOVA. 
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2.2.2 Oxygen profiling 

Oxygen concentration profiles were measured using the same micromanipulator as 

described above, with a Clark type microelectrode attached to a pA meter (Unisense 

Picoammeter PA2000) (Clark et al., 1953, Glud, 2008, Revsbech and Ward, 1983) for 

Chapter 4, while it was connected to the Unisense 4 way multimeter in Chapter 6. The 

microelectrodes were made with a tip diameter of <15 µm for Chapter 4, 30 – 40 µm 

for Chapter 6. The profiles were measured simultaneously with the pH profiles and the 

steady state pA output from the microelectrode was recorded after 10 seconds at 

each depth point for each profile. Typically the pH and oxygen microelectrodes were 

separated by less than 1 cm horizontally as they were connected to the same 

micromanipulator during profiling. The aquarium or flume was open to free passage of 

air and the water was circulated by a centrifugal pump, so the water within was 

assumed to be oxygen saturated (Figure 6). 0 % and 100% oxygen saturation was used 

to calibrate the pA output from the microelectrode. Oxygen concentration at 100% 

saturation in the seawater was obtained by taking careful note of the water 

temperature and salinity and interpolating the oxygen concentration from oxygen 

tables (Ramsing and Gundersen). This was confirmed by determining the oxygen 

concentration in water samples after Winkler (1888) on ~50% of microprofiling time 

points throughout the thesis – the measured and interpolated figures were consistent 

throughout. For the 0% oxygen calibration, a reading was taken from the bottom of 

the collected oxygen profiles, where the sediment was anoxic. Anoxia was assumed 

due to the known shallow oxygen penetration depth in coastal cohesive sediments 

(Glud et al., 2003) and due to low and consistant pA output from the microsensor with 

increasing depth (Figure 7).  
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Figure 7. A typical oxygen microprofile, with the closed diamonds indicating measurement points, text highlighting 
various features of the microprofile such as the diffusive boundary layer. 

 

The depth of oxygen penetration was taken as the point at which the measured 

oxygen concentration within the sediment dropped below 3 µmol L-1 chosen due to 

sensor noise below this value making absolute determination of concentration difficult 

as it approaches zero (Revsbech and Ward, 1984). The diffusive oxygen uptake into the 

sediment was calculated using Fick’s first law of diffusion by calculating the diffusion 

gradient across the diffusive boundary layer (Glud, 2008, Revsbech et al., 1998) and 

using an oxygen diffusion coefficient as shown in Equation 4 below.   

𝐽𝐷𝑂𝑈 =  𝐷𝑂
𝑑C

𝑑Z
          eq 4 
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Where JDOU is the rate of diffusion mediated oxygen uptake, DO is the diffusion 

coefficient of oxygen at a given salinity and temperature of water, dC is the difference 

in oxygen concentration across the diffusive boundary layer and dZ is the thickness of 

the diffusive boundary layer. The diffusion boundary layer is a feature of 

hydrodynamics which exists at the interface between water and any surface. In effect, 

the friction that the body (in this case sediment) exerts on the water means that there 

is a point near the sediment surface with no turbulent movement, thus limiting 

chemical passage across this layer to a rate mediated by chemical diffusion. In 

essence, the rapidity with which oxygen can diffuse through water, combined with the 

thickness of the diffusive boundary layer and the gradient of oxygen concentration 

across this layer can be used to calculate the rate at which oxygen is absorbed into the 

sediment (Glud, 2008). This rate is commonly expressed as mmol m-2 day-1. There are 

several works suggesting that the presence of the microelectrode intruding into the 

diffusive boundary layer works to generate microturbulence around the tip and thus 

compress the apparent thickness of the layer (Glud et al., 1994a), the alternative of 

introducing the microelectrode into the diffusive boundary layer from below is simply 

not viable for the vast majority of applications. A typical oxygen microprofile is shown 

in Figure 7. 

2.3 Whole sediment incubations 
The measurement of fluxes between seawater and sediment are most easily 

quantified by isolating a section of sediment and overlying seawater for a period of 

time (Tengberg et al., 1995). Commonly such an isolation of sediment and water can 

be done using a purpose designed incubation chamber (Santschi et al., 1990, Tengberg 

et al., 1995). At its simplest, an incubation chamber comprises nothing more than a 

“box” (although cube or rectangular chambers are common, they can also be 

cylindrical) with one open end (which is pushed into the sediment), constructed out of 

non-reactive material. This box will contain a stirring mechanism so that the water 

inside the chamber will remain homogenous and a port out of which water samples 

may be extracted. Successive iterations of complexity can involve the addition of electronic 

sensors on the chamber, such as oxygen sensors, to better measure oxygen flux into 
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the sediment on a second by second basis, similarly with other methods of electronic 

concentration measurement, such as DIC (Tengberg et al., 1995).  

Such incubation chambers can be deployed and used either in ex-situ conditions, or in-

situ. When utilised in-situ, they can be either hand deployed by divers, or remotely 

deployed on a benthic lander. During the experiments described in this thesis, the 

incubation chambers were used in both ex-situ and in-situ, with the in-situ chambers 

being deployed and retrieved by divers. The diver-deployed chambers used in Chapter 

4 are shown in Figure 8, they are covered in tape to reduce ambient light penetration 

and to reduce the impact of photosynthesis on the benthic processes measured. The 

chambers can be blacked out during in-situ deployment to remove any contribution to 

the calculated flux from photosynthetic activity. During ex-situ experiments it is 

common to use a red light in the laboratory or temperature controlled room, rather 

than daylight, so that any component of photosynthesis is negligible during such 

incubations. 

The fluxes of any dissolved parameter of seawater can be calculated by taking water 

samples (commonly, but not invariably, 3 water samples are taken in each case to 

allow for the calculation of a mean and standard deviation on the analysed result). The 

samples must be taken, as a minimum, at the start of the incubation to establish a 

base line, and immediately before the end of the incubation (Bender et al., 1989, 

Bouldin, 1968). The size of the samples is dictated by the analytical technique that will 

be used. The depth of water in the incubation chamber is carefully measured (usually 

several measurements are taken and a mean depth generated as the sediment surface 

is rarely flat) and the duration of the incubation recorded. 
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Figure 8. incubations chambers - masked to provide a dark environment (for in-situ use) (left) chamber being 

deployed by divers, the lid, with integral stirrer motor and battery is on the left of the picture, the “walls” of the 

chamber are inserted into sediment. (right) 3 incubation chambers placed in situ during the QICS experiment with 

samples collected discussed in Chapter 5. 

The flux of the chosen parameter between the sediment and the overlying water can 

then be calculated by applying the formula shown in Equation 5 below.   

𝐹𝑙𝑢𝑥 =  
𝑑𝑐

𝑑𝑡
 ×  ℎ         eq 5 

Where dc represents the change in concentration of the relevant parameter, dt 

represents the time difference and h represents the water depth in the chamber in 

centimetres. The final output is commonly expressed as mmol m-2 day-1. During this 

studentship, water samples were analysed for oxygen (Total Oxygen Uptake, or TOU), 

DIC, total alkalinity, nutrients (ammonia, nitrate & nitrite, silicate and phosphate) and 

dissolved metal content (Fe, Mg, Cu, Pb, As, Hg), with the dissolved fluxes calculated 

from incubations ranging from 6-8 hours in length. Any changes in the carbonate 

system calculated using CO2Sys (Pierrot et al., 2006). This is an excel based programme 

that uses the temperature, pressure and salinity of seawater, as well as two of the 

following three parameters of TA, DIC and pH to determine the concentrations of 

dissolved carbonate, bicarbonate and carbon dioxide in seawater as well as identifying 

the level of oversaturation of calcite and aragonite in the seawater sample (Ω). 

The methods above describe two different approaches for measuring oxygen flux 

across the sediment water interface. It is important to briefly discuss the rationale for 

this apparent duplication of effort. Although the two approaches identify a flux of 

oxygen, they do so in different manners. The diffusive oxygen uptake, described in 



56 
 

Equation 4 requires the measurement of a concentration gradient across a micro layer 

of water known as the diffusive boundary layer (DBL). The DBL is the layer of water 

that is affected by the surface roughness of sediment, causing a layer of water that is 

usually between 200 and 500 µm thick (Berg et al., 1998, Glud et al., 2009, Glud, 2008, 

Lorenzen et al., 1995). Due to the lack of mixing and turbulence in this layer, the 

transport of oxygen (or other measurable parameters) across this layer is solely due to 

molecular diffusion (Glud, 2008, Revsbech et al., 1998). The total oxygen uptake as 

calculated using a chamber incubation, however, describes the total amount of oxygen 

flux measurable within the bounds of the chamber and takes no account of the 

specific mechanism of uptake – for example whether the oxygen is consumed solely by 

the microbial community or whether it is consumed by one large burrowing organism 

trapped within the incubation chamber (Glud, 2008, Tengberg et al., 1995). Both 

methods have advantages and disadvantages. The diffusive oxygen uptake from 

microprofiling is commonly assumed (Glud, 2008) to be representative of the oxygen 

consumption generated by the microbial community within sediment, whereas the 

total oxygen uptake measured by a chamber incubation represents the uptake 

generated by the entire sediment community (Glud, 2008). The limitations of the 

diffusive oxygen uptake are that the tip diameter of the microelectrode is so fine 

(under 40 µm throughout this thesis) that the profile and the subsequent calculations 

are essentially based on 2 dimensional information and give no information on the 

oxygen uptake only 1 mm distant from the site that is measured and also takes little 

account of, for example, increases in sediment surface area caused by burrows or 

other sediment features (Glud et al., 2009) and can be impacted by the microelectrode 

used for the measurement (Lorenzen et al., 1995).  

Although the chamber incubations integrate the oxygen uptake over the entire 

sediment surface within the chamber (Tengberg et al., 1995), it takes no account of 

spatial variation within the sediment, or variations in the dominant processes 

operating within different areas of the chamber. Furthermore, although the chambers 

are stirred during incubation, it is still virtually impossible to replicate conditions 

outside the chamber (such as flow velocity and direction or tidal changes) (Tengberg et 

al., 2004, Tengberg et al., 2005). Further, accurate calculation of flux rates may depend 
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heavily on the behaviour of organisms within the chamber, as the oxygen levels in the 

chamber will be depleted over time. Although it is common to calculate a straight line 

decline over time (Glud, 2008), it is possible to use different calculation methods 

involving curve-fitting based on more data points, changing the flux rate by several 

percent depending on the exact method used (Bender et al., 1989, Bouldin, 1968). 

These difficulties have been overcome by the development of non-invasive eddy 

correlation landers (Glud et al., 2010, Kuwae et al., 2006, Lorrai et al., 2010) although 

their use was out-with the scope of this study, due to the same limitations of space 

and deployment logistics in the use of the required equipment as described above in 

relation to a profiling lander. 

2.3.1 Oxygen measurement 

Dissolved oxygen is one of the most fundamental measurements widely used in 

marine sciences, from biogeochemistry to biology and ecology (Glud, 2008). The fact 

that its concentration can have such a fundamental effect on biological activity 

ensures that the measurement of this fundamental parameter receives a wide ranging 

interest, both in the perfection of current methods of measurement (Helm et al., 

2012) through to innovation and invention of new methods (Sha et al., 2012).  

Conventionally, oxygen is measured using the Winkler method (Stunzhas et al., 2013, 

Winkler, 1888). Although there appear to be a range of actual techniques and relative 

volumes of reagents and titrant concentrations, the technique used involved filling a 

12 ml gas tight glass bottle with water from a glass syringe, ensuring minimal contact 

with air and no gas bubbles trapped in the bottle. 150 µlitres of Winkler I (3 M 

Manganese (II) Chloride) was then added to the bottle, using a syringe. A second 

syringe was then used to add Winkler II (4 M Sodium Iodide). The bottle was then 

sealed ensuring the absence of any air bubbles and inverted several times to mix the 

solutions and allow the Mn (II) in the solution to be oxidised to Mn(IV)(s) by dissolved 

oxygen. The Mn2+ and OH- react with water and oxygen to form Mn(OH)3. 

The samples are then stored in cool dark conditions (for a maximum of 1 week at any 

point in this studentship) and then analysed as following. 
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The sample is acidified, using 50% Sulphuric Acid, to a pH below 2.5, dissolving the 

hydroxides and allowing the reduction of Mn(IV) by iodine to give iodide, liberating 

water. The sample is then split into two 5 ml pseudoreplicates, which were titrated 

against a sodium thiosulphate standard, with the iodide and thiosulphate reacting to 

become iodine and S4O6
2-, causing the solutions pale yellow colour to fade. Adding 

starch causes the solutions colour to become purple through liberating iodide and the 

titration should continue until this fades to clear. The volume of thiosulphate is then 

recorded. From this, the concentration of dissolved oxygen in the sample can be 

calculated by dividing the titre volume and thiosulphate molarity with the sample size.  

Although technology exists, and is readily available at SAMS, for quantifying oxygen 

concentrations in seawater using optical methods (ie Fibox or Firesting systems from 

Presens and Pyroscience respectively) or electronically using, for example, a handheld 

electrode, it was felt that in this case Winkler titrations were more appropriate, for 

several reasons. Firstly, the incubation chambers required the extraction of seawater 

samples and their return to the laboratory. It was felt that opening the sample bottles, 

decanting the samples into bottles with optode spots, waiting for equilibration of the 

spots to allow for minor variations in salinity against the calibrated values and 

recording the result had the scope for introducing error. This could be through 

equilibration of oxygen in the samples with air during decanting, minor changes in 

salinity causing unknown variation in the samples and limitations of sample size. 

Similarly, the methods would require careful calibration and electronic methods would 

ideally require more sample volume. Against this is the proven, robust winkler titration 

(Helm et al., 2012, Winkler and Whaley, 1888) which can be used with small volumes 

of sample and when splitting the sample as described above, a guide to the accuracy 

and repeatability of each titration can be recorded. 

2.3.2 Dissolved Inorganic Carbon measurement 

Dissolved Inorganic Carbon (DIC) (see Chapter 1 for description) was analysed from 12 

ml samples collected in a glass syringe, typically from an incubation chamber. They are 

usually collected at the same time as samples for oxygen concentration analysis – due 

to the fact that in a natural environment the flux of oxygen into sediment should be 

closely related to the flux of dissolved inorganic carbon from the sediment, as carbon 
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dioxide is the dominant respiration product of infauna and microfauna (Glud, 2008), 

although other respiration products such as Nitrite and Nitrate are significant. In 

addition, this thesis has other profound reasons for measuring DIC flux. The 

experiments described in this thesis can best be described as quantifying the effect of 

a deliberate pollution event, either of the natural environment (Chapters 3, 4 and 5) or 

in a laboratory setting (Chapter 6). With CO2 as the pollutant that would be studied, it 

was essential to make detailed and repeat measurements of the dissolved flux of DIC 

from the sediment, to both quantify the impact area for the pollution event and to 

accurately monitor the proportion of CO2 that dissolved in the sediment pore water 

and formed a dissolved flux, rather than an easily quantifiable gaseous flux. The 

samples were then transferred to a glass gas tight container with minimal contact with 

air and then poisoned with 50 µl of saturated Mercuric Chloride (HgCl2) solution to 

stop all biological activity within the sample.  The samples were then stored in a fridge 

until ready for analysis (Dickson et al., 2007).  

The samples were measured by using a purpose-designed coulomoter (CM5014, UIC 

Ltd CM5014 Coulometer). A sample size of 5ml was used unless otherwise specified in 

this thesis and reported accuracy of results was to 0.01 mmols l-1. The samples were 

filtered through a 45 µm filter immediately prior to analysis (Dickson et al., 2007). This 

was essential in the field experiment, where divers reported murky water conditions 

due to the high levels of plankton in the coastal waters. Although the aquarium water 

feed at SAMS is filtered through several metres of sediment prior to use, it is still not 

free from plankton. This made filtration to an accepted standard essential during the 

experiment in Chapter 6. Furthermore, filtering was made essential by the fact that on 

several occasions, particularly close to the initiation of gas release, the water samples 

taken were clearly contaminated with suspended sediment, which may have had a 

component of calcite from shell fragments.  

Prior to analysing samples, standard samples of NaHCO3 solution, made in-house to 

known concentrations, were run through the DIC machine until a minimum precision 

of 0.03% deviation was achieved, with precision routinely reaching 0.01% deviation 

from three sequential samples. Accuracy was routinely checked with commercially 

available IAPSO seawater samples. Samples were injected into a sealed reaction 
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chamber, in a Nitrogen environment, with the carrier gas first scrubbed through a KOH 

solution to remove traces of carbon dioxide. Once the sample was in the reaction 

chamber 3 ml of 2 Molar HCl was added and the carrier gas then blew all released 

carbon compounds through an AgNO3 solution (to remove any hydrocarbons and 

other acid gasses such as H2S) before the sample was bubbled through a coulometer 

fluid. The fluid is held in a glass vessel with an anode solution (Dimethyl Sulphoxide 

saturated with Potassium Iodide) and a cathode solution (a mix of Dimethyl Sulphoxide 

(75%), Monoethanolamine (1-10%) and Tetraethylammonium Bromide (1-10%)) 

separated by a glass fritt. The anode is of pure silver, whereas the cathode is platinum. 

As the CO2 bubbles through the cathode solution, it dissolves, releasing H+ ions, which 

act to reduce the pH of the solution, changing its colour from deep blue to clear. The 

colour of the fluid is monitored by shining a light through the vessel to a 

photoreceptor and as the colour becomes less intense an electrical current is passed 

through the anode and cathode solutions, liberating the H+ ions and reverting the fluid 

to its deep blue colour. The amount of electricity required to maintain the deep blue 

colour of the cell is proportional to the amount of CO2 bubbled through the cell. This is 

then converted to µmol carbon L-1 output. 

2.3.3 Total Alkalinity 

Total Alkalinity (TA) samples were taken and handled in the same way as the DIC 

samples described above, in that they were collected concurrently with the oxygen 

and DIC samples, then put into a 12 ml gas tight glass bottle and then poisoned with 

mercuric chloride (HgCl2) to halt biological activity and then stored in a fridge prior to 

analysis. The Total Alkalinity, as discussed in Chapter 1, and described in Equation 3 is 

a measure of the buffering capacity of seawater to changes in pH and can be further 

used to calculate the relative concentrations of the different component parts of DIC 

(Equation 2). Changes in TA can be generated by several natural processes, such as 

precipitation of CaCO3, either biogenically or chemogenically, photosynthesis in 

surface waters, respiration of marine animals or dissolution of atmospheric CO2. 

However, changes in TA can also be expected when an anthropogenic CO2 release 

causes increased dissolution of CO2 in seawater or sediment pore water.  
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For analysis, 10ml samples were hand pipetted into an open heated cell (held to 25C) 

and titrated with 1M HCl to a pH of under 3.0 using an auto-titrator (Tiamo Titrando), 

with the precise volume of acid added plotted against pH to form a curve, following 

best practice guidelines (Dickson et al., 2007). The resulting curve of sample pH versus 

volume of acid added is plotted to a log scale to become a straight line. The gradient is 

calculated to obtain the TA of a sample, which is then used to perform subsequent 

calculations investigating the carbonate system. Calculations on the carbonate system 

were made using CO2Sys (Pierrot et al., 2006) 

2.3.4 Nutrients 

Nutrient availability is a major control on primary productivity, particularly in coastal 

areas where nutrients are recycled from decaying biological matter on the seabed and 

then mixed back up into the water column by wave action and turbulence, effectively 

allowing high levels of primary production through efficient recycling of material 

(Glud, 2008, Stumm and Morgan, 1996). Of primary import are the macro-nutrients, 

Ammonium, Phosphate, Silicate and Nitrate + Nitrite. Ammonium is an important 

source of nitrogen for primary producers while nitrite + nitrite are first converted to 

Ammonium before being converted to organic nitrogen (Stumm and Morgan, 1996). 

Phosphate is utilised in photosynthesis of CO2 and water and is usually present as 

orthophosphate (Stumm and Morgan, 1996). Silicate is used by radiolarians and 

diatoms to construct microscopic shells of opaline silica. Together these nutrients are 

usually quickly depleted in surface waters by biological activity. As detrital particles 

sink and reach the seabed, microbial action recycles these nutrients through several 

pathways (of varying complexity, often involving anoxic decay) and re-released and 

recycled into the water column (Stumm and Morgan, 1996). Any interruptions or 

distortions of these cycles caused by pH change of sediment pore waters may have 

important ramifications for nutrient recycling. 

Nutrient samples were taken from incubation chambers in a 50 ml plastic syringe and 

then decanted into a 45 ml centrifuge tube with a screw lid before freezing at -20C. 

Prior to analysis the samples were defrosted and inverted to mix the contents that had 

become stratified during the freezing process. They were analysed using a LaChat 

QuikChem 8500 spectrofluorometer, with autosampler using Flow Injection Analysis. 



62 
 

15 ml samples were taken and analysed, with each 45 ml sample being analysed 3 

times. Therefore a standard deviation for each 45 ml sample can be calculated to 

ensure precision and accuracy is ensured by calibrating the machine against known 

concentrations of nutrients both prior to and after the analysis run.  

Nitrate is measured after reduction to nitrite on a copperised cadmium column and is 

added to diazonium salt and N-(1-napthyl)ethylenediamine dihydrochloride (usually 

known as NED) to yield a red dye proportional to the Nitrate + Nitrite concentration, 

which is analysed spectrophotometrically with a light source of 520 nm wavelength 

(Schnetger and Lehners, 2014). Ammonium is measured using the indophenol blue 

method (Grasshoff et al., 2009). Ammonium forms monochloramine after reaction 

with hypochlorite, which then reacts with phenol and hypochlorite in the presence of 

nitroprusside as a catalyst to produce indopeonl blue, which is proportional to the 

original ammonium concentration and is detected at a wavelength of 630 nm. 

Orphophospate reacts with ammonium molybdate and antimony potassium tartrate 

to form molybdo-phosphoric acid which is then reduced to form ascorbic acid and 

molebdnum blue, which is proportional to opthosphsphate concentration and absorbs 

light at 880 nm (Worsfold et al., 2013). Dissolved silica reacts with molybdate to form 

silicamolybdate comlex, which is reduced with stannous chloride and hydroxylamine 

hydrochloride for form a heterlopoly blue complex which is analysed with light at 820 

nm, with the result proportional to the concentration of “molybdate reactive” silica 

(Worsfold et al., 2013). 
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3.1 Highlights 

 A unique and novel CO2 release experiment in the marine environment. 

 Field-scale simulated leak of CO2 gas from a carbon capture and storage facility. 

 Experimental design and set-up for the QICS experiment, conducted during the 

summer of 2012 

3.2 Abstract 
Carbon capture and storage is a mitigation strategy that can be used to aid the 

reduction of anthropogenic CO2 emissions. This process aims to capture CO2 from 

large point-source emitters and transport it to a long-term storage site. For much of 

Europe, these deep storage sites are anticipated to be sited below the sea bed on 

continental shelves.  A key operational requirement is an understanding of best 

practice of monitoring for potential leakage and of the environmental impact that 

could result from a diffusive leak from a storage complex. Here we describe a 

controlled CO2 release experiment beneath the seabed, which overcomes the 

limitations of laboratory simulations and natural analogues. The complex processes 

involved in setting up the experimental facility and ensuring its successful operation 

are discussed, including site selection, permissions, communications and facility 

construction. The experimental design and observational strategy are reviewed with 

respect to scientific outcomes along with lessons learnt in order to facilitate any 

similar future.   

 

Keywords: Carbon Capture Storage; CO2 release; ecosystem impacts; climate change 

mitigation. 

 

3.3 Introduction 
This paper presents and discusses the controlled release of CO2 beneath the seabed 

for the QICS project (Quantifying and Monitoring Potential Ecosystem Impacts of 

Geological Carbon Storage, http://www.qics.co.uk), which was undertaken by 

researchers from seven research institutes in the UK and a further seven partner 

organisations in Japan in 2012.  

http://www.qics.co.uk/
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Carbon Capture and Storage (CCS) has been argued as presenting a technically 

possible, financially attractive and socially acceptable method for mitigating global CO2 

release (IEA, 2013, IPCC, 2005, The_Global_CCS_Institute, 2014). The main benefit of 

this emergent technology is that release of anthropogenic CO2 can be mitigated: 

emissions targets and “green” commitments can be met, while simultaneously utilizing 

existing energy production infrastructure and contributing to the global carbon 

economy (Bachu, 2008). Nevertheless, as with the inception of any new technology, it 

is important that the degree of risk posed by the solution is fully constrained, prior to 

full deployment. 

In the case of CCS these risks fall into a number of categories (IPCC, 2005). One risk 

factor is the potential for leakage from a CCS storage facility, producing either a diffuse 

leak of gaseous or dissolved CO2 from a small fracture in the reservoir seal, through to 

a catastrophic rupture in, for example, a transfer pipeline of supercritical or dense 

phase CO2 (Blackford et al., 2009). This is especially the case for the sub-seabed 

storage of CO2 in abandoned oil and gas reservoirs where the immediate impact of any 

leak may not be so apparent. 

Research to date has made significant advances to our understanding of the dispersion 

of CO2 in the marine environment, its chemical signature and potential to impact 

ecosystems, using a combination of models, natural analogue sites and laboratory 

manipulations (Blackford et al., 2009). However each of these approaches has 

limitations. 

Models are able to simulate the dispersion of gas and liquid phase bubbles / droplets 

in the vicinity of the leakage site and calculate the resulting change in acidity (pH) and 

the partial pressure of CO2 (pCO2) (e.g. Dewar et al, 2013). Similarly, models can 

address large-scale dispersion of dissolved CO2 along with its resulting changes in 

seawater chemistry (Phelps et al., 2014). Such models are able to inform both 

monitoring strategy and impact by quantifying the volume of seawater experiencing 

either detectable or damaging chemical changes. However, these models fail for lack 

of observational data by which to properly evaluate their predictions (Mori et al., 
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2015). Models have also been used to attempt impact studies (Blackford et al., 2009); 

however, models have very limited ability to represent the complexity of marine 

communities and the intricacy of their response to high CO2. 

Laboratory simulations have revealed a range of both chemical impacts, such as heavy 

metal mobilisation (e.g. Ardelan et al., 2009, Cruz Payan et al., 2012b) and biological 

impacts ranging from stimulation of species to mortality in others (Widdicombe et al., 

2013 and papers in the associated special issue, Widdicombe et al., 2009). These 

reveal a high degree of species- and circumstance- specific responses. Other stressors 

acting on a population can greatly exacerbate the detrimental effect of CO2. 

Laboratory experiments are also limited in that they can-not replicate true 

environmental complexity; ecological or behavioural responses to, for example 

changes in predation pressure or resource competition and escape. It also remains 

difficult to establish the recovery potential of communities in laboratory simulations. 

The third widely used approach is the study of natural CO2 emission sites as analogues 

for CCS leaks (e.g. Caramanna et al., 2011, Pearce, 2006). This approach, while having 

many merits, has limitations, including (1) most studied sites are long-term 

phenomena and thus no base-line (pre-release) data exists, (2) the release rate cannot 

be controlled or “turned off” to study the rapidity with which more typical local 

conditions are re-established, (3) many sites are within volcanic settings (Hall-Spencer 

et al., 2008) and therefore may be contaminated with H2S and have atypical 

temperatures. Although these analogue studies are often insightful, they are of limited 

geographical distribution; for example the shallow, warm and clear water situations 

described by Caramanna et al. (2011) and Hall-Spencer et al. (2008) do not directly 

translate to colder deeper and turbid sites on other continental shelves. If offshore 

implementation of CCS in Europe is to become a more established mitigation strategy, 

it will almost certainly be used in colder, more turbid, shelf seas, such as the North 

Sea, so that more appropriate analogues, with closely similar fauna, seabed sediments, 

irradiance and temperatures need to be studied before the findings can be directly 

utilized by policy makers.  
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Whilst some injections of small amounts of CO2 directly into the water column have 

been performed (Barry et al., 2013a), the injection of significant and quantified 

amounts of CO2, in a controlled way, directly into marine sediments from below would 

effectively mimic the final stages of a leakage from storage reservoirs. This would 

allow for the first time a study of the vertical movement of CO2 through the sediments, 

into the water column and of the biochemical transformations and impacts that occur 

as the CO2 passes through a vertically structured marine sediment ecosystem, thereby 

mimicking the shallowest stages of migration and emission at the seabed. 

An initial scoping study developed a set of criteria for a successful experiment, namely 

an injection of between one and ten tonnes of CO2, at approximately ten metres 

below the seafloor, continuing over a period of several weeks. The main driver for 

these calculations was the need for a release large enough to impose changes and 

detectable signals onto a natural system, but small enough to avoid a large-scale 

pollution event. Clearly a short-term, small-scale release of CO2 is not a full analogue 

for a CCS leak. However, it does encompass many of the processes and systems that 

are important to understand and guide both monitoring and impact assessment within 

the marine environment. A release of CO2 into a sufficient thickness of sediment to 

include a hetrogenous sequence and diverse geological structures provides an 

opportunity to assess the dispersive and retentive capacity of a range of 

unconsolidated sediment types. These control the phase and dynamics of CO2 passing 

through the sedimentary sequence and transfer into the water column, mechanisms 

about which knowledge is essential, if adequate and successful monitoring systems are 

to be designed.  

This release would permit the examination of how fine-scale hydrodynamic processes 

act to disperse both the detectable and harmful plumes of CO2-enriched water. This 

approach would also allow a range of monitoring methods: passive and active 

acoustics; chemical sensors; biological and geochemical indicators. At the same time 

the experiment allows the assessment of ecosystem impact within the context of 

normal seasonal cycles and behavioural responses. 
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Successful completion of the experiment required a number of challenges to be 

overcome. The first was to develop a risk averse and cost-efficient mechanism for 

injecting CO2 into a sediment layer without creating artificial conduits for leakage. 

There was then a need to identify a site which was both a suitable analogue for 

operational CCS but sufficiently accessible to facilitate injection and numerous 

observations. Not least, there is a social and political dimension in that injection of a 

potentially harmful substance into any environment is inherently controversial (e.g. 

Schiermeier, 2009).  

An overview of the experimental design, the processes behind the release site 

selection and the permissions and communication strategy that were required is 

outlined in this paper. Following this, the experiment site, drilling methodology, the 

gas release facility and its performance are described. Further, information on the 

initial baseline study and outline of the sampling strategy are presented, before 

outlining the range of findings generated. The scientific outcomes of the experiment 

are described in more detail in Blackford et al. (2014a) and in many other papers 

presented in this special issue, referenced below. This manuscript, as well as providing 

the detailed methodology in support of these papers seeks to present, discuss and 

identify lessons learnt from the delivery of this complex project in order to support 

and facilitate future work of a similar nature. 

 

3.4 Methodology 

The volume of CO2 required to detect an impact, along with the need to approach the 

release point from below to avoid disturbing overlying sediment layers dictated that a 

borehole containing the injection pipeline should be horizontally directionally-drilled 

from shore into a suitable coastal setting (Figure 9). This allowed the CO2 to be stored 

and control mechanism equipment to be situated on land for ease of access.  
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Figure 9. Simplified schematic of the experiment, showing the on-shore location of the gas injection equipment, the 

borehole and associated submarine CO2 release point. 

 

A general summary of the risk analysis procedures applied to the controlled release 

experiment with selected examples is presented in Table 1. In practice a generic risk 

assessment was developed and then applied to each prospective site as part of the 

site selection process. Whilst many of the individual hazard-consequence-action 

elements are largely common sense the collation of all risk elements based on 

discussions within a multi-disciplinary project team and using consultants where 

appropriate proved valuable. 

In the following sections we detail the approach to site selection, site characterization, 

regulatory permissions and communications, drilling operations, gas supply, injection 

strategy and sampling strategy. 
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Table 1. A general summary of the risk analysis procedures applied to the controlled release experiment with 

selected examples. 

Risk breakdown Approach 

Project phase The risk analysis was divided into project phases based on the experimental 
timeline, thereby prioritising protective actions: 

 Site selection 

 Drilling process 

 CO2 release system 

 Observational approach 

Hazard / event Every conceivable hazard was listed, for example 

 Inappropriate geological substrate to support drilling and bore hole 

 No suitable affordable tenders for the drilling work  

 Drilling fails to produce a usable borehole 

 Sediment ecosystem is incompatible with deeper settings 

 Gas does not percolate through the sediments or it escapes at a remote point 

 Observations interrupted by extreme weather 

 Land station vandalised 

 Stakeholder objections 

 Occurrence of unforeseen environmental impacts 

 Diver requires medical attention 

Cause An underlying cause or causes for each hazard / event was identified. 

 Poor site selection 

 Mismanagement of drilling tendering process, poor costings 

 Lack of knowledge of gas flux mechanisms in sediments 

 Poor communication 

 Misunderstanding of impact potential, unsuitable release strategy 

 Poor observational planning, lack of training. 

Consequence For each hazard / event, what is the consequence for the project, for example:  

 Insufficient funds to run project as envisaged 

 Failure of gas injection,  

 The gas flux and impact is not sufficient to be measured 

 The experimental findings cannot be easily transferred to other settings 

 Experimental shutdown  

Measures in 
place 

For each cause, what measures are in place to minimise the risk of occurrence or 
impact, for example: 

 High resolution seismic surveys completed 

 Biological communities characterised 

 Literature review of gas behaviour in sediments 

 Communication strategy planned 

 CO2 injection rates flexible, dosage / response impact curves understood 

 Diving depths less than 15 m, professional divers contributing to planning 

Further actions 
needed 

What further actions are required, for example: 

 Increased or additional site characterisation 

 Scope alternative and flexible approaches to instrument deployment 

 Reconsideration of sampling strategy 

 Modelling of gas flow through sediments and dispersion in water column 

 Ensure 24 hour a day on site presence 

Risk category Risks where categorised broadly in to three categories, enabling further 
prioritisation: 

 Green: Unlikely to cause an impact, even if event occurs 

 Orange: Could be significant, but unlikely to halt the experiment 

 Red: Potential show-stoppers 
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3.4.1 Site Selection 

The suitable experimental location had to meet several important criteria to ensure 

successful experimental set-up and accurate, repeatable monitoring of the CO2 

injection: 

1. Accessibility: The site had to be easily accessible, both from land and by sea. On-shore, 

there needed to be appropriate access for large drilling machinery and delivery of 

sufficient volumes of CO2, as well as space for the installation of the CO2 injection 

facility. Offshore, the site required nearby berths for survey vessels to minimize transit 

times and permit regular repeat surveys. Water depths needed to be between 10 m 

and 20 m with a moderate tidal range; deep enough to allow boat access for 

acquisition of high quality marine geophysical surveys, but shallow enough to facilitate 

diver based sampling and instrument deployment. Ideally, the site would be in a 

sheltered location to reduce the impact of adverse weather conditions and minimize 

the potential for days when survey was not possible. Land owners would have to agree 

to permit regular access to the site for several months during the drilling and gas 

release phases. 

2. Sediment stratigraphy and underlying bedrock: Offshore, the site needed to have a 

minimum sediment cover of ten metres through which the injected CO2 could migrate, 

and a maximum of 25 m sediment thickness to ensure injected CO2 would migrate to 

the seabed within the time constraints of the experiment, but sufficient overburden of 

sediment to impede direct release into the sea through a large crater. Ideally, the sub-

surface stratigraphy would be comparatively simple; an un-faulted, flat, shallowly 

dipping sequence of a range of sediment types representative of North Sea 

Quaternary sediments but avoiding glacial strata containing boulders (diamict) that 

might deflect or block the positioning of the diffuser pipe. Underlying these sediments 

the bedrock needed to be suitable to sustain drilling with a low desnsity of rock 

fractures to ensure an appropriate grouted seal. The specific offshore release site 

satisfying the above stratigraphic criteria had to be within a practical drilling range 

(maximum 400 m) of an on-shore location 
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3. Faunal type and diversity: The study location must support faunal types and faunal 

diversity similar to sites targeted for CCS operations since a primary research goal was 

to study the effect of CO2 injection on typical marine fauna.  

4. Logistical and scientific support: The selected site had to be near to a well-equipped 

marine laboratory with appropriate research equipment, laboratories, research vessels 

and, importantly, a scientific diving team to reduce the cost and time of transport 

between the experiment site and the facilities that would be used. 

 

Initial considerations suggested that the vicinity of Oban (Scotland) offered potential 

locations with an underlying bedrock suitable for drilling, and a large number of small 

islands and bays that would provide moderately sheltered survey conditions. Further, 

the location of UK national scientific diving facilities and other logistical support from 

the nearby marine research laboratory, Scottish Association for Marine Science 

(SAMS), at Dunstaffnage, Oban (Figure 10) was a vital component. Flexible diving 

support was mission critical given the high intensity of sampling and installation of 

seafloor instrumentation at very specific target areas and the requirement to react to 

circumstances as the experiment developed.  

After detailed surveys of nine local sites with over 400 km of very-high-resolution chirp 

seismic reflection data, together with extensive multi-beam bathymetry surveys, a 

preferred location was identified for the experiment, fulfilling all of the criteria listed 

above. The optimal study site was selected in the northern part of Ardmucknish Bay 

(Figure 10), and additional seismic reflection profiles were collected to characterise 

the site before and during the release (see Cevatoglu et al., 2015 for more details). 
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(a) (b) 

 

Figure 10.  QICS Experimental geometry, and pre-release geophysical data.  (a): Site map of Ardmucknish Bay (on 

the Scottish West Coast, see inset) with water depth contours (dotted lines), positions of release epicenter (Z1) and 

reference (Z4) zones.  (b): close-up of experimental area at the northern end of Ardmucknish Bay, showing positions 

of all 4 sampling sites (Z1 – epicenter of release, Z2-25 m distant, Z3 – 75 m distant and Z4 – control, 450 m distant), 

located c. 5 km from the Scottish Association for Marine Science facility at Dunstaffnage. The position of the 

directionally-drilled sub-surface pipeline is indicated, which terminated at c. 11 m depth beneath the seabed at Z1.  

The position of the boomer seismic reflection profiles collected pre-release and illustrated in Figures 9 and 15 are 

also shown. (c) Multi-beam bathymetric image taken over the epicentre of the later release, with the colour scale 

indicating depth between 4 and 12 m water depth. The red line is the position of the sub-surface pipeline which 

was subsequently drilled. The positions of some of the boomer seismic reflection profiles taken during the site 

characterization (pre-release) stage of the experiment are also indicated. 

3.4.2 Site characterisation 

To fully characterise the site, the dense seismic survey grid (approximately 20 m line 

spacing) of over 30 line kilometers of chirp profiles and 40 line kilometers of boomer 
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profiles acquired within an area measuring 1.5 km by 1.5 km and augmented by 

lithological characterisation using sediment grab and gravity core samples were 

examined.  This detailed geophysical mapping exercise allowed the identification of 

the sites geological structure and a target area for drilling. Following site selection, a 

further 18 boomer lines were run to produce a high density grid (Figure 10c) and to 

confirm bedrock continuity along a likely borehole trajectory between the proposed 

drill rig location and the target area. The final site selection was an area in which 

sediment likely to contain boulders, which would have been a significant drilling 

challenge, was absent. It also served to generate an accurate baseline of the sediment 

structure as an aid for detecting the migration of carbon dioxide gas within the 

sediment following initiation of gas release as well as subsequent geophysical 

investigations during the experiment examining gas migration pathways (Blackford et 

al., 2014b, Cevatoglu et al., 2015). 

3.4.2.1 Geology 
This site survey study identified three distinct seismic stratigraphic facies (SSS I 

through III) overlying a very high-amplitude but irregular basal reflector of multiple 

overlapping diffraction hyperbola (Figure 11), representing the interface between 

bedrock and unconsolidated sediments. 

I. Unit SSS I is characterised by chaotic reflectors, it is discontinuous, of highly variable 

thickness and directly and unconformably overlies the bedrock surface.  

II. Unit SSS II is a thick seismo-stratigraphic facies (up to 40 m) that overlies and infills the 

uneven upper surface of SSS I. It extends across most of the study area and may 

directly overlie bedrock where SSS I is absent. SSS II is characterised by laterally 

continuous layered reflectors. It is unconformably overlain and includes units of SSS III. 

SSS II is exposed at sea bed where SSS III is absent. 

III. Unit SSS III comprises a number of locally discrete, thin (up to 5 m), acoustically 

transparent units that unconformably overlie or are included within SSS II. The base is 

always unconformable truncating the layered reflectors of SSS II and where the upper 

surface may be exposed at the sea bed. Where units of SSS III are within SS II the 
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upper boundary is gradational from the transparent internal fill to the layered 

reflectors of SSS II.  

 

Figure 11. Uninterpreted (top) and interpreted (bottom) seismic reflection profile within Ardmucknish Bay (position 

indicated in Figure 10) illustrating the main sedimentary packages and sub-surface horizons. Refer to the main text 

for further explanation. The vertical axes are TWT (two way time) in milliseconds. Unconformity 3 has a major role 

in controlling gas migration during the release experiment (called horizon H2 by Cevatoglu et al. (2015)). 

 

These seismo-stratigraphic facies were interpreted as representing: a layer of glacial 

diamict deposited on top of the regional bedrock surface (SSS I); layered, fine-grained 

glaciomarine sedimentation (SSS II); and a stacked sequence of incised fluvial deposits 

of coarser material (SSS III). This interpretation was in keeping with the glacially 

dominated stratigraphy observed both locally (Howe et al., 2002, Nørgaard-Pedersen 

et al., 2006)  and regionally (Stoker et al. 2009). The whole sedimentary sequence was 

observed to thin towards the shoreline, with the exception of SSS I, which locally 

thickens on the irregular acoustic bed-rock topography, and a surficial SSS III unit 

which thickens towards the beach and demonstrates limited internal architecture in 

very shallow water (Cevatoglu et al., 2015). The boundary between SSS II and this 
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surficial SSS III deposit was observed to play an important role in gas migration 

through the subsurface (Cevatoglu et al., in press). 

The selected access point for drilling equipment was a large flat area suitable for heavy 

vehicles, within 20 m of the shore. The site was secluded and surrounded by trees 

which reduced the impact of noise from the drilling operations on the nearby Tralee 

Bay Holiday Park visitors. Following site selection, a further 18 boomer seismic lines 

were run to produce a high density grid (Figure 10c) close inshore and to confirm 

bedrock continuity along a likely borehole trajectory between the proposed drill rig 

location and the target area. The bedrock at the drill rig location is Dalradian Quartzite 

(British_Geological_Survey, 1991), with an unconfined compressive strength of 

187MPa, indicative of hard drilling (Long et al., 2012). This would tend to facilitate a 

secure and stable borehole that would not collapse during the drilling process, 

avoiding long delays and large cost over-runs. The quartzite continues, interrupted 

only by a Carboniferous quartz-dolerite dyke up to two meters wide, until the final ten 

meters of the required hole where the planned borehole exits this rock formation into 

unconsolidated sediments, interpreted to be dominantly silty, but may comprise a thin 

layer of diamict (till) at the bedrock surface. The bedrock exit point was targeted 

where the shallow seismic suggested the lag and/or diamict (SSS I) was thinnest or 

absent to minimise potential drilling difficulties. The only observed fault trends north-

east to south-west, dipping to the south-east, and has a throw of 20 – 30 m. The 

proposed release site was provisionally selected at 11 m below the seafloor and 23 m 

below mean sea level 

3.4.2.2 Hydrodynamics 
The characterisation of local hydrodynamics was important to ensure that vertical and 

horizontal water mixing was not atypical in the selected area. It was also required to 

optimise the sampling strategy, including the location of the control or reference site. 

This detailed information was also essential for modelling and tracking the plume of 

CO2 enriched water generated during the experiment. Ideally, the area selected should 

have had an element of tidal flushing, distributing CO2 enriched seawater to facilitate 

investigations into techniques for tracing CO2 leaks over a wide area, but not so great a 
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flushing rate that there would be no build-up of CO2 concentrations in the area during 

the experiment. 

Ardmucknish Bay is small, 3 km long and 3.5 km wide. It is open to the Firth of Lorn, 

the largest gulf on the West coast of Scotland at its south western extent and 

connected via a narrow (100 m) and shallow (9–13 m) channel to Loch Etive to the 

southeast. The circulation and mixing regime in Ardmucknish Bay is primarily driven by 

the semidiurnal tide with a maximum tidal range of 4.3 m. The tidal wave brings saline 

(S>34) waters from the west during the flood phase whilst releasing pulses of brackish 

(S=21–30) water from the adjacent strongly salinity-stratified sea loch during the ebb. 

This brackish low density water flows over the sill of the loch at high speed (4.5 m s-1) 

and develops into a buoyant plume as it decelerates and propagates out into the bay 

at speeds of approximately 0.3 m s-1. This repeated buoyancy input leads to the 

formation of a very thin (2–5 m) surface layer resulting in a persistent, near surface 

salinity stratified water column, with the sea bed at the experiment site below this 

surface layer at all times. The dynamics of each plume and the ambient stratification 

are known to generate sharp fronts and nonlinear internal wave features both ahead 

of, and in response to the reflection of the plume from the North-westerly headland.  

The nature of these dynamic processes has more recently been investigated using a 

Hydroid Remus Autonomous Underwater Vehicle (AUV) equipped with forward-

mounted microstructure sensors (Boyd et al., 2013). The authors demonstrate that 

non-linear internal wave processes lead to the downward displacement of near-

surface water coinciding with a two orders of magnitude increase in the measured 

turbulent kinetic energy (TKE) above the background level (Boyd et al., 2013). During 

the periods of intensified TKE, active mixing is shown to occur as salinity and 

temperature values do not return to those of the ambient fluid before the arrival of 

the turbulent features.  These internal wave features are thought to be generated 

each tidal cycle and evidence supporting this hypothesis was found via a further 

deployment of the AUV in 2011, as shown on the lower panels of Figure 12. Direct 

observations of this energetic process were obtained in the central deeper section of 

the bay between moorings sites E and W (Figure 12 b, c), where the effects have been 

limited to the upper 15 m of the water column. Surface manifestations of the 
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processes have been observed near the CO2 release site and thus may have an impact 

on the local mixing energetics. The direction of the currents within the bay confirmed 

that a reference site to the South and East of the release zone would not be exposed 

to the plume of CO2 enriched seawater that the experiment generated.  

 

Figure 12. (a) Tidal current ellipses of M2 constituent from the single depth current meters deployed at a depth 10 

m in May-October 2012 (site Z1 with Seaguard, sites Z4 and BI with RCM9) and from the vertically-average currents 

velocities form the East and West sites in February 2011 (RDI-ADCP). The latest (2012) multibeam topography 

(survey HI-Number 1373, courtesy of UK Hydrographic Office) is shown with every 5 m isobaths. AUV transect 

between E and W sites with salinity (b) and Turbulent Kinetic Energy values (c), obtained from velocity 

microstructure sensor at a depth of 10 m in February 2011 are shown at lower panel.  
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In order to study the depth averaged tidal dynamics, those beneath the brackish 

surface layer of the bay and the C02 release site itself, several long and short term 

moorings, including an AANDERA and RDI-ADCP current sensor and a CTD along with 

an ADCP were deployed at various sites in Ardmucknish Bay during 2011-2012, prior to 

the QICS experiment commencing, to gather detailed base-line data. Tidal analysis of 

the most energetic constituent, that of the semidiurnal tide, allows for an insight into 

the circulation patterns within the bay. The tidal ellipses from each mooring site show 

that currents are generally aligned with the bathymetric contours (Figure 12 a). 

Rotation direction of tidal velocity vector was found to be mostly clockwise, except at 

the Bay Inlet (BI) mooring, where it was anticlockwise. The tidal currents reduce in 

strength from the southern entrance towards the head of the Bay from 6.3 cm s-1 at 

site E to 1.6 cm s-1 at the release zone  

The E and W tidal ellipses shown in Figure 12 a represent currents flowing towards the 

Northwest and Northeast respectively during the flood phase and Southeast and 

Southwest during the Ebb phase, resulting in a tidally driven horizontal circulation 

within the bay. Long term residual current velocities near the CO2 release site 

(Atamanchuk et al., 2014) demonstrate a westerly and southwesterly flow, which is 

consistent with the prevailing winds in the area during the experiment.  

3.4.2.3 Biology and seafloor sediment characteristics 

A key aim of this study was to conduct the experiment in a habitat that had relevance 

to those habitats that could potentially be affected by leakage from industrial 

applications of CCS. These habitats will predominantly be soft sediment areas in the 

North Sea and most of these areas will be in water depths greater than could be 

achieved with the current study. However, even with the constraints of needing a 

shallow environment, due to limitations associated with the drilling and the use of 

divers for sampling, it was still possible to find an environment that had general 

relevance to these other situations. After a series of preliminary surveys across a 

number of potential sites it was concluded that the sediment characteristics and 

biology found in Ardmucknish Bay was representative of the North East Atlantic 

margin and whether there were any significant differences in sediment or biology 

across the bay that may limit the validity of conclusions arising from the QICS project. 
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To support this conclusion a series of more detailed measurements and observations 

were made before the start of the release experiment. 

The initial stage of habitat characterization was to determine if the sediments across 

Ardmucknish Bay were of uniform type in terms of physical structure and carbon 

content. For this a total of 24 cores were collected across the site from the 4 zones 

outlined in Figure 10. They were cut into 2 cm slices and then analysed for porosity, 

organic carbon content (Corg%) and grain size. Analysis of the data shows that the 

sediments had a uniform grain size and porosity across the 4 zones (Figure 13). The 

organic carbon content was analysed in zones one and four and, although more 

variable, there were no large differences between the two zones.  

 

Figure 13. Porosity, organic carbon content (Corg%) and mean grain size of the upper 25 cm of the sediments in the 

experiment zones 1 to 4. The horizontal bars are the variation of the parameters during the experiment at each 

site. 

It was clear from this work that the basic properties of the sediment were uniform 

across the experiment area, allowing a valid comparison to be made between the 

different experiment zones during and after the CO2 release phase. 

The structure and diversity of the macro-infaunal communities found in Ardmucknish 

Bay are detailed by Widdicombe et al. (2014). In summary, all 4 experimental zones 

were considered typical of NE Atlantic shallow, coastal fine sand sediments. The fauna 

were numerically dominated by several species of annelids (Exogone hebes, Prionospio 

fallax, Chaetozone christei, Tharyx killariensis, Euclymene oerstedii), a bivalve mollusc 

(Thyasira flexuosa) and a crustacean (Tanaopsis graciloides). Mean diversity and 
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abundance were similar across all zones. The total number of taxa found within each 

zone was highest in Zones 1 and 4 (60 and 63 taxa respectively), and slightly lower in 

Zones 2 and 3 (51 and 47 taxa respectively). PERMANOVA analysis on 4th root 

transformed species abundance data showed that there was a small yet significant 

difference in community structure before injection commenced between the zones 

(Pseudo F = 2.5077, P(perm) = 0.001), with significant pairwise difference seen 

between all zones except between Zones 1 and 2 (Table 2).  

Table 2. Fauna information showing most dominant species and groups  

 Zone 1 Zone 2 Zone 3 Zone 4 
Number of species (per core) 25.8 (±2.7) 20.8 (±5.1) 22.0 (±3.5) 24.0 (±2.0) 
Total number of species (5 
cores) 

60 51 47 63 

Number of individuals (per 
core) 

54.4 (±10.9) 44.0 (±11.1) 47.6 (±7.9) 46.0 (±11.2) 

Average similarity within site 49.13% 42.30% 60.56% 43.08% 
     
Pairwise 
similarity  

Pairwise 
dissimilarity  

Zone 1 Zone 2 Zone 3 Zone 4 

Zone 1  54.19 56.59 64.95 
Zone 2 45.81  56.11 61.78 
Zone 3 43.41 43.89  59.15 
Zone 4 35.05 38.22 40.85  

 

However, the variability between the five replicate community samples taken from 

within each of the zones was high with average Bray-Curtis similarity ranging from as 

low as 42.3% at Zone 2 up to 60.56% at Zone 3. Measurements of community 

variability between zones was only slightly lower than the variability seen within 

zones, with average Bray-Curtis similarity ranging from 35.05% between Zone 1 and 

Zone 4, to 45.81% between Zone 1 and Zone 4. Shallow sediments are inherently 

patchy over very small scales (Kendall and Widdicombe, 1999) so much of the 

variability observed between cores, both within and between sites could largely be 

due to the relatively small core size (10cm diameter, 0.008m2) used to collect 

macrofaunal samples. In a study conducted in sediment similar to that sampled in the 

current study (fine sand), also using a 0.008m2 diver operated core in similar water 

depths (10-12m), Kendall and Widdicombe (1999) found similar numbers of species 

(21.45 ±1.1) and slightly higher numbers of individuals (78.82 ±6.31) per core. The 
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slightly higher levels of abundance may be due differences in the timing of sampling 

between the two studies.  

In addition, Kendall and Widdicombe (1999) found that in an area of sediment that 

was considered to be a homogeneous area of fine sand, average levels of dissimilarity 

between samples taken only 50cm apart was around 59% and for samples taken 

around 500m apart average similarity was reduced to 49%. All of which indicates that 

the zones selected for the QICS study are not atypical in terms of the macrofaunal 

diversity, abundance and community structure expected for, fine sand sediments in 

the UK. For a more comprehensive description of the macrofaunal community 

response to the QICS experiment see Widdicombe et al. (2014). 

3.4.3 Permissions and public consultation 

With sufficient geological, hydrodynamic, biological and biogeochemical information 

having been gathered to assure ourselves that Ardmucknish Bay was a suitable 

location for the release experiment, we proceeded to pinpoint an optimal target for 

the drillers and identify the requirements of the gas diffusion and release equipment. 

At this point we initiated the process of gathering the relevant permissions needed to 

proceed with the experiment. 

At the project proposal stage, prior to site selection the bodies with formal regulatory 

roles were approached for an informal indication that the experimental procedure 

would meet with their approval. This afforded an opportunity to identify any initial 

concerns from these parties. For this experiment the regulatory bodies were Marine 

Scotland and the Crown Estates, the later control activities associated with the 

seafloor in the UK. Clearly each country would have its unique regulatory structure. 

Having identified the most favourable drilling location, the first priority was to contact 

the local landowner, Lochnell Estates, and the land leaseholder, Tralee Bay Holiday 

Park, to discuss the envisaged experiment and the associated requirements. Both 

parties kindly granted consent in principle for the experiment to proceed. Following 

this initial step, permission was sought and obtained from the two relevant regulators, 

Marine Scotland and the Crown Estates, for the drilling under- and into the seabed, 

deployment of instrumentation and marker buoys and for taking sediment samples. 
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Scottish National Heritage, the Scottish Environmental Protection Agency and Argyll 

and Bute Council were also informed of the proposed activities. With no objections 

from the landowner and the leaseholder, support of the Scottish Government and the 

vast majority of the local community, all relevant permissions were granted before 

drilling was scheduled to commence. 

A consultation with members of the local community quickly ascertained that the 

experimental area under active consideration was of no interest to local commercial 

fishers and/or aquaculturists, although this exercise revealed that a nearby jetty was 

under frequent use for launching small boats to transport divers to sites in the bay and 

by leisure fishers.  

Public acceptance was greatly aided by the strong links that SAMS has with the local 

population. Whilst local people did not necessarily support CCS as a “good thing”, the 

majority were convinced by the unbiased attitude of the researchers and the need to 

conduct this research, once its aims were described to them. Public events before, 

during and after the CO2 release phase were well attended with scientists being 

regularly approached by curious members of the public while the drilling and release 

experiment was underway, with such approaches encouraged by prior agreement with 

the landowners (Mabon et al., 2014a, Mabon et al., 2014b). 

In order to address the project’s objectives of providing information of direct use to a 

wide range of stakeholders, and build on the discussions held in the initial stages of 

the project a stakeholder group was initiated which included representatives of a 

diverse range of interested parties, from local industry representatives such as 

commercial shellfish growers, through the bodies that would be approached for 

planning consent for CCS to other interested parties such as Natural England, the 

International Energy Agency Greenhouse Gas R&D Programme, NGO’s and industrial 

bodies with an interest in CCS such as oil and power companies. A full list of 

stakeholders is on the QICS web page (http://www.qics.co.uk). The stakeholder forum 

allowed the project scientists to refine objectives and dissemination on the basis of 

direct feedback, but also encouraged discussion between groups with diverse 

attitudes to CCS. 

http://www.qics.co.uk/
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3.4.4 Drilling Operations 

The well design called for the majority of the drilling to go through the local bedrock, 

only drilling into the unconsolidated sediment for the bottom 10 m of the well, to 

reduce the likelihood of borehole collapse or sediment fracture to the lowest possible 

levels. The Horizontal Directional Drilling (HDD) operations were conducted using an 

HDD rotary drilling rig, employing a tubular steel drill string (Figure 14a), with a 16.5 

cm diameter tri-cone bit with tungsten carbide stud inserts to cope with the hard 

bedrock (Figure 14 d and e), while optimizing the rate of penetration. The well was 

drilled with an initial angle of 16 to horizontal. However, the final well trajectory 

formed a gentle curve (Figure 15). The location of the drill bit in three dimensions was 

calculated using an electromagnetic wire coil positioned on the seafloor by divers 

which could be energised to determine the bit location by producing a temporary 

magnetic field within a precisely located set of points. Magnetic direction finding 

sensors in the navigation package, placed 10 m behind the drill bit sensed the location 

of this magnetic field to within 4 decimal places. Drilling adjustments were then made 

to keep the hole in the correct trajectory. Connections between the ~9 m drill pipe 

sections were made-up using KopR-Cote lubricant grease in order to prevent the screw 

joints between the drill pipe sections seizing under high torque loading. 

 

Figure 14. Drilling images a) directional drill rig and drill bit, b) 5 cm diameter stainless steel pipe line with flanges, c) 

5 m gas dispersion screen with sediment anchor, d) close up of screen with 0.5 mm wide and 5 mm long slits 

constructed from wedge wire mesh. e) the 16.5 cm tri-cone bit prior to use, f) the bit after use showing clear signs 

of wear, but still functional with no missing inserts. 

Drilling fluid, primarily composed of fresh water and bentonite and suitable for drilling 

water wells for domestic supply, was circulated through the well while drilling and 
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recycled through two “shale shakers” – mechanical sieves – to remove all but the 

finest clay sized particles from the fluid.  

 

Figure 15.  Borehole trajectory and land surface superimposed on pre-release boomer seismic reflection profile. The 
major lithological units as well as the track of the borehole (purple line) are indicated, with the diffuser at the end 
of the borehole shown by the short red line. The experiment was designed so that the diffuser was positioned to 
come out of bedrock,  at the base of the sediments, 11 m beneath the seabed. The position of the seismic reflection 
profile and strike of the borehole are shown in Figure 10. The pink line indicates the interface between SSS I and 
SSS II as discussed in section 2.2.1, with the yellow line indicating the horizon (H2 of Cevatoglu et al. (2015)) 
between SSS II and SSS III. LAT is the lowest astronomical tide. 
 
 

On reaching the unconsolidated sediment, slight losses of drilling fluid to the 

formation were observed over the final six metres of the well bore, with an observed 

maximum mud loss to the unconsolidated formation of 2.3 m3 (Long et al., 2012). 

When the target position was reached the drill bit was initially washed out of the hole, 

pumping drilling fluid while the bit was pulled back out of the hole to remove as many 

drilled solids as possible.  

A mesh diffuser, five metres in length, composed of 316 grade stainless steel made 

from wedge wire mesh and with an effective mesh opening size of 0.5 mm and a 28 

mm internal diameter was welded to 316 grade stainless steel tubing (Figure 14b, c 

and d). This was used to ensure that there was an even spread of very small gas 

bubbles released into the sediment during the experiment. The diffuser was pushed 

into the well by using the pressure of drilling fluid against the black rubber packers 

mounted on the pipe (Figure 14b) and then pushed a further six metres into undrilled 
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sediment at the end of the well, located 11 m below the sediment water interface, 

which is 12 m below mean sea level. The spear assembly at the tip of the mesh diffuser 

(Figure 14c) ensured that subsequent operations would not dislodge the mesh from 

the sediment.  To ensure CO2 did not migrate back up the hole, a cement pipe was 

used to seal the well 100 m from the end and to hold the stainless steel injection pipe 

permanently in place. The site was returned to its original state, leaving only a man-

hole cover overlying the hole in which the injection pipe protruded from the borehole. 

3.4.5 Gas Injection System 

On site, CO2 was stored Manifolded Cylinder Pallets (MCP’s), with 15 standard 80 kg 

gas cylinders placed in a frame, all manifolded down to a single gas outlet point. Four 

MCP’s could be held securely at the injection site (Figure 16a). The MCP’s were 

connected to an automatic manifold with two MCPs supplying gas for the experiment 

at any time and two MCP’s on standby. When the supply pressure of the gas reduced 

to a threshold, the manifold automatically switched to the full MCP’s and injection 

would continue uninterrupted, the empty MCP’s were then replaced. Heaters were 

installed to prevent freezing of the manifold as the pressure was stepped down from 

cylinder pressure to injection pressure. MCP’s were housed in a secure 20 ft (6 m) 

container with doors at each end, allowing access for regular and easy exchange of the 

2,600 kg MCP’s using a Rough Terrain telehandler forklift (Figure 16b), as well as 

ensuring adequate ventilation in the event of a leak from the MCP’s. The container 

was fitted with a CO2 alarm which could be heard in the vicinity of the container.  

A mass flow controller monitored gas pressure at the injection manifold, as well as 

controlling the rate of flow of gas in standard litres per minute. The system logged the 

temperature, pressure and rate of gas injection every 12 seconds. The outlet of the 

mass flow controller was attached to an armoured flexible gas hose which passed out 

of the container and into the manhole. Inside the manhole a pressure gauge, a check 

valve and a shut off valve were installed at the top of the injection pipe. The check 

valve was installed in case of an interruption of gas flow into the well to stop the 

hydrostatic pressure of the seawater forcing gas back up the injection pipe should 

there be a sudden reduction in gas pressure The pressure gauge was installed so that a 

comprehensive leak test could be carried out on the equipment prior to operation. A 
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simplified schematic of the gas injection system is shown in Figure 16d, (detailed 

schematic available on request from lead author) 

 

Figure 16. (a) 20 ft (6 m) Tunnel container with doors open, waiting for gas change with telehandler forklift. (b) 
inside of tunnel container showing MCP’s in use. (c) manifold, heaters and computerised mass flow controller and 
logger. (d) simplified schematic of the gas injection system. . (1) represents Manifolded Cylinder Pallets (MCP), (2) 
heaters to stop gas freezing at high injection rates, (3) is an automatic manifold, drawing gas from two MCPs, 
swapping to two full MCPs when the active two are empty, (4) is a computer controlled mass flow meter and 
controller, logging gas flow rate, pressure and temperature every 12 seconds, (5) is a one-way check valve, (6) is a 
shut-off valve, (7) is a pressure gauge, before the gas enters the borehole (h). The photograph to the left of the 
schematic, shows the MCP’s, heaters, manifold and flow controller.  

 

3.4.6 Gas release strategy  

The primary risk in the design of the injection strategy was causing overpressure in the 

sediment, which would produce fracture-like pathways to the seabed. This was highly 

undesirable since the principle project aim was to explore natural pathways of leaking 

CO2, and to measure the geochemical and biological changes within the sediment as a 

consequence of this and to monitor the fate of CO2 as it migrated through the 

sediment. Conservative criteria to ensure that the sediment would be unlikely to be 
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mobilized in a single large catastrophic gas venting event was that the overpressure at 

the bottom of the well should not exceed the weight of the sediment. 

Conversely, sufficient CO2 needed to be injected to induce a potentially measurable 

impact on the environment. The question of how much CO2 was needed was non-

trivial and could be broken down into a more refined series of questions involving: the 

mass balance, fluid pathways and rates of migration and whether the pathways to the 

seabed would be diffuse or localized? Can the CO2 rise buoyantly through the 

sediment? How much CO2 would dissolve in the sediment pore water and how much 

would remain in the gaseous phase? 

During the design, our key uncertainty was the projected sub-surface volume 

distribution. If the injected CO2 spread out symmetrically into a plume which 

buoyantly rises, a large volume of pore space would need to be filled before the CO2 

could reach the seabed. However, if the CO2 were to rise up a narrow chimney – less 

pore space would need to be filled before the CO2 would break through. A first-order 

estimate of the time to breakthrough could then be made using the injection rate. The 

uncertainty in such volume distribution and flow pathways led to an uncertainty in 

breakthrough time from days to months for this system. In practice, CO2 emerged 

from the seabed in bubble form within hours of injection commencing, indicating 

relatively direct pathways (Cevatoglu et al, in press). 

Prior to the start of injection, the design of an injection strategy is often informed by 

performing a well test which then allowed the operator to determine likely achievable 

flow rates given some pressure differential at the well. This is where the injectivity and 

permeability of a target formation is constrained by performing either injection or 

extraction tests. In our case it was not practical to do this as it would have perturbed 

the site, perhaps initiating fractures in the sediment. At this stage, the CO2 injection 

pressure was observed to oscillate in phase with tidal cycles. 

In this project, the strategy was to start injecting at a low flow-rate and monitor the 

pressure at the well-head which gives a hydrostatically corrected indication of the 

pressure at the injection point. The initial flow rate of 4 L min-1 (at standard 

conditions) pressurised the system to a peak wellhead pressure of 461 KPa which 
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rapidly decreased back to ~413 KPa. This pressure and flow rate was held for 4 hours 

to saturate the sediments with CO2 in order to increase the relative permeability of the 

CO2 gas phase (Figure 17). Within 3 hours, streams of bubbles were observed exiting 

the seabed, which were shown to be CO2 (Figure 18). Since a measurable impact was 

required, gas flow rate was gradually stepped up to 32 L min-1 over 167 hours. Over 

this period the average pressure stabilised at ~441 KPa despite the increase in flow 

rate. This was a positive indication as to the performance of the injection system. 

These rates were based on modelling of plumes of CO2 in seawater (Dewar et al., 

2014, Dewar et al., 2013), which generated a guide to the flow rates of gas that would 

produce a significant, but not catastrophic, signal at the seafloor as well as being 

constrained by gas injection pressures. 

 

 

Figure 17. Gas injection parameters: (a), injection pressure in Kpa, (b) litres of gas per minute at standard pressure 

and temperature (100 KPa, 0 C) in black, with the cumulative gas injected during the experiment in Kilograms in 

red, (c) temperature of the gas at the manifold.  
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Figure 18.  In situ image of the release zone, showing bubble streams of CO2 gas leaving the sea bed, pock marks 

can be seen at the base of the bubble streams caused by mechanical disturbance to the sediment. Photograph also 

shows various sensors deployed for monitoring, to the right is an Aanderaa Seaguard current meter equipped with 

a pCO2 optode and a CTD to the left. The cable running across the seafloor is an Online pCO2/pH ISFET electrode 

sensor. The results from these sensors is discussed in detail in Atamanchuk et al. (2014)  

In response to feedback from the remote and direct observations at day 20, the 

injection rate was further increased in a series of increments, reaching 80 L min-1 on 

day 32. When the injection rate reached 80 L min-1 there was an increase in the well-

head pressure which was interpreted as the maximum flow rate deliverable to the 

experiment without a detrimental effect on the structural and geotechnical integrity of 

the sediments. The changes in flow rate were initiated to increase the rate of change 

in sediment chemistry and to test the responsiveness of the system to change. After 

37 days, the injection was terminated as planned, with a total of 4,200 kg of CO2 

released into the sediments during this period. Occasionally, undesirable fluctuations 

in gas injection temperature were caused as gas expanded and cooled in the manifold 

and the thermostat controlled gas heaters failed to respond quickly enough. In future 

a computer controlled system with a temperature feed-back loop to the heaters would 

be preferable. 

3.4.7 Experimental remit and observational strategy 

The experiment was planned with a Before-After-Control-Impact (BACI) design 

strategy, with four experiment zones chosen (Figure 10). A 10m radius around the 
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release epicenter was designated zone 1, with zone 2 being 25 m away from this, zone 

3 a distance of 75 m away and a reference zone which could not be affected by the gas 

release some 450 m distant SE of the release epicenter (Atamanchuk et al., 2014, 

Lichtschlag et al., 2014).  

In the two weeks immediately prior to the initiation of gas release 15 sediment cores, 

with a diameter of 10 cm, were taken by divers from each of the 4 experiment zones, 

for subsequent base-line analysis for sediment pore water chemistry, nutrient cycling, 

examination of in-fauna and for sub-sampling for later examination of the microbial 

community. Cages containing megafauna of commercial interest (king scallops Pecten 

maximus and common mussels Mytilus edulis) were deployed for later collection 

during the release phase. Instruments comprised ADCPs, Hydrophones, spear sensors 

for measuring sediment pH and pCO2 at up to 1 m depth in the sediment, cameras 

taking time lapse photographs to determine movement of fauna, a transect profiling 

lander, pCO2 optodes and recording CTDs, pCO2/pH ISFET sensors, sampling grids and 

baskets containing pCO2 and pH optode recorders. In addition, benthic chambers were 

deployed to measure biogeochemical fluxes and Diffuse Gradient in Thin film (DGT) 

probes were used to determine metal mobility within sediment pore waters. During 

this period repeated CTD casts from throughout the bay were taken, extensive Chirp 

seismic surveys were completed as was a multi-beam survey and water sampling. 

Immediately after the release commenced, it was discovered that the gas was 

bubbling out of the seafloor some ten metres distant from the expected location, 

some lateral offset having been introduced to the gas flow by the sub-seabed 

geological structures. As a result the location of zones 1, 2 and 3 were moved to 

compensate. This was not an issue for the experiment design as it had already been 

ascertained that the experiment area in Ardmucknish Bay was sufficiently 

homogenous with respect to the required parameters, as described in section 3.2. 

Multi-beam and chirp surveys were regularly completed during the first week of 

release, carried out on an almost daily basis. 

During the first week of CO2 release the sampling campaign was repeated, with a 

further 15 sediment cores from each zone taken by divers spanning 4 dives in a 48 
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hour period. Incubation chambers were again deployed, as were DGT probes, cages of 

fauna were collected from the pre-positioned frames and an AUV was deployed on 

several occasions. Sampling was also conducted during the second week of release, as 

well as the final week of release. Immediately on cessation of release a fourth 

sampling week was completed, with a fifth sampling week occurring three weeks after 

the cessation of gas release. A seventh sampling week took place in September, three 

months after the cessation of CO2 release, with a final sampling week, of more limited 

scope, occurring 1 year after the initiation of CO2 release. In total, over 200 individual 

dives collected over 650 sediment cores and 300 water samples, took over 500 images 

and laid 1,600 m of underwater cable, in addition to deploying and recovering the 

equipment outlined in this section. 

3.5 Discussion 

3.5.1 Experiment outcomes 

As shown in Figure 18, gas bubbles were seen escaping the seabed during the QICS 

experiment, proving within hours of the release commencing that the CO2 was being 

released into the sediment as planned and that gas was not migrating back up the 

annulus of the borehole, or one of the other worst case scenarios. However, empirical 

evidence collected by divers and using hydrophones suggested that only 15% of the 

injected CO2 bubbled from the seafloor during the QICS experiment (Berges et al., 

2015, Blackford et al., 2014a) with the rest of the CO2 remaining within the sediment 

during the gas release phase (Cevatoglu et al., 2015). The released gas that reached 

the water column was detected over a small area around the release zone 

(Atamanchuk et al., 2014). During the release phase, CO2 enriched pore waters were 

observed close to the sediment-water interface (Lichtschlag et al., 2014) and the pH of 

the sediment surface was significantly different to the reference zone 450 m distant 

(Taylor et al., 2014a), with in situ pH and pCO2 sensors in the sub-seabed also 

monitoring the movement of CO2 (Shitashima et al., 2015). In addition, the observed 

plume of CO2 enriched seawater was mapped, as was the CO2 concentrations in the 

atmosphere in the release zone (Maeda et al., 2015). 
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Given that this could be characterised as a deliberate pollution event in an 

environment famed for its natural beauty, the local public supported the experiment 

and its aims, were well informed and interested in the experiment (Mabon et al., 

2014a).  

4,200 kg of CO2 gas was released into the sub-seabed sediments for a period of 37 

days (Blackford et al., 2014a). During this time the gas could be tracked by geophysical 

techniques (Cevatoglu et al., 2015) and was observed bubbling from the seabed both 

directly by divers and remotely by hydrophones (Berges et al., 2015, Blackford et al., 

2014a). Further, the progress of the CO2 as it dissolved in seawater (Dewar et al., 

2014) was detected using several techniques (Atamanchuk et al., 2014) and mapped in 

both the seawater and the atmosphere (Maeda et al., 2015). The presence of injected 

CO2 within the sediment was confirmed by Lichtschlag et al. (2014), while its impact on 

the pH and pCO2 of the seabed sediment was directly measured (Queiros et al., 2014, 

Shitashima et al., 2015, Taylor et al., 2014a).  

Further, the effect that the CO2 had on the microbial community and in-fauna in the 

sub-seabed as well as megafauna within the water column was quantified (Kita et al., 

2014, Pratt et al., 2014, Tait et al., 2014, Widdicombe et al., 2014), consequently 

nutrient cycles were also investigated (Tsukasaki et al., 2015, Watanabe et al., 2014). 

Numerical modelling was carried out based on empirical data collected during the 

experiment (Dewar et al., 2014, Mori et al., 2015) and future best practices for 

monitoring for a leak from a CCS facility were posited (Blackford et al., 2014b, Ingels et 

al., in press).  

The recovery of the release zone was monitored for up to one year after the release 

phase was terminated (Tait et al., 2014, Widdicombe et al., 2014). 

3.5.2 Experimental Limitations 

The data on the geology of Ardmucknish Bay was mostly inferred from remote 

sensing, such as chirp and boomer seismic surveys and by direct sampling from a 

number of cores taken for analysis, although these were confined to the top 20 – 30 

cm of sediment. It was attempted to take longer cores, with a gravity corer, but this 

was limited by areas of larger boulders within the sediment away from the release 
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site. The release site was expressly chosen due to the small number of larger boulders 

in the sediment in that area. However, collecting long (>4 m) cores close to the release 

site of the experiment may have generated a weak point, or conduit, which would 

allow preferential gas migration, in direct contradiction to the experiment 

requirement for a diffusive release. Extensive coring by gravity core was therefore 

limited in the area immediately surrounding the release zone. This in turn limited the 

available information on geotechnical strength of the sediment into which the CO2 was 

to be released, indicating a precautionary approach to maximizing the gas release rate 

during the experiment. It is possible that more accurate geotechnical information on 

the sediments in the area could have allowed greater release rates of CO2 during the 

experiment. 

The base-line study prior to the experimental release was carried out fully, but over a 

limited time period. Ideally a longer, more intensive base-line study should be carried 

out, to allow better differentiation between observed impacts and natural variation in 

Ardmucknish Bay. Potentially this should be at high spatial resolution for a full year 

prior to the experiment to better understand variations in key parameters and even 

response to extreme events, such as a storm. Additionally, better quantification of the 

different phases of CO2, dissolved, gaseous and even solid phase precipitation within 

the sediment would be encouraged. Ultimately, 85% of the injected CO2 was not 

traced  (Blackford et al., 2014a), however, as pointed out above, this is ultimately a 

difficult decision to make as it would involve deep coring, thus providing an easy 

conduit for gas escape and potentially negating several other aspects of the 

experiment. Ultimately, deep cores should be taken from an area near-by the release 

site, but with very similar geology to better inform modellers and geologists of the 

sediment. 

The experiment was specifically designed to provide a concentrated and small impact 

to the natural environment, given that a more massive release would have a more 

wide ranging impact and the increased likelihood of opposition to such a move. As a 

result the impact area was concentrated, with a small footprint. This was exactly as 

dictated by the experiment design, but made coordinating deployment of sensors on 
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the seafloor with diver movements and AUV surveys complex and time consuming, as 

a great deal of effort was focused on one small area. 

The duration of the gas release was not long enough. The experiment had planned to 

release gas for 30 days. In the event, it was decided to use all stocks of CO2 on site 

rather than terminate on day 30, extending the gas release to 37 days. Analysis of 

samples taken around this point and discussed in detail elsewhere in this special issue 

(e.g. Lichtschlag et al., 2014) indicate that a longer gas release phase would have 

resulted in a larger impact being observed as a plume of CO2 enriched pore water was 

reaching the sediment water interface in the days immediately prior the gas release 

being stopped. However, to facilitate monitoring, tracers could be used in the injected 

gas, to further allow the accurate quantification of the gas and whether or not there 

are measurable fluxes from the sea bed.  

Ultimately, the experiment should be carried out in situ proximal to a site that will use 

CCS as an industrial application, for example in the North Sea. This would ensure that 

the conditions of the experiment exactly match the geology, biology and 

hydrodynamics in the area surrounding the CCS facility and would “ground truth” the 

findings of this experiment as accurately as possible, however such an experiment was 

out with the resources of the QICS project.  

3.6 Conclusions 
The sub-seabed CO2 release experiment in Ardmucknish Bay was successful. The 

migration of the gas could be imaged in the sub-surface, and detected in surface 

sediments, within the water column and in the atmosphere. Key factors which were 

important to the success of the experiment include: 

 Initial detailed geophysical surveying to choose an appropriate site was crucial to the 

success of the experiment. 

 The significant effort made in informing and interacting with the local population was 

essential. The project was successful in ensuring that local people both understood the 

rationale for the work and felt empowered to approach the project personnel should 
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any issues arise. The experiment proceeded with the support from an interested public 

and follow up public meetings discussing the experiment were well attended.  

 Drilling activities were significant and noisy and the project deliberately undertook 

drilling activities during the winter months to minimize any impact on tourist activities 

in the region. 

 A constant and reliable gas supply was required; gas deliveries had to be carefully 

planned in advance of the release phase. 

 Good site selection assured that access to the experiment site was possible 

throughout the experiment, with only two day’s sampling being delayed by 24 hours, 

due to inclement weather.  

 The sampling strategy was extensive and involved over 200 individual dives and 12 

weeks of boat time. There was, however, a compromise in the resolution of data 

gathered and the cost of collecting and analysing these samples. In retrospect, the 

most rapid changes in many observed parameters occurred immediately after the gas 

release commenced and upon its cessation. More sampling dates around these points 

would have been beneficial. 

 From the data acquired during this experiment, a longer release phase is indicated in 

any subsequent experiment 

 The release rate of gas was only slowly increased due to concerns about fracturing the 

sediment and generating a direct conduit through the sediment to the overlying 

water. In future geotechnical information on sediment strength would better inform 

this decision making process. 
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4.1 Highlights 

 Impact of carbon dioxide leakage on oxygen uptake and pH in surface sediments 

 Recovery of pH after carbon dioxide release took under 1 month 

 Modelling the mass of carbon dioxide remaining within the sediment after release 

4.2 Abstract  
A possible effect of a carbon dioxide leak from an industrial sub-sea floor storage 

facility, utilised for Carbon Capture and Storage, is that escaping carbon dioxide gas 

will dissolve in sediment pore waters and reduce their pH. To quantify the scale and 

duration of such an impact, a novel, field scale experiment was conducted, whereby 

carbon dioxide gas was injected into unconsolidated sub-sea floor sediments for a 

sustained period of 37 days. During this time pore water pH in shallow sediment (5 

mm depth) above the leak dropped >0.8 units, relative to a reference zone that was 

unaffected by the carbon dioxide. After the gas release was stopped, the pore water 

pH returned to normal background values within a three-week recovery period. 

Further, the total mass of carbon dioxide dissolved within the sediment pore fluids 

above the release zone was modelled by the difference in DIC between the reference 

and release zones. Results showed that between 14 and 63% of the carbon dioxide 

released during the experiment could remain in the dissolved phase within the 

sediment pore water. 

 

Keywords: Carbon Capture and Storage; sediment pore water; pH; CO2 

 

4.3 Introduction 

Increases in global atmospheric carbon dioxide levels leads to climate change and 

ocean acidification (Cao and Caldeira, 2008, Doney et al., 2009). Despite global efforts 

to increase energy efficiency and reduce demand on combustion of fossil fuels, 

atmospheric concentrations of carbon dioxide continue to rise 

(The_Global_CCS_Institute, 2014). Different technologies are proposed to mitigate the 

impact of increasing atmospheric carbon dioxide concentrations. Carbon Capture and 
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Storage (CCS) collects carbon dioxide from large point source emitters, such as a 

power stations or large industrial facilities. It is then compressed and transported to a 

suitable geological location for injection into a porous rock  formation, overlain by a 

sealing cap rock, where it will be stored over geological timescales (IPCC, 2005).  

As of yet, there is a lack of research on the environmental consequences that may 

arise from a leak of carbon dioxide from a sub-sea floor storage facility, particularly 

research that includes the complexities of the natural environment (Blackford et al. 

submitted 2014). Several studies have attempted to fill this gap in knowledge by 

researching natural carbon dioxide seeps (Caramanna et al., 2011, Espa et al., 2010, 

Hall-Spencer et al., 2008, Vizzini et al., 2010). However, with this approach it is 

impossible to assess the rate with which “normal” conditions change following the 

start of the release and the rate with which they are re-established following 

termination of the release. Furthermore the hydrothermal nature of these systems 

leads to high background temperatures and contamination with traces of hydrogen, 

hydrogen sulphide and methane among other impurities, changing redox conditions 

and chemical reactions within the sediment (Italiano and Nuccio, 1991). Therefore, to 

test the impact and the rapidity of recovery after a CO2 leak in the environment, a 

purposefully designed carbon dioxide release facility is needed. 

In order to address this, a large-scale multi-disciplinary experiment was conducted in 

situ in a Scottish Sea Loch during the summer of 2012, to study the impacts of a 

simulated sub-sea floor leak of carbon dioxide on the marine environment. Carbon 

dioxide gas was released into unconsolidated sediment for a sustained period of 37 

days (QICS, 2014, Taylor et al., 2014b). During the QICS experiment a total of 4,200 kg 

of carbon dioxide gas was injected into 11 m of unconsolidated sediment, in a water 

depth of 10 - 12 m. This resulted in migration of dissolved and gaseous carbon dioxide 

through the sediment overburden and gas bubbling from seabed pockmarks into the 

overlying water column (Lichtschlag et al., 2014). The QICS study area in Ardmucknish 

Bay (Dewar et al., 2014, Taylor et al., 2014b) has low water residence time, flushing 

being aided by the flow from nearby Loch Etive (Thorpe et al., 1983, Thorpe and Hall, 

1983). It could, therefore, be anticipated that carbon dioxide enriched seawater from 
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the release zone would be flushed from the bay within a few tidal cycles (Atamanchuk 

et al., 2014) and replaced with non-affected water from elsewhere.  

However, the impact of the carbon dioxide on the sediments may not be 

straightforward. The dispersion of carbon dioxide saturated pore water from deeper 

down in the sediment overburden might be complex, as it can occur due to chemical 

diffusion along concentration gradients, vertical and horizontal displacements due to 

the difference in density between pore waters saturated with carbon dioxide and 

native fluids, and through the mechanical disturbance of bubble movement on 

unconsolidated sediments. The recovery of the sediment after an injection of carbon 

dioxide gas can be affected by several processes, including mineral buffering, sinking 

of carbon dioxide enriched pore water due to density differences and the replacement 

of non-affected seawater close to the sediment water interface through bioirrigation 

and/or pore water advection. 

As carbon dioxide dissolves in water, it causes a shift in the natural carbonate system, 

causing the pH of seawater to drop and changing the saturation state of calcium 

carbonate (Zeebe and Wolf-Gladrow, 2001). Changes in the pH of pore water of 

sediments may have important consequences for fauna living therein (Murray et al., 

2013) from loss of calcifying organisms (Hendriks et al., 2010) through to reductions in 

growth and survival rates (Fabry et al., 2008, Kroeker et al., 2010, Murray et al., 2013). 

Species may not all be impacted equally, resulting in the shifts in community structure 

and biodiversity, whether caused by susceptibility to alterations in pH or through 

excess carbon dioxide (Widdicombe and Spicer, 2008).  

Marine sediments are essential for biogeochemical processes such as nutrient 

recycling, carbon remineralisation and carbon burial (Cai and Reimers, 2000, Cai et al., 

2000, Canfield et al., 1993), which may be impacted by changes in benthic community 

structures caused by pH changes. Therefore, it is important to quantify the potential 

for large scale shifts in pH associated with a carbon dioxide leak, and the rate at which 

pH returns to background levels after the cessation of such a leak. Similarly, diffusion 

mediated oxygen flux in the sediment is a proxy for the rate at which microbes 

remineralise carbon (Glud, 2008) within the benthic sediments. 
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In addition to this, metals can be mobilised from marine sediments, that act as 

reservoirs for metals in various forms, e.g. as precipitates or as components of organic 

molecule complexes and detritus, being deposited on the seabed, hence removing the 

metals from the overlying water (Stumm and Morgan, 1996). It has been shown that 

these complexes are susceptible to changes in sediment pH (Cruz Payan et al., 2012b), 

changes in the ambient carbonate system to which they are exposed and changes in 

oxygen concentrations (Ardelan et al., 2009, Little and Jackson, 2010, Stahl et al., 2012, 

Tankere-Muller et al., 2007).  

The present study investigates the pH and oxygen dynamics of interstitial pore water 

within coastal surface sediments impacted by a release of carbon dioxide gas from a 

simulated carbon dioxide storage facility. It also examines how rapidly the sediment 

pore water returns to background values after the cessation of the leak and quantifies 

the amount of dissolved carbon dioxide required to match the observed changes in 

dissolved inorganic carbon within the sediment pore waters. 

4.4 Materials and Methods 

4.4.1 Experiment site and description 

The large-scale in situ carbon dioxide release experiment site was located in 

Ardmucknish Bay on the west coast of Scotland, with the release epicentre located 

350 m off shore at 11 m depth below the sediment-water interface and with 10-12 m 

of  overlying water column, depending on tidal state (Taylor et al., 2014b). The carbon 

dioxide injection rate was increased by increments during the experiment, to 

maximise injection rate without fracturing the unconsolidated sediment (Taylor et al., 

2014b) around a 5 m long diffuser with an effective mesh size of 0.5 mm and an 

internal diameter of 2.8 cm. Sediment cores were collected for ex situ pH and oxygen 

microprofiling, using SCUBA diving, from two zones: a) the release zone comprising the 

area within 10 m of the gas diffuser at the end of the release pipe, in the area with gas 

flow from the sediment and b) a reference zone, 450 m away from the release point 

and unaffected by the CO2 release (Taylor et al., 2014b). Cores were collected from 

both of these locations on proximal dates so that a meaningful comparison could be 

generated at various time points. The experiment duration was counted in days, with 
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day 0 being the initial day of carbon dioxide release into the sub sea floor sediments. 

The release phase lasted for a total of 37 days. After the release phase, there was an 

extended recovery monitoring programme. Core collection campaigns/times were 

chosen to best capture the impact and recovery process; at the end of the carbon 

dioxide release phase on days 35-36 (last week of release), on days 42-43 in the first 

week after the release was stopped and on days 57-61, 3 weeks after the release was 

stopped. Unfortunately, pH profiles were not generated prior to the release phase as 

planned, due to problems with experimental equipment. 

4.4.2 pH profiling 

Sediment cores with a 5 cm inner diameter and a total sediment core length of 10 to 

15 cm, were collected from the release zone and reference zone respectively. The 

cores were transported to a laboratory within 30 minutes of collection and placed in a 

temperature controlled aquarium, filled with bottom water from the same zone as the 

cores and maintained at in situ bottom water temperature (10-12C depending on the 

date). An immersion pump was placed in the aquarium, ensuring that the water was 

well stirred and homogenous and microprofiling was carried out in day-light conditions 

on each occasion. On each sampling occasion a minimum of three cores was collected 

from each zone.  

LIX microelectrodes with a tip diameter of <10 µm, a soda glass shaft and a length of 

40 cm were constructed as fully described in de Beer et al. (1997) and in Queiros et al. 

(2014). Microelectrodes were calibrated using pre-made buffers with a pH of 4, 7 and 

9 on the seawater scale. For calibration, electrodes were suspended in pH buffer 

solutions and the mV output was recorded prior to and after profiling in the sediment. 

Microprofiling was done manually, using a micromanipulator (Märzhäuser Weltzar 

GmbH, Type MM33 r.m. Kipp.) attached to a stand and positioned over the aquarium. 

The microelectrode was attached to a high impedance mV meter (JENCO Digital pH / 

mV meter 601A), with the reference electrode suspended in the aquarium water.  

For profiling, the microelectrode was then placed into the water above the sediment 

and profiles with 100 µm increments were measured by recording the stable mV 

output after 10 seconds at each depth interval. Micro-profiles were recorded to a 
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maximum depth of 1 cm, with the microprofile starting at least 1 mm above the 

sediment water interface. The latter was determined as the point at which the profile 

departed from a vertical pH profile, representing the uniformly mixed overlying water.   

All microprofiles generated from a sampling location were then combined into an 

average profile for each sampling occasion. To remove erroneously high or low 

readings caused by the tip of the microelectrode colliding with obstacles in the 

sediment, a 3 point running average was applied. On each sampling occasion a 

minimum of three profiles was measured. Each core was profiled at least once, 

although typically cores were profiled twice, replicates from each core being limited 

due to breakage of the microelectodes on shells and/or larger grains of sediment; 

profiles from the reference zone were collected and profiled within 4 days of those 

collected at the release zone so that seasonal changes and disturbances due to 

weather patterns could be discounted from any comparisons. 

Profiles were analysed for any significant differences at a range of depth points: at 1 

mm above the sediment-water interface, at the sediment-water interface and at 1, 2, 

3, 4 and 5 mm below the sediment water-interface, using ANOVA. 

4.4.3 Oxygen profiling 

Oxygen concentration profiles were measured using the same micromanipulator as 

described above, with a Clark type microelectrode  (Clark et al., 1953, Glud, 2008, 

Revsbech and Ward, 1983) attached to a pA meter (Unisense Picoammeter PA2000). 

The microelectrodes were made with a tip diameter of <15 µm. The profiles were 

measured simultaneously with the pH profiles and the steady state pA output from the 

microelectrode was also recorded after 10 seconds at each depth point. Typically the 

pH and oxygen microelectrodes were separated by less than 1 cm horizontally. The 

aquarium was open to free passage of air and the water was stirred by an immersion 

pump, so the water within the aquarium was assumed to be oxygen saturated. Zero % 

and 100 % oxygen saturation was used to calibrate the pA output from the 

microelectrode. Oxygen concentration at saturation at the salinity and temperature 

determined in the aquarium on each sampling date was 271 – 284 µmol O2 L-1. This 

was confirmed by determining the oxygen concentration in water samples after 
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Winkler (1888) on 2 occasions. For the 0% oxygen calibration, a reading was taken 

from the bottom of the collected oxygen profiles, where the sediment was anoxic.  

The depth of oxygen penetration was taken as the point at which the measured 

oxygen concentration within the sediment dropped below 3 µmol L-1. The diffusive 

oxygen uptake into the sediment was calculated using Fick’s first law of diffusion by 

calculating the diffusion gradient across the diffusive boundary layer (Glud, 2008, 

Revsbech et al., 1998) and using an oxygen diffusion coefficient of 1.4214 x 10-5 cm2 s-1 

(Salinity of 36, Temperature of 9 C (Ramsing and Gundersen)).  

4.4.4 Sediment porosity  

Before the start of the QICS experiment, 10-15 cm long sediment samples were 

collected using a Craib corer. Cores were sliced into 2 cm sections for porosity analysis. 

Sediment was weighed and placed in an oven at 95 C for 24 hours before weighing 

again. The difference in volume was assumed to be evaporated water from the 

sediment, and thus representing a measure of porosity.  

Although attempts were made to take longer cores in a near-by location, this was 

unsuccessful due to large boulders in the sediment preventing easy coring. 

Additionally, after selecting a drilling site where the sediment was thought to have 

fewer boulders, long gravity cores were not taken as there was a risk that the holes 

created by coring could act as an easy conduit to the sediment surface along which gas 

would preferentially migrate. Further estimates of sediment porosity in the deeper 

lithologies reported at the site were gathered from literature sources identified in the 

results, section 4.5.3.  

4.5 Results 

4.5.1 pH profiles 

Vertical profiles of pH in sediment and the overlying water columns are shown in 

Figure 19. Those collected from the reference zone show a stable pH of 8.2 above the 

sediment-water interface, representing the well mixed water, in all but one time point, 

at day 61. The profile on day 61 shows a small increase (of 0.08 pH units) towards the 

sediment-water interface. This is likely to be due to photosynthetic activity (Stahl et 

al., 2006),  probably of microphytobenthos, absorbing carbon dioxide from the 
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overlying seawater and thus increasing pH. This was not seen at the release zone on 

any sampling occasion.  

At both the release zone and the reference zone, the pH decreased below the 

sediment-water interface. At the reference zone the pH decreases steadily for the first 

3 mm, from a pH of ~8.2 in the overlying water to a minimum of 7.7 on day 43, at a 

depth of 2.7 mm below sediment-water interface (Figure 19b). Below this depth, 

sediment pH is more or less stable, or slightly increasing, with increasing depth.  

 

Figure 19. pH microprofiles taken during the QICS experiment, from the reference zone: top row a-c and release 
zone: bottom row d-f. Displayed profiles are a mean of 3 cores, with a 3 point running average and +/- st dev 
displayed at every 0.5 mm. (a) Represents the profiles collected at the reference zone on day 36, (b) = reference 
zone at day 43, (c) = reference zone at day 61, (d) = release zone at day 35, (e) = release zone at day 42, (f) = release 
zone at day 57 nb, on profile c, standard deviation bars are not visible at this scale in several cases. 

These profiles from the reference zone can be contrasted with the pH profiles 

measured at the release zone, which in general have a similar shape, with a stable pH 

profile in the well mixed overlying water, a reduction in pH in the top 3 mm of the 

sediment, then constant values below this depth, except for the profile collected on 

day 42, which starts to become more alkaline with increasing depth below 3 mm 

(Figure 19e). However, for profiles taken at the release zone absolute pH values are 

substantially lower, both in the water column and the sediments compared to profiles 
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from the reference zone. As shown in Figure 19, the pH not only starts at a noticeably 

lower value in the overlying seawater (Figure 19e-f), but also continues to drop with 

increasing depth within the sediment to a minimum at ~3 mm. The minimum pH 

attained at the release zone was 7.01 at 2.6 mm depth on day 42. 

Statistical analysis, using ANOVA, showed that the pH profiles from the reference zone 

were not significantly different from each other at any depth or time point (p = 0.08 to 

0.56 depending on the depth point). At the release zone, the profiles taken on day 35 

and 42 were significantly different from those collected on days 36 and 43 at the 

reference zone respectively (p<0.03). Additionally the two profiles from the release 

zone collected on days 35 and 42 were significantly different from each other (p<0.04) 

at the sediment-water interface and above, but were not significantly different from 

each other below this point (p = 0.06 to 0.54 depending on depth point). The profiles 

taken from the release zone at day 57 were significantly different from the profiles 

taken in the release zone on day 35 and day 42 above 4 mm depth in the sediment, 

but were not significantly different from the reference zone pH profiles above 4mm 

depth in the sediment at any time point.  

4.5.2 Diffusive flux 

Diffusive flux of oxygen into the sediment and oxygen penetration depth as 

determined with oxygen microelectrodes are shown in Figures 20 and 21. In general, 

oxygen penetration was between 2-4 mm, both at the release and reference zones. 

Statistical analysis confirmed that the oxygen penetration depth is not significantly 

different between zones at proximal dates (p= 0.16 on days 35-36 and 0.15 on days 

42-43), except for the profiles taken on days 57-61, which are significantly different 

(p=0.004). On these occasions, the release zone had the deepest oxygen penetration 

depth.  
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Figure 20. Oxygen penetration depth of the release and reference zones on proximal dates, with error bars showing 
standard deviation. 

 

 

Figure 20. Diffusion mediated oxygen flux into the sediment of the release and reference zones. 

 

The diffusion mediated oxygen uptake was calculated from the oxygen profiles and is 

displayed in Figure 21. ANOVA analysis shows that there are no significant differences 
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between the two zones at proximal dates (p between 0.68 and 0.37). The values vary 

from -7.9 mmol m-2 d-1 to -21.9 mmol m-2 d-1 with maximal fluxes at each zone 

measured on days 35-36. However, there is no significant difference between the 

fluxes measured at these dates and the fluxes measured on days 42 and 43. 

4.5.3 Sediment porosity 

Three lithologies were identified from geophysical examination of the site, the top 

lithology of fine to coarse sand, the second lithology of very find sand and below this a 

medium silt to mud. Of the three lithologies present in the sediment above the carbon 

dioxide release point, 11 m below the sediment – water interface, only the top one 

was measured directly. The mean porosity of this lithology was calculated as 0.49 over 

the core depths, (data range:  0.32-0.64; standard deviation = 0.09), which was applied 

to the top lithology (shelly coarse to fine sands up to 1.2 m below the sediment 

surface). The second lithology, down to 2.75 m is fine to very find sands, with an 

assumed porosity of 0.55 (Rosas et al., 2014). The third lithology of very fine to 

medium silts / muds was assumed to have a porosity of 0.68, based on the fine grain 

size expected for this lithology (Lee et al., 2013). More detailed information on the 

lithologies present is discussed by (Taylor et al., 2014b). Information in Lichtschlag et 

al. (2014) show that the total inorganic carbon (TIC) content of the sediment in the 

release zone was 0.08 % dry weight at 0-2 cm below the sediment water interface. 

Furthermore, the DIC content of the sediment pore water was measured as 29,300 

µmol kg-1 in the release zone as opposed to 2,600 µmol kg-1 in the reference zone, 

measured at 30 cm below the sediment water interface (Blackford et al., 2014a) 

4.6 Discussion 

During the QICS experiment, a total of 4,200 kg of carbon dioxide gas was released 

into the sediments, 11 m below the sediment water interface which was 12 m below 

the mean sea level (Blackford and Kita, 2013, Blackford et al., 2014a, Taylor et al., 

2014b). After 35 days of injection, pore water enriched in dissolved carbon dioxide had 

reached the upper 30 cm of the surface sediments and highest concentrations in the 

sediments were found at day 42, i.e. one week after the injection was stopped 

(Blackford et al., 2014a, Lichtschlag et al., 2014). The fact that the pH profiles 
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measured in the reference zone, 450 m distant to the release zone, show no significant 

difference during or after the carbon dioxide release, and that pH values are typical for 

coastal waters (pH ~8.2 above sediment), indicates that the reference zone remained 

unaffected by the injected gas during the entire length of this experiment. This is also 

supported by (Atamanchuk et al., 2014) reporting elevated pCO2 concentrations in the 

bottom water in the close vicinity of the release epicentre, and no traces of the 

injected carbon dioxide away from the epicentre. Additionally, no indications of 

increased pore water DIC concentrations were present beyond the borders of the 

release zone (Lichtschlag et al., 2014). 

The release zone had significantly reduced pH in sediment pore waters as well as in 

the overlying seawater compared to the reference zone (Figure 19). 48 hours prior to 

termination of the carbon dioxide release (day 35), an reduction of 0.84 pH units was 

measured between 2-3 mm depth in the sediment of the release zone (Figure 19d). 

This confirms that the pH changes observed at the release zone are associated with 

the injected gas, rather than with disturbances caused by changes in the circulation 

patterns in near-by Loch Etive, as described in (Overnell et al., 2002) or by local 

weather driven events such as sediment re-suspension caused e.g. by a passing storm 

as such large-scale changes would impact both the release and reference zone equally. 

Weather data for the period of the experiment, obtained from a local weather station 

shows that no such event took place (Scottish Association for Marine Science, 2013). It 

has also been shown that, for marine sediments of the same type, millimetre scale 

variation is often as significant as variation over larger scales (Glud et al., 2009), 

suggesting that such a profound change in pH of sediment pore water is solely due to 

the carbon dioxide release, as the observed reduction is consistent over both the sub 

cm scale within cores as well as the larger, between core scale. (Lichtschlag et al., 

2014) could determine the origin of the carbon dioxide through its isotopic 

composition, which further confirms that the pH changes observed at the release zone 

is associated with the injected carbon dioxide. 

At the reference zone on day 61 (Figure 19 c) the profile is of unusual shape. This is 

partly due to photosynthesis at the sediment surface, reducing the pH of the seawater 

immediately overlying the sediment in one of the profiles, but is also due to one of the 
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profiles taken hitting a large grain of material at 1.5 mm depth, causing a sharp 

decrease in recorded pH. Unfortunately, on this sampling occasion it was only possible 

to do 3 microprofiles, one from each core collected, before the microelectrode broke, 

limiting the data set.  

Hence, it is clear from these data that the injected gas dissolved in the pore water, had 

an effect on the pH of sediment pore waters within the release zone and that this 

significant and sustained reduction in the pore water pH was separated from the 

reference zone 450 m away. The profiles collected at the reference zone are similar to 

pH profiles gathered from other locations (Marton and Roberts, 2014, Stahl et al., 

2006), with those collected from the release zone similar to more extreme 

environments where the pH is naturally reduced due to geochemical reactions in the 

sediment. e.g. mud volcanoes (Lichtschlag et al., 2010, Preisler et al., 2007). The pH 

profiles that were collected in the release zone show a similar shape as the profiles 

from the reference zone, but with obvious changes to absolute pH throughout the 

profile, which is particularly evident towards the end of the carbon dioxide release 

phase on days 35 and 36. As highlighted in the results section above, the pH profile on 

day 42 from the release zone (Figure 19 e) shows an increasing pH with depth below a 

point of 3 mm. This could be explained by buffering of pH changes in the sediment by 

carbonate dissolution, that would lead to an increase of pH as described by (Blackford 

et al., 2014a). 

It has been shown that during the QICS experiment, carbon dioxide gas was observed 

bubbling out of the sediment within hours of the initiation of gas release and that, 

similarly, it stopped bubbling out of the sediment within hours of the cessation of the 

gas release phase (Blackford et al., 2014a). The pH profiles show that the lowest pH 

was recorded at the end of the gas release phase of the experiment, on day 35, 

whereas Lichtschlag et al. (2014) report that the highest occurrence of DIC within the 

sediment was on day 42, after the carbon dioxide release phase. This indicates that 

the sediment may have been buffering pH changes within the pore water through 

carbonate dissolution. 



112 
 

Within only 3 weeks of stopping carbon dioxide release into the sediment, the pH of 

the sediment pore waters within 4 mm of the sediment water interface had largely 

recovered. It is possible that pH of the pore waters at the release zone started to 

recover to values more similar to the reference zone from the sediment – water 

interface with turbulent movement of seawater causing pore water replacement close 

to the sediment surface as evidenced by the statistical difference in pH at and above 

the sediment-water interface at the release zone. 

The diffusive oxygen flux can be used as a proxy for organic carbon mineralisation as 

mediated by microbes and some meiofauna (Glud, 2008). The diffusion mediated 

oxygen uptake, with values of about -7.9 mmol m2 d -1 to -21.9 mmol m2 d -1 at both 

the release zone and the reference zone, are similar to results from other coastal 

sediments (Wang et al., 2013). This ties in with the fact that microbes are routinely 

exposed to an environment with a highly variable pH, which can alter by as much as 

0.4 or 0.5 pH units in 24 hours (Stahl et al., 2006). The lack of significant differences 

between the two zones at the different time points agrees with simultaneously 

measured DIC flux data, showing values between 14 and 32 mmol m2 d -1 (published as 

supplement to Blackford et al., 2014a), which is an important confirmation to the 

oxygen dynamics reported here. The vast majority of oxygen that enters the sediment 

is converted to carbon dioxide as the dominant respiration product, which is then 

exchanged across the sediment water interface as dissolved inorganic carbon (Glud, 

2008). Therefore, if there is no significant difference in DIC flux recorded during the 

experiment it is unlikely that there would be a significant difference in diffusive oxygen 

uptake into the sediment either. 

That said, there was a significant difference in the oxygen penetration depth in the 

release zone 21 days after the release had stopped, when comparing days 57 and 61, 

although there were no significant differences on other dates. Taken alone, this 

suggests a reduced consumption of oxygen within the sediment, however, the 

diffusion mediated oxygen consumption indicates otherwise, although this result is 

probably a sampling artefact. It is possible that this represents a reduction of microbial 

activity close to the sediment surface allowing increased activity at deeper levels as 
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the sediment becomes re-oxygenated, with effects of the released carbon dioxide 

already observed on microbes by day 14 (Tait et al., 2014).  

The removal of the sediment cores, their transfer and immediate immersion in an 

aquarium will cause changes in pH and oxygen profiles in the sediment, when 

measured in the laboratory. During the QICS experiment there was a release of carbon 

dioxide within the sediment, with the observation of bubbles leaving the sediment, 

rendering it impossible to fully replicate the in situ conditions in the laboratory 

(Blackford et al., 2014a). However, cores were always transferred to a temperature 

controlled aquarium and their analysis commenced within 30 minutes of the core 

being taken from the sediment to minimise the risk of potential sampling artefacts. 

Furthermore, cores were always immersed in bottom water, collected from the same 

zone as the cores and they were maintained within the observed temperature range in 

the bay that day, with stirring to simulate the natural water movement in the bay. The 

possibility of obtaining the profiles in situ, using benthic lander technology was 

examined prior to the start of the experiment. However, benthic landers have a large 

foot-print (in the order of 1.5 m by 1.5 m) and due to the concentration of monitoring 

equipment in the different zones investigated during the QICS experiment, this option 

had to be discarded due to the risk of accidently lowering the lander onto equipment 

previously deployed, damaging both this equipment and the lander. 

One question that has arisen during the QICS experiment is the final fate of the carbon 

dioxide gas released into the sediment. Although divers observed gas bubbling from 

the sediment into the overlying seawater (Blackford et al., 2014a), only about 15% of 

the total carbon dioxide was released as gas bubbles into the water column (Blackford 

et al., 2014a, Dewar et al., 2014). Away from the bubble streams the release of 

dissolved carbon dioxide from the sediment into the water column, as measured 

directly with benthic chambers, was not increased in the release zone compared to the 

reference zone, indicating that it is likely that no carbon dioxide left the sediment in 

dissolved form (Blackford et al., 2014a). This means that 85% of the injected carbon 

dioxide gas is currently unaccounted for in the sediments. Using the dissolved 

inorganic carbon content of the pore water (Blackford et al., 2014a, Lichtschlag et al., 

2014), and making the assumptions that the increased DIC in the sediment pore water 
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is uniformly spread in the release zone identified by geophysical investigation reported 

in Cevatoglu et al. (2015) and is the result of the carbon dioxide release it is possible to 

quantify the amount of carbon dioxide remaining in the sediment pore waters and not 

accounted for by either dissolved or gaseous flux from the sediment.  It is apparent 

that the carbon dioxide injected may be present as one of several phases in the 

sediment, whether dissolved in the pore water, precipitated in the mineral phase or as 

bubbles of gas trapped within the sediment. This method of calculation will quantify 

the total amount of dissolved carbon dioxide present within the sediment pore water 

in between the diffuser and the sediment surface.  

It has been shown that the carbon dioxide that was released into the sediment 

reached the sea floor in an area that could be loosely constrained by a circular area 

with a 20 m diameter (Cevatoglu et al., 2015). This area was calculated to be 314 m2, 

with a sediment depth of 11m from the carbon dioxide gas diffusion point. Taking 

these estimates, the volume of sediment can be calculated employing three simple 

possible patterns for gas migration through the sediments (Figure 22). The three 

models were chosen to represent migration possibilities within the sediment on 

simplified scales. Firstly, there was the possibility that the gas diffused from the 

release point horizontally before migrating upwards through the sediment (Figure 

22a). This is considered to be the least likely of the three scenarios as it only poorly 

matched observed seismic data (Cevatoglu et al., 2015). Secondly is the possibility that 

the gas diffused horizontally at a constant rate while migrating upwards (Figure 22b). 

This is thought to be more realistic than the first scenario, but takes no account of 

observed changes in geological structures within the sediment. Thirdly is the possibility 

that the gas migrated vertically up chimneys caused by micro-fracturing of the 

cohesive muddy sediment until it reached a permeable strata, at which point it rapidly 

diffused horizontally while migrating the last 2.75 metres to the sediment surface 

(Figure 22c); this is most closely supported by the observed geology and seismic data 

(Cevatoglu et al., 2015). Total volumes of sediment and pore waters in the different 

scenarios are given in Table 3.  
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Figure 22; Three shapes of possible CO2 plumes within the sediment, from which pore water volumes were 
calculated 

 

Table 3; Volume of 3 modelled shapes depicting possible influence for CO2 during migration through the sediment. 
The volume of pore water in the modelled shape is calculated by using a mean porosity of 0.49 for the top 1.2 m of 
sediment, a value of 0.55 for the next 1.55 m of sediment and a value of 0.68 for the sediment between 2.75m 
depth and the release point at 11 m depth in the sediment. Density of the seawater is calculated using 11 decibar 

pressure, at 10  C and a salinity of 24, with the UNESCO equation of state, giving 1026 kg/m
3
. Excess carbon 

dioxide is calculated by the difference between the combined total of the calculated HCO3, CO3 and CO2 between 
the release and reference zone in table 2 Radius (r) of 10 m, height (h) of 11 m, unless otherwise stated. 

Model 
shape 

Calculation Volume 
(m3) 

Pore 
water 
(m3) 

Mass of 
water (kg 

x 104) 

Excess 
CO2 in 
model 

(moles) 

Excess 
CO2 in 
pore 

water 
(kg) 

Cylinder 
(fig 4a) 

V = π x r2 x h 3454 2215 227.2 60,666 2,765 

l Cone (fig 
4b) 

V = (π x r2 x 
h)/3 

1151 738 75.7 20,222 892 

Funnel (fig 
4c) 

V = (π x 1.5)2 x 
8.25 + (πx r2 x 

2.75) 

922 492 50.4 13,481 595 

 

 The total volumes of the pore water for each of the models was then calculated by 

integrating the sediment depth horizons and the calculated or estimated porosities to 

the models, multiplying the sediment volume with the porosity value outlined in the 

materials and methods above, giving pore water volumes of  between 2,214 and 492 

m3 (Table 20). Using the salinity (34), temperature (10C) and 11 decibar pressure, the 

water can be converted to a mass using the UNESCO equation of state (Dalhousie).  

The additional carbon dioxide in the pore water is calculated by the difference in DIC 

between the reference and release zones, as reported in (Blackford et al., 2014a), with 
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a value of 29,300 µmol kg-1 in the release zone as opposed to 2,600 µmol kg-1 in the 

reference zone, measured at 30 cm below the sediment water interface. This is then 

converted to an absolute mass of carbon dioxide, calculated to remain within the 

sediment pore water for each of the three different models, with values ranging 

between 2,675 and 594 kg of carbon dioxide dissolved, in various phases, within the 

sediment pore water. This represents between 63 and 14% of the carbon dioxide 

injected into the sediment during the QICS experiment, with the 14% figure being 

regarded as more likely given geophysical data available, due to the presence of 

narrow chimneys of microfractures up which the carbon dioxide gas bubbled 

(Cevatoglu et al., 2015). However uncertainty remains in as much as the chimneys are 

hypothesised to be mobile, with a network of microfractures activating and 

deactivating over time. Given a snap-shot image of the sediment, the lower estimate 

of mass of gas within the sediment is most plausible, but given the chimney mobility, 

the number could be much higher. Nevertheless, the numbers generated here agree 

with those calculated by (Mori et al., 2015), who used sophisticated modelling to 

estimate the amount of carbon dioxide remaining within the sediments as being 

between 10 and 40% of the injected gas. 

Only a maximum of 15 % (Dewar et al., 2014) (630 kg) of the gas released during the 

experiment was estimated to contribute to the observed bubble streams. Here a 

further 63-14% of the released carbon dioxide is accounted for as the mass required to 

increase the DIC in the surface sediments (Table 3) by the observed amount. It is 

apparent then that a large amount of the carbon dioxide released during the 

experiment is unaccounted for using the approach of the present study and the direct 

measurement of gas bubbles or the flux of DIC from the sediment into the overlying 

water (Blackford et al., 2014a, Dewar et al., 2014).   

The pH of sediment pore waters within 4 mm of the sediment water interface was not 

significantly different from the reference zone within three weeks following the 

cessation of carbon dioxide release, although at this depth and below, significant 

differences remained. Further investigations are required to ascertain the cause of the 

return to normal pH levels. It could have been caused by chemical processes such as 
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buffering caused by carbonate dissolution within the sediment, or by tidal flushing 

replacing the pore water close to the sediment-water interface.  

The diffusion mediated oxygen uptake into the sediment indicates that there was little 

alteration to rates of microbial activity during the release phase of the QICS 

experiment, when comparing the release and reference zones.  
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Chapter 5:  Fluxes between marine 

sediments and seawater, 

subject to a temporary 

carbon dioxide leak. 
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Note: DIC flux data discussed in this chapter has been published as supplementary data in J. Blackford, 

H. Stahl, J. M. Bull, B. J. P. Berges, M. Cevatoglu, A. Lichtschlag, D. Connelly, R. H. James, J. Kita, D. Long, 

M. Naylor, K. Shitashima, D. Smith, P. Taylor, I. Wright, M. Akhurst, B. Chen, T. M. Gernon, C. Hauton, 
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White and S. Widdicombe (2014). Detection and impacts of leakage from sub-seafloor deep geological 

carbon dioxide storage. Nature Climate Change DOI: 10.1038/nclimate2381. 
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5.1 Highlights 

 Impact of carbon dioxide leakage on DIC flux 

 Impact and long-term trends of carbon dioxide leakage on nutrient recycling 

 Impacts of carbon dioxide leakage on the microbial community 

5.2 Abstract  
Carbon Capture and Storage offers the potential for a geoengineering solution to the 

ongoing, and accelerating, challenge of anthropogenic carbon dioxide release altering 

the global carbon cycle, with consequent impacts on global climate. However, the 

environmental impact that this technology may cause should there be an unplanned 

release of carbon dioxide from a sub seabed reservoir is unknown. A field-scale 

experiment was undertaken to explore the environmental impact caused by a 

simulated release of carbon dioxide from such a reservoir. Biogeochemical cycling of 

macronutrients is an important area that may be perturbed by the changes in pH 

caused by the passage of carbon dioxide through seabed sediments and into the 

overlying water. Here such cycling is directly quantified by whole sediment 

incubations. Despite changes in sediment pH being observed, no significant impacts in 

biogeochemical cycling were noted when comparing an area of seabed exposed to 

carbon dioxide release to an un-impacted reference site some 450 m distant. 

Keywords: Carbon Capture and Storage; sediment pore water; nutrient recycling; DIC 

flux; CO2 

5.3 Introduction 

Although the high-profile QICS experiment (Black, 2012, Flanagan, 2011, Hekmant, 

2012) was successful and lead to many publications (e.g. Atamanchuk et al., 2014, 

Blackford et al., 2014a, Cevatoglu et al., 2015, Dewar et al., 2014), it also generated a 

wealth of data that has not yet been published. One such data set was gathered from 

benthic incubation chambers, as shown in Figure 8 in Chapter 2. These chambers were 

deployed on 14 occasions during the QICS experiment, covering a range of experiment 

phases, from the baseline measurement, the release phase and the recovery phase. 

Samples were collected for DIC, nutrient and oxygen analysis.  
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The collection of DIC samples during studies of sediment dynamics is routine, with the 

data frequently used to calculate a ratio of oxygen consumption by the in-fauna and 

microbial communities to the DIC released (Glud, 2008). This allows the calculation of 

efficiency of carbon remineralisation which is particularly accurate in highly seasonally 

variable locations (Glud, 2008), since DIC is the final product of the oxidation of 

organic matter (Anderson et al., 1986, Hulth et al., 1997). When this data is integrated 

over the entire year it comes close to indicating the total carbon remineralisation in 

the sediment (Glud, 2008, Roden and Wetzel, 1996). However, in this case the 

collection of DIC data had an additional purpose. 

In essence, the main aims of the QICS experiment were two-fold, with equal priority 

given to both. One was the quantification of the biogeochemical impact of a sub-

seabed leak of CO2, while the other aim was to discover an effective, repeatable and 

robust method for detecting a diffuse leak from a sub-seabed reservoir (QICS, 2014). 

While QICS investigated the use of many different methods for leak detection, which 

have been detailed elsewhere (e.g. Berges et al., 2015, Blackford et al., 2014a, 

Blackford et al., 2014b), one of the tasks assigned to the Scottish Association for 

Marine Science was the investigation of the use of biogeochemical sensors and 

analysis to aid early detection of such a leak. The most direct method for detecting 

such a leak would be to look for perturbations in the DIC flux from the sediment. The 

sediment pore water would be enriched in dissolved CO2, either due to the passage 

and dissolution of bubbles of gas migrating through the sediment or the movement of 

a plume of CO2 saturated pore water from deeper stratigraphies in the sediment and 

overburden. This, then, is the primary motivation for capturing data on DIC flux at the 

CO2 release zone and comparing it to the reference zone which was unaffected by the 

CO2 release (Lichtschlag et al., 2014).  

It has been shown that the release of CO2 through the benthic sediments had a rapid 

and long-lasting impact on the microbial community structure of the release zone of 

the QICS experiment when compared to the reference zone (Tait et al., 2014). It is 

clear that the release of CO2 forced the microbial community at the release zone to a 

different, presumably more CO2 tolerant, species structure which was maintained for 

at least a year after the CO2 release had stopped (Tait et al., 2014). Although it has 
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been shown in chapter 4 that this difference in community structure and speciation 

had no significant impact on the diffusion mediated oxygen uptake dynamics of the 

sediment as measured by microprofiles, it may have had other impacts that were not 

observed using the techniques discussed in Chapter 4.  

Total Oxygen Uptake (TOU) Diffusive Oxygen Uptake (DOU) are used to calculate 

Faunal Oxygen Uptake (FOU) as per Equation 6. It is possible that there was a faunal 

response to the CO2 release which would be reflected in changes in the TOU of the 

whole sediment as measured by incubation. This would be especially evident if certain 

assumptions are made. It is assumed, as suggested by Glud (2008) and others (e.g. 

Revsbech et al., 1998), that the calculated DOU is effectively a representation of 

sediment respiration driven by microbial action. TOU is the total respiration of 

sediment integrated over the sediment surface contained within the chamber 

(Tengberg et al., 2004), then it follows that if the DOU is subtracted from the TOU, this 

will result in the respiration of in-fauna (Glud, 2008), as defined in Equation 6 below. 

Therefore, if there is any impact of the CO2 release on in-fauna this should be apparent 

in these data. 

TOU – DOU = FOU          eq 6 

Another area for investigation is also related to the findings of Tait et al. (2014) and of 

Watanabe et al. (2014) and was conducted in parallel to these investigations. This is 

that if there is a change in the microbial community, caused by the CO2 release, there 

may also be a disruption, or at least an impact, on nutrient recycling across the 

sediment water interface. The recycling of nutrients is fundamentally important to the 

biological cycles in shelf seas (Stumm and Morgan, 1996). The spring boom of 

phytoplankton acting as a base for the food-web, quickly uses and exhausts available 

nutrients in the water column, limiting the duration and the total amount of primary 

production of the spring bloom. As the phytoplankton are consumed or die, the 

biological detritus settles to the sea floor (with up to 50% of detritus reaching the 

benthos (Glud, 2008)), and decomposes, releasing their nutrients into the water 

column where storm action redistributes the nutrients to fuel the next spring bloom 

(Stumm and Morgan, 1996). If these processes are altered or interrupted by a small, 
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localized release of CO2 it is possible that a larger release from an industrial CO2 

reservoir may have a wider impact and be of local or even regional importance. 

Furthermore, it may be that this would indicate, in conjunction with other findings, 

whether or not there was a diffuse release of CO2. 

This chapter will study the benthic flux data (DIC, O2, Nutrients) captured by diver-

deployed incubation chambers, with particular emphasis on the oxygen, DIC and 

nutrient dynamics of the benthos. 

5.4 Materials and Methods 

The field-scale release of CO2 into sub-seabed sediments has been described in detail 

in the preceding two chapters of this thesis and in Taylor et al. (2014b). Rather than 

repeat this information, it will be simply stated that during the sampling exercise 

detailed here, three incubation chambers were deployed by divers in 10-12 m of 

seawater (depending on tide conditions) at either the release or the reference zones 

of the QICS experiment. On each occasion, the chambers were deployed randomly, 

given only that the divers first ensured that the sediment area had not been recently 

cored by previous visits to the experiment site and that they were deployed within the 

relevant zone (Taylor et al., 2014b). Further, they took care not to deploy the 

incubation chambers directly over a stream of CO2 bubbles when deploying the 

chambers at the release zone during the CO2 release phase of QICS (Figure 23). This 

was done to ensure that the chambers did not capture bubbles of CO2 which would 

dissolve in the water inside the chamber and give unreasonably high and inaccurate 

measurements of DIC flux, would avoid duplicate measurement of gaseous flux and, 

further, if the chambers filled with gas, they would become buoyant and tip over, 

ending the incubation. Chambers were deployed on proximal dates so that the two 

zones to be investigated could be directly compared to each other, without storms, or 

other activities such as trawling obscuring or confounding the results. In the event, no 

major storms were reported during the investigation period (their passage may have 

re-suspended sediments and complicated analysis of results). This can be seen from 

the data captured by the near-by SAMS weather station and archived by the 

Scottish_Association_for_Marine_Science (2013). Additionally, as local fishers had 
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been informed about the experiment (Mabon et al., 2014a) no trawl or creel fishers 

used the area during the experiment, although it was of negligible commercial interest 

(Taylor et al., 2014b). 

 

Figure 23. Incubations chambers on sediment in release zone, close to, but not directly over, bubble plumes. 
Photograph courtesy of Henrik Stahl. 

 

The chambers, with a square base measuring 31 cm per side (with slightly rounded 

corners) were deployed with a stirring mechanism to agitate the water within the 

sediment, simulating the conditions outside the chamber (Tengberg et al., 2004, 

Viollier et al., 2003). Incubations were of varying length depending on the date and 

diver activities, but never less than 5 hours and typically 6 hours. Divers measured the 

depth of water inside the individual chambers on all 4 sides, with at least 4 depths 

being taken, typically 8, these were then averaged to give a mean water depth inside 

the incubation chamber. Samples were retrieved by divers using a gas tight glass 100 

ml syringe and a plastic 50 ml syringe. The contents of the glass syringe were decanted 

into glass 12 ml gas tight bottles and prepared for both oxygen analysis with using the 
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Winkler method, as well as poisoned with HgCl2 and analysed for DIC, (See Chapter 2 

for details). Each chamber yielded 3 replicate samples for both analytical techniques. 

The plastic syringe was decanted into a 45 ml centrifuge tube which was then sealed 

and frozen at -20 C until analysed using spectrophotometry as described in Chapter 2 

– each 45 ml sample was analysed three times. Fluxes were then calculated using 

Equation 5 in Chapter 2, with a mean flux for that zone on that date calculated and 

standard deviation error bars displayed where appropriate. The significance of any 

differences between the data points were assessed using ANOVA analysis of variance.  

 5.5 Results  
The DIC flux data has been previously published as supplementary data in Blackford et 

al. (2014a). These data are shown in Figure 24. These data show that there was no 

significant difference between the DIC flux at the reference zone and release zone 

during the release or recovery phases of the QICS experiment. On all occasions n=3, 

except on days 36 and 133, where n=2 and day 124 where n=1. 

 

Figure 24. DIC flux from the sediment into the overlying water during the QICS experiment. The release phase was 
from day 1 to day 37 
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As can be seen from Figure 24, there are no significant or systematic differences 

between the release and reference zone, either during the release phase of the QICS 

experiment or subsequently during the recovery. The only time point with any 

significant difference between the two zones was during the baseline data collection 

phase. The DIC flux was similar between the two zones at 14 – 22 mmol m-2 d-1 during 

the release phase and seemed to be divergent in the subsequent 100 day recovery 

period. However, as mentioned, the data point on day 124 was n=1, so it is impossible 

to determine the statistical significance of the apparent difference (Quinn and Keough, 

2011) between this data point and the three samples collected on day 133, to discover 

whether there was a significant trend developing.  

The oxygen samples analysed had the same number of samples collected, with n=3 at 

all data points except on days 36 and 133, where n=2 and days 124 where n=1. The 

CO2 release phase was from day 0 to day 37.  

 

Figure 25. The oxygen flux from the overlying water into the sediment from whole sediment incubations. 

There was no significant difference in the oxygen flux between the release and 

reference zones at any point in this data set, as seen in Figure 25, although with n=1 

on day 124, the significance of this point cannot be assessed. The oxygen fluxes ranged 
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from -14.9 to -50.1 mmol m-2 d-1 during the release and recovery periods. As 

discussed, these flux values are higher than those measured by microprofiling and 

which are shown in Figure 21 in Chapter 4. The values from microprofiling are 

between -7.9 to -21.9 mmol m-2 d-1 for oxygen. It is therefore possible to use these two 

data sets to calculate the in-fauna oxygen uptake, by subtracting the DOU from the 

TOU. This was carried out when sediment incubations and oxygen microprofiles were 

carried out on proximal dates so that a fair comparison could be made, with this data 

set limited by microelectrode availability. These data are shown in Figure 26. 

 

Figure 26. FOU for the release and reference zones during the last days of the CO2 release and the recovery period. 
In this case there is no standard deviation as the points are calculated by a mean of 3 data points subtracted from a 
mean of 3 data points 

In addition to the oxygen flux data and the contribution to oxygen uptake from in-

fauna, nutrient flux data was also calculated for Ammonium, Nitrate & Nitrite, 

Phosphate and Silicate. For these data n=3 for all data points except day 55, where 

n=1. 

Figure 27 shows the Ammonium flux, Figure 28 the Nitrate & Nitrite flux, Figure 29 the 

Phosphate flux and Figure 30 the Silicate flux. 
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Figure 27. Ammonium flux at the release and reference zones during the QICS experiment, the release phase was 
between days 0 and 37 

 

Figure 28. Nitrate & Nitrite flux at the release and reference zones during the QICS experiment, the release phase 
was between days 0 and 37 
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Figure 29. Phosphate flux at the release and reference zones during the QICS experiment, the release phase was 
between days 0 and 37 

 

Figure 30. Silicate flux at the release and reference zones during the QICS experiment, the release phase was 
between days 0 and 37. 
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As can be seen from figures 27 to 30 above, there is no systematic and significant 

difference between these pairs of data, except on days 32/36 for Silicate and days 

32/36 for Nitrate & Nitrite. It is worth noting that these fluxes were calculated with 

very low concentrations in the water samples, on several occasions of the order of 

0.005 µM for Nitrate & Nitrite and routinely 0.05-0.1 µM for Phosphate, which were 

approaching the limits of detectability for the equipment used. In the case of Silicate, 

Phosphate and Nitrate & Nitrite there was no trend evident, however at first 

inspection it appears that there was a trend visible in the Ammonium data set. It is 

apparent that at the release zone the flux rate reaches a minimum towards the end of 

the release phase and climbs during the recovery phase. However, modelling with 

General Additive Models and General Linear Models failed to detect a significant 

trend. Modelling was hampered by the non-sequential nature of the data points in 

time and the fact that either none of the data points show a significant difference 

between the release and reference zones, or on one occasion n=1 as already 

discussed. 

5.6 Discussion  
The first and most important data that must be discussed is DIC flux from the sediment into 

the overlying water. It was originally anticipated that there would be a significant and 

sustained increase in the DIC flux from the sediment in the release zone that would start soon 

after the CO2 release commenced. Less than 12 hours after the CO2 release commenced, 

divers from the National Facility for Scientific Diving (NFSD) reported bubbles leaving the 

sediment directly above the CO2 release point, with a widening area of bubbles reported over 

the next few days, which was also detected by acoustic monitoring equipment (Berges et al., 

2015, Blackford et al., 2014a). Bubble streams started to form pock marks (Figure 31) in the 

sediment and bubble streams were observed migrating from one pock mark to another over 

time. However, as can be seen from the data, there was no significant difference in the DIC 

flux from the sediment at any point during the experiment or the recovery period. It is 

apparent from Figure 23 that the chambers were not misplaced and were close to bubble 

plumes, where it would be imagined that the DIC flux would be highest, caused by the 

turbulence in the unconsolidated sediment due to the mechanical action of a passing bubble 

stream (Dewar et al., 2013). As has been reported in Chapter 4, in Blackford et al. (2014a) and 

in research by Lichtschlag et al. (2014), there was no increase in DIC reported in the sediment 
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pore water, down to a depth of 30 cm below the sediment surface until the last days of the 

CO2 release and the first week of the recovery period (highest values of 28.8 mmol L-1 

compared to background levels of 2.54 mmol L-1 were detected 6 days after gas release 

stopped (Lichtschlag et al., 2014)). As has also been reported in several papers (e.g. Blackford 

et al., 2014a, Dewar et al., 2014, Mori et al., 2015, Taylor et al., 2014a), the bubble streams 

were directly measured by divers from the NFSD (Figure 32), with all bubble streams measured 

at the same period of slack water when gas flow was highest (Blackford et al., 2014a Figure 2, 

as reproduced in Appendix A). Calculations then showed that only ~15% of the CO2 being 

injected into the sub-seabed sediment was leaving the sediment surface as bubbles, which 

agrees well with the output from acoustic monitoring (Berges et al., 2015). 

 

Figure 31. Active bubble streams with pocks marks in sediment surface, image also shows the "busy" nature of the 
release zone with several instruments deployed to take time-series data. Photograph courtesy of Henrik Stahl. 
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Figure 32. Diver from NFSD collecting bubbles in a measuring cylinder, timing the collection to measure bubble flow 
from sediment. Photograph courtesy of Henrik Stahl. 

Similarly to the DIC flux, there was no significant difference in TOU between the 

release and reference zones during the experiment either. It was most likely that there 

would be a difference in DIC flux due to the anthropogenic CO2 release. However, the 

other possibility was that there would be a shift in carbon remineralisation within the 

sediment. There may be large-scale changes in the in-fauna or microbial community 

caused by a change in the pH of sediment pore water, or by some other factor such as 

metal mobility (Cruz Payan et al., 2012a, Cruz Payan et al., 2012b) due to the passage 

of CO2 through the sediment. Such a change in carbon remineralisation rates in the 

sediment could possibly mask differences in DIC flux if there was, for example, a mass 

die-off of in-fauna and microbes, at the same time as an increased flux of DIC, these 

two effects may counteract and balance out, masking a significant impact. However, 

such a change would also be reflected in changes in the DOU and (most likely) TOU, 

which were not observed. This agrees with research by Pratt et al. (2014) and with Kita 

et al. (2014) which suggests that there were no major impacts of the CO2 release on 

megafauna in the release zone during the QICS experiment, based on various species 

that were placed within cages in the release and reference zones or from time-lapse 



132 
 

photography collected by cameras placed on the benthos before, during and after the 

CO2 release. It also agrees with research by Tait et al. (2014), who observed a 

significant change in microbial community structure, but not in abundance overall, 

although Widdicombe et al. (2014) confirmed that macro- and in- fauna seemed 

impacted by the release, with recovery having largely occurred within 18 days of the 

release stopping.  

That said, there was an increase in the difference between the DOU and TOU observed 

on day 57/61 between the release and reference zones. Whether this is statistically 

significant or not cannot be determined, although it agrees with the findings of 

Widdicombe et al. (2014), who describe a change in community composition of in-

fauna during the release phase, with a rapid recovery within 18 days of the release 

phase ending. The numbers are the result of a mean of three data points subtracted 

from the mean of three data points, but nevertheless, there is a striking difference 

between the release and reference zones on these days. This is possibly due to an 

increase in the number of predators in the sediment, moving in to take advantage of 

an increase in vulnerable organisms following the experiment, for example an increase 

in hermit crabs had been noted during the release phase of the experiment, 

particularly congregating around bubble streams (Kita et al., 2014). This may have 

been reflected by movements of in-fauna after the release phase of the experiment 

had ended, although there is clear no evidence for this conjecture. 

However, as has been discussed here and by Blackford et al. (2014a), Taylor et al. 

(2014a) and by (Maeda et al., 2015), a large percentage of the released gas during the 

QICS experiment was unaccounted for by direct measurement, with modelling making 

a contribution to ascertaining its location, albeit without direct empirical evidence. 

This could be viewed as a weakness in the QICS experiment, even as a question 

overhanging any and all subsequent environmental leak simulation experiments. 

However, subsequent work in this thesis will resolve some aspects of this question. 

Further it must be borne in mind that experiments in the natural environment benefit 

from the complexity of their setting. However, this is a double edged sword, in that it 

is often impossible to predict all required avenues of measurement and investigation 

prior to the experiment taking place and, particularly for a world first, such repeat 
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experiments should be viewed as opportunities for iterative improvement in both 

design if needed, but also of data collection densities, techniques employed and areas 

of investigation.  

To conclude this chapter, there are several important observations that must be taken 

forward for further research in this thesis. The first is that locating the CO2 released 

during the QICS experiment was challenging. NFSD divers recorded only ~15% of the 

gas injected leaving the sediment as bubbles, which corresponds with acoustic 

measurements (Berges et al., 2015). There was no significant difference in DIC flux 

from the sediment in the release zone, which corresponds with pore water DIC 

measurements (Lichtschlag et al., 2014). There were no pressure indications in the gas 

release equipment that would indicate that the gas was not being injected into the 

sediment and instead leaking before reaching the diffusion screen (indeed, injection 

pressure varied with the tide state as shown in Figure 17 in Chapter 3) and has been 

reported elsewhere (Blackford et al., 2014a, Burnside and Naylor, 2014). This is also 

confirmed through geophysical data (Cevatoglu et al., 2015). As seen in Chapter 4 and 

Mori et al. (2015), numerical modelling has been used to locate the “missing” CO2, 

although this is of debatable accuracy and relies on several assumptions which have 

been discussed. With the reluctance to “deep core” the sediment close to the CO2 

release point, the ultimate fate of the injected gas can only be guessed at. Follow-up 

experiments will be required to determine the precise effects of the CO2 injection on 

sediment pore water chemistry. 

It is also clear from these data, backed up by the work of many others in this field, that 

the impact of the 37 day CO2 release was limited (e.g. Blackford et al., 2014a, Kita et 

al., 2014, Pratt et al., 2014, Watanabe et al., 2014, Widdicombe et al., 2014), 

notwithstanding a significant impact on the microbial community within the sediment 

(Tait et al., 2014). Biogeochemical cycling was minimally impacted by the 

anthropogenic injection of 4,200 kg of CO2 as seen in this chapter and Chapter 4. The 

natural system seems resilient to the degree of perturbation that was created by QICS. 

Whether this is true for a larger, or longer lasting, release of CO2 cannot be known 

without a repeat of the QICS experiment with a larger CO2 release rate over a longer 

time period and the consequent research.   
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6.1 Highlights 

 Carbon Capture and Storage leak simulation in a controlled environment 

 Replication and validation of the QICS results in the laboratory 

 Further investigation in to the mechanisms causing pH change in marine sediments 

 Detailed discussion of the fate of injected CO2 

6.2 Abstract 
Field-scale experiments in the natural environment are essential to properly 

understand the risk associated with a new and emergent technology such as carbon 

capture and storage. However, such experiments are expensive, time-consuming and 

unsuitable for some aspects of scientific investigation. Here, a targeted and laboratory 

based experiment is used to investigate some aspects of pH change in marine 

sediments exposed to a release of carbon dioxide from below the sediment. Further, a 

mass balance calculation is executed to account for the carbon dioxide released into 

the sediment as a means of improving the understanding of carbon dioxide behaviour 

in marine sediments. The understanding of the carbonate saturation state in the 

seabed sediments is enhanced, with the flux of carbon dioxide from the sub seabed 

sediments better quantified than in field scale experiments. 

 

Key words: Carbon Capture and Storage; sediment pore water; Total Inorganic Carbon; 

DIC flux; CO2 

6.3 Introduction 
A flume-based ex situ controlled CO2 release experiment in collaboration with the 

University of Oslo, the National Technical University of Athens and Durham University 

named “Coverall” was set up at SAMS. It had the aim of investigating the potential use 

of the changes in microbial community structure (Tait et al., 2014) within benthic 

sediments in response to elevated CO2 as a robust, sensitive and cost effective method 

for leak monitoring. It was also used as a vehicle for furthering the investigation into 

the mechanisms for biogeochemical change in marine sediments during, and after, a 

CO2 release event.  
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The pH change in the sediment pore water during the QICS experiment (as detailed in 

Chapter 4), showed a significant difference between the reference and release zones 

of the experiment at the end of the CO2 release phase (Taylor et al., 2014a). However, 

as also noted, this was not associated with a measured significant change in DIC 

content of the sediment pore water at a similar depth in the sediment (Blackford et al., 

2014a, Lichtschlag et al., 2014) (although a significant change was noted at greater 

depth within the sediment 6 days after the gas release stopped (Lichtschlag et al., 

2014)). The mechanism for this change needs to be explored. One possibility for 

causing change in the pH of the seafloor sediments is that it was driven not by the 

movement of DIC enriched pore waters from below, but by a plume of dense CO2 

rich/low pH water spreading from point sources (e.g. bubble streams) along the 

seabed. It was observed during the QICS experiment that there was a sustained 

reduction of seawater pH during the experiment, that persisted for most of the release 

phase and for a short period after the CO2 release had stopped (Blackford et al., 

2014a, Shitashima et al., 2015).  

Is it possible that the changes in sediment pH during this experiment were driven less 

by the movement of DIC enriched pore water associated with the gas release and 

more by the changing pH of the overlying seawater associated with dissolving CO2 

bubbles? High precision lead glass microelectrodes were used during the experiment 

to resolve this question. 

Sediment samples were taken at each sampling time point for subsequent pore water 

analysis. At the end of the experiment sediment samples were taken for total organic 

carbon (TOC) and total inorganic carbon (TIC) analysis, in an effort to tightly constrain 

the DIC distribution of the pore water and carbonate dissolution or precipitation 

during the experiment. 

Additionally, Oxygen microelectrodes were used to determine the diffusive oxygen 

uptake of the sediment in all flumes at various stages of the experiment as well as the 

oxygen penetration depth (Glud, 2008, Revsbech et al., 1998, Revsbech and Ward, 

1983, Revsbech and Ward, 1984). Sediment incubations were used to determine total 

oxygen uptake and dissolved metal flux from the sediment.  



137 
 

Together these parameters will help to characterise the ultimate fate of the CO2 

injected into the sediments as well as constrain the dynamics of pH change in the 

sediment when exposed to a leak from a CCS facility, simulated or otherwise. This 

chapter will test whether the DIC content of the sediment pore waters increase 

towards saturation and migrate towards the sediment surface, with a peak in pore 

water DIC concentration just after the end of the CO2 release phase of this 

experiment, as found during the QICS experiment, or whether a peak in DIC flux occurs 

earlier in the experiment due to the much thinner sediment overburden. pH of 

sediment pore water was expected to behave in the same way as seen during the QICS 

experiment during the recovery phase, but would display a “top down” alteration of 

pH driven by the water overlying the sediment, rather than the “bottom up” alteration 

caused by increasing DIC within the sediment, at least in the early stages of the 

experiment, due to the preferential migration of CO2 along lines of weakness in the 

sediment and travelling directly to the sediment surface. Dissolved CO2 will behave 

similarly; the pH of the water in the flumes will rapidly drop and affect the underlying 

sediments more quickly than pore water saturated in CO2 can migrate through the 

sediment in the flumes. 

6.4 Material and Methods 

The experiment was set up in flumes that were purpose-built to test the effects of 

temperature and elevated CO2 on sediments. There were 6 glass flume tanks each 

measuring 1.2 m x 0.3 m x 0.3 m (l x h x w). The tanks were placed in pairs in a 

controlled temperature (CT) room (Figure 33). Each flume was equipped with a cooling 

unit to maintain temperature of the overlying water and a centrifugal pump to 

circulate the water, which was positioned below each flume. The water was filtered 

through an aquarium foam filter and then passed through flow straighteners to reduce 

water turbulence before flowing over the sediment surface into the sump and into the 

centrifugal pump (Figure 33). 
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Figure 33. Flumes laid out in the controlled temperature room prior to gas release. The laptop computer is linked to 
a micromanipulator for microprofiling. The water outflow can be seen at the end of the flume in the centre of the 
image, with the centrifugal pumps visible underneath. Lights are turned on for the photograph, the experiment was 
conducted in darkness or red light.  

The flumes were fitted with a water overflow device set at the same height for each 

flume and a permanent water inflow of 0.5 ± 0.05 L m-1 into each flume from the SAMS 

aquarium seawater feed to prevent eutrophic conditions developing (flow rate 

constrained by bottleneck in drainage from the tank, 0.7 L min-1 was found to 

overflow the flumes as water backed up the overflow drains). The water temperature 

in the flumes was maintained at 12 ± 1 C which was within the natural temperature 

range of Ardmucknish Bay at that time of year as reported by NFSD divers. The room 

was kept in darkness at all times (to prevent stimulating benthic primary production), 

except when conducting measurements, which were taken in red light or, occasionally, 

white torch light (max 30 second intervals) when positioning microelectrodes above 

the sediment. Flume temperature was controlled not only by the CT room 

(background temperature), but also by a separate cooling units for each flume (for 

precise temperature control) that extracted water from the sump of the flume, cooled 
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it and pumped it into the tank upstream of the filter and flow straighteners. Figure 34 

shows a schematic of the experiment.  

 

Figure 34. a) Plan of one of the three pairs of flumes used in the experiment. Blue line indicates water inflow from 
the aquarium seawater supply. Red line indicates gas supply line, after passing through a flow regulator, made from 
gas impermeable tubing. Green lines indicate aquarium “air curtain” tubing, with a 0.1 mm diameter hole every 5 
mm along their length, placed on the bottom of the flume to generate a diffusive gas release through the sediment. 
All flumes were equipped identically with gas and water inflow and water overflow, then filled to sediment depth of 
10 cm between the flow straighteners and the drainage sump. b) Schematic of the three pairs of flumes in the 
controlled temperature room, showing 100% CO2 injection (red lines), 50:50 Co2:air injection (orange lines) and 
100% air injection (green lines) image b courtesy of Natalie Hicks. 

Sediment was collected from the QICS experiment site (Chapter 3 Figure 10) using a 

van-Veen grab, placed into buckets and returned to SAMS. It was then sieved into a 

large bucket of seawater through a 500 µm sieve to remove large particles and any 

fauna in the sediment. With specific focus on microbial effects, the effect of meio-

fauna dying in the sediment would induce higher heterogeneity of the sediment and 

more variation in fluxes making it more difficult to interpret the data. The sediment 

was allowed to settle in seawater for two weeks, the excess water was drained off and 

the sediment was homogenised by hand, then placed into the flumes to a depth of 11 

cm. It was allowed to settle with a small amount of overlying seawater to maintain the 

microbial community for a period of 2 days, during which time the sediment depth 

reduced as the finer fractions settled out and became compacted. 

The sediment surface was adjusted to a depth of 10 cm in the flumes, which were then 

carefully filled with seawater, minimising re-suspension. After a further 2 days the 

flume pumps were turned on. There was a three-week acclimatisation period, during 
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which biogeochemical gradients were allowed to stabilise. This was followed by a one-

week sampling period of the “baseline” conditions in the flumes. Gas injection was 

then started at the beginning of the fifth week after turning on the pumps, and 

injection continued at a flow of 0.2 L of gas per minute per tank for the following four 

weeks. The gas release was then stopped and there was a four-week recovery period 

before the sediment was removed from the flumes and the facilities were cleaned. 

The experiment was run twice, to obtain sufficient replicates of each treatment 

condition. The gas release rate was chosen for a number of reasons, firstly, it was an 

approximation of the gas release rate during the QICS experiment described I Chapters 

3, 4 and 5 when the gas release rate was divided by the impacted area of sea floor and 

adjusted for the surface area of the tank, secondly it was selected based on the 

capacity of the CT room air exchange, it was found that if the gas injection rate was 

much higher than 0.2 L per minute, a CO2 alarm in the corner of the CT room furthest 

from the door would sound frequently to warn of high CO2 concentrations in the 

atmosphere in the room and thirdly, it was found that at 0.3 L per minute, the 

sediment in the tank was quickly re-suspended into the flume water, sucked into the 

pumps, clogging the filters and causing the experiment to require to be re-started. 

The six tanks were split into three pairs; each pair of tanks was randomly assigned a 

different treatment for the experiment. In one pair of tanks CO2 was injected through 

the sediment, in another pair there was 50:50 mix of CO2 and air, chosen to simulate a 

smaller leak rate, but mixed with air to ensure that any measured effect was not due 

to differences in the mechanical movement of bubbles through the sediment. In the 

third pair there was 100% air injection. In all tanks the injection rates were controlled 

using a needle valve regulator with a calibrated flow meter. For all tanks the gas 

injection pressure was 3 atm (303 kPa), limited by supply equipment and tubing. The 

flume set-up is shown in Figure 35. Injection was through a gas tight hose that led to a 

“T” piece, to which aquarium “air curtain” tubing was attached. The tubing had a 0.1 

mm hole every 5 mm along its length. The tubing had been glued to the tank base with 

silicone spots at each end prior to adding sediment. The “air curtain” tubing ran the 

length of the flume, with two tubes splitting the length of the tank into three equal 

parts. 
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Figure 35. Controlled Temperature room showing (left to right) Flume with gas release structures (pock marks) in 
the sediment surface. The 6 flumes laid out in pairs. Normal operating conditions for data collection (red light) – 
white light photographs were taken after the experiment run had completed, so as not to impact experiment 
conditions. 

Whole sediment incubations were carried out, with three chambers deployed in each 

flume on each sampling occasion, in the same manner as described in Chapter 2, save 

that they were cylindrical, with a diameter of 10 cm. The incubation chambers were 

immersed in 1 M HCl acid for up-to 4 weeks between uses to remove traces of metal 

contamination and enable the accurate quantification of dissolved metal flux (Cutter 

et al., 2010). Samples from the incubation chambers were drawn out using an acid 

cleaned plastic syringe and decanted into gas tight 12 ml glass bottles for DIC analysis, 

as well as filtered through a 0.45 µm cellulose acetate filter into an acid cleaned plastic 

15 ml centrifuge tube for analysis of dissolved metal fluxes. Dissolved metal samples 

were then acidified to a pH below 2 using trace metal clean, distilled Nitric acid prior 

to analysis using a SeaFAST coupled to an ICP MS (Hathorne et al., 2012), which 

removes the dominant signal of Ca in seawater, enabling more accurate analysis of 

trace metal content.  

Microprofiling was completed using a multimeter and a micromanipulator with a 

motorised stage, (Unisense 4 Channel Multimeter and Märzhäuser Weltzar MD4 Right, 

mit Kippeinrichtung respectively, see Chapter 2). This was controlled by the software 

“Sensor Trace Pro”, which also recorded the output signal of the pH and Oxygen 

microsensors (tip diameter 30<Ø<40 µm from Unisense A/S, Denmark) at each depth 

in the sediment. Profiles were 3 cm in depth, usually with ~ 2-3 mm in the water 

column, occasionally as much as 10 mm; the rest of the profile was in sediment. 

Several assumptions have been made in regard to the oxygen flux calculations for this 
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experiment. Firstly, it is assumed that diffusive oxygen uptake represents the 

component of respiration attributable to microbial respiration and chemical processes 

operating within the sediment (Glud, 2008), also that since the sediment was passed 

through a 0.5 mm mesh sieve, there is no macro- fauna present within the sediment 

examined.  

pH microprofiles were treated in a similar manner to those examined in Chapter 4. 

After identifying the sediment water interface the profiles for each experiment time 

point were combined to form one “mean profile” for each treatment condition at that 

time point. Standard Deviation was calculated at 1 mm intervals for the profiles to 

allow comparison between the mean profiles at one time point (composed of up-to 12 

separate profiles from 4 flumes) with those taken in different treatments or different 

time points. A 5 point running average was applied to the profile to reduce the 

appearance of spikes in the profile e.g. caused by the microelectrode colliding with 

larger grains of sand, or by any other physical disturbance of the equipment. 

At each sampling point, additional sediment cores were taken using a 10 ml open-

ended syringe and then decanted into centrifuge tubes. Three cores were taken using 

this method per flume per sampling point. They were then centrifuged at 4,000 rpm 

for 20 minutes to separate the sediment pore water, which was extracted using a 

syringe, with the pore water from each core being combined and stored in a 2 ml gas 

tight bottle after being poisoned with 15 µl of HgCl2. The pore water samples were 

later analysed for DIC, with the DIC analysis using 500 µl samples injected through a 

0.5 ml sample loop and then analysed using the coulometer method, as described in 

Chapter 2 for DIC analysis.  

A further 3 x 10 ml sediment samples were taken from each flume at the end of each 

experiment run to analyse the total organic carbon and total inorganic carbon (TOC 

and TIC respectively) content of the sediment, to ascertain whether the CO2 injection 

had an impact on the whole sediment carbonate chemistry. These were complimented 

by the same number of samples taken of the original sediment. After the sediment 

was homogenised and the flumes filled, spare sieved sediment was left in seawater for 

the experiment duration at ambient temperature. On the same dates as the sediment 
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samples were collected from the flumes the “spare” sediment was also sampled. 

These sediment samples were freeze-dried for 3 days and then ground using an agate 

sediment mill. The samples were then stored in a freezer before two replicates of each 

sample were weighed out into 25 mg aliquots for analysis. One set of samples was 

analysed for total carbon concentration, the other set was acidified using sulphurous 

acid to dissolve the CaCO3 fraction in the sediment, before being freeze dried and then 

similarly analysed for carbon content. TIC and TOC analysis was done using a Costech 

Instruments elemental combustion system, which vapourised the samples in a 

nitrogen atmosphere, then analysed for carbon content through chromatography. The 

TIC was calculated by subtracting the carbon content of the acidified sample from the 

carbon content of the non-acidified sample. Porosity of the sediment was measured 

by using a 24 ml open ended syringe to take a core from each of the 6 flumes, 

weighing the wet sediment, placing in a drying oven at 95 C for 24 hours, weighing 

the dry sediment and calculating the porosity from the weight difference. A mean 

porosity is presented from all 6 cores. 

6.5 Results 

6.5.1 pH microprofiles 

pH microprofiles were conducted in all treatment conditions and mean pH profiles are 

displayed in Figures 36, 37 and 38.  

From these data, it is possible to determine whether the microprofiles are significantly 

different from each other both within the same treatment condition and between 

treatments, with an ANOVA test of variance calculated for every 1 mm depth point in 

the profiles, ie, at 1 mm above the sediment / water interface, 0 mm - at the sediment 

/ water interface - 1 mm below, and so on. 

The baseline profiles are not significantly different between tanks and treatments (p = 

0.387 – 0.08 depending on depth point). When exposed to 0.2 l min CO2 injection for 

one week, the pH profiles are significantly different from the baseline profiles (p = 

0.001 or less). With this treatment, there is no significant difference between the 
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baseline profile and the last week of recovery (p = 0.882 – 0.626) above -7 mm below 

the sediment water interface, but there are significant differences below this point. 

The pH profiles from the air injection treatment are not significantly different (p = 

>0.28), except one time point, the first week of recovery after injection, which is 

significantly different from the baseline treatment from 1 mm below the sediment 

water interface (p – 0.01). On all occasions, the pH profiles were conducted in a 

sequential manner, with one profile as close as possible to a gas escape pock mark, 

one around 1 cm distant and one at least one cm further distant.  
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Figure 36. pH microprofiles generated from the 4 flumes subjected to a 100% CO2 injection. Vertical scale is in mm, 

horizontal scale is pH. Standard deviation error bars shown every 1 mm, with standard deviation calculated from 

the mean of all 4 treatments. 
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Figure 37. pH microprofiles generated from the 4 flumes subjected to a mix of 50:50 air and CO2 injection. Vertical 
scale is in mm, horizontal scale is pH. Standard deviation error bars shown every 1 mm, with standard deviation 
calculated from the mean of all 4 treatments. 
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Figure 38. pH microprofiles generated from the 4 flumes subjected to 100% air injection. Vertical scale is in mm, 
horizontal scale is pH. Standard deviation error bars shown every 1 mm, with standard deviation calculated from 
the mean of all 4 treatments. 

From Figure 36 it is apparent that the baseline pH microprofile shows that the water 

pH is at 8, with the pH decreasing steadily below the sediment water interface to a 

depth of 8 mm, at which point the pH slowly starts to increase with increasing depth. 

After 1 week of CO2 injection, it is apparent that there has been a reduction in pH of 

the water in the flume, to 6, with a rapid increase in the pH below the sediment water 
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interface to a depth of 6mm, at which point the rate of increase slows. After the 28 

day injection period, the pH profile is fundamentally different to those seen in the 

baseline or the first week of injection, with a virtually straight, and low, pH profile. 

Only 1 week after the cessation of CO2 release, the pH profiles are very similar in 

shape to the baseline profile, although a slightly lower pH is reached at depth in the 

sediment. This is similar to the profiles from the flumes with 50:50 CO2:air injection 

(Figure 37), although the pH change is less marked, and the profiles from the flumes 

with air injection are unchanged throughout the experiment (Figure 38). 

6.5.2 Oxygen microprofiles and flux 

The DOU, as calculated from microprofiles, using Equation 4 is shown in Figure 39. The 

baseline oxygen flux from the water into the sediment is between 9.0 and 16.5 mmol 

m-2 d-1, fluxes are not significantly different between tanks and conditions (p = 0.49) 

and there are no significant differences between tanks and treatments at the same 

time points in the experiment (p = 0.093 to 0.61). However, there is a significant 

difference (p<0.001) between the baseline and the end of the release phase in the CO2 

and air injection treatments, but not (p = 0.39) with the mixed air and CO2 injection 

treatment.  

 



149 
 

 

Figure 39. DOU into the sediments during Coverall. All data points represent a minimum of 6 profiles from a 

minimum of two flumes (eg 1st week of release data points), more commonly 12 profiles from 4 flumes 

 It is apparent that there is a general trend of declining DOU with time through the 

experiment, with this effect being apparent in all treatments, although only significant 

in the CO2 and air injection flumes. There is no significant difference (p=0.88 – 0.36) 

between the last week of gas injection and the last week of recovery measurements in 

any flume or treatment condition. From the oxygen microprofiles it is also possible to 

determine the oxygen penetration depth, as shown in Figure 40. 

Values in the baseline conditions are between 3.7 and 5 mm and are not significantly 

different (p=0.18) between flumes or treatments. For the CO2 injection treatment, 

there is no significant difference between the baseline and the end of the release 

phase (p=0.06), with a significant difference between the baseline and the end of the 
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recovery period for that treatment (p = 0.001), but no significant difference between 

the end of the release and the end of the recovery period for that treatment. 

 

Figure 40. Oxygen penetration depth into the sediments during Coverall. All data points represent a minimum of 6 
profiles from a minimum of two flumes (eg 1st week of release data points), more commonly 12 profiles from 4 
flumes 

 Values in the baseline conditions are between 3.7 and 5 mm and are not significantly 

different (p=0.18) between flumes or treatments. For the CO2 injection treatment, 

there is no significant difference between the baseline and the end of the release 

phase (p=0.06), with a significant difference between the baseline and the end of the 

recovery period for that treatment (p = 0.001), but no significant difference between 

the end of the release and the end of the recovery period for that treatment. 

Again, for the 50:50 mix of air and CO2 there was a significant difference (p=0.04) 

between the baseline sampling and the end of the gas injection, but no significant 

difference (p=0.37) between the end of the gas injection and the end of the recovery 
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period. This pattern is also true for air injection, with p=0.002 for the difference 

between the baseline and end of injection and p=0.14 between the end injection and 

the end of the recovery, with the air injection treatments showing a much deeper 

oxygen penetration depth than the CO2 injection flumes. 

There is a significant difference between treatments at the end of the release phase 

(p=0.01), but not (p=0.054) at the end of the recovery phase of the experiment. It is 

apparent from Figures 39 and 40 that the data generated from oxygen microprofiling 

is consistent, with lower DOU reflected in deeper oxygen penetration depths, as would 

be expected. It is clear from the standard deviation bars on Figures 39 and 40 that the 

sediment became more heterogeneous with time through the experiment. 

6.5.3 DIC flux 

The Dissolved Inorganic Carbon flux was calculated from 6 chambers per treatment 

and is displayed in figure 41.  

 

Figure 41. DIC flux based on 6 chamber incubations per treatment per time point, the asterisk (*) indicates the 
highest outlier of DIC flux during the release phase, which is included in associated mean and standard deviation 
calculations. 
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The baseline conditions gave a calculated flux of 4-10 mmol m-2 d-1, with no significant 

difference between flumes and treatments (p=0.975). For the CO2 injection treatment, 

there is a significant difference between the baseline and the end of the release 

(p=0.001), but not between the baseline and the first week of injection, which is higher 

by over an order of magnitude at 745 mmol m-2 d-1 (p=0.23), but with a very high 

standard deviation across the samples. There is no significant difference between the 

fluxes recorded in any time point for the 50:50 mix of CO2 and air (p=0.76), similarly 

for the air treatment (p=0.70). There is no significant difference between the 

treatments at the end of the recovery (p=0.82), nor between the baseline 

measurements and the end of the recovery period (p=0.99) for any of the treatments.  

 

Figure 42. DIC concentration in the overlying seawater, circulating in the flumes during the experiment. 

As seen in Figure 42, the DIC concentration in the flumes is strongly associated with 

the treatment, the flumes are not significantly different during the baseline conditions, 

or after the release phase, with large, significant, differences between the CO2 

treatment and all others at both points during the release phase, with a higher 
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standard deviation, presumably dependant on water turbulence and proximity to a 

bubble stream when taking the samples for analysis. 

6.5.4 Pore water  

The sediment pore water was extracted and the pH and DIC analysed. These data are 

shown in Figures 43 and 44. 

 

 

Figure 43. DIC of pore water, 4 samples per treatment condition per time point. 

The DIC of the pore water is not significantly different between the baseline and 

recovery phase of the experiment, with the DIC concentration in the 100% CO2 

injection treatment significantly higher than the 100% air injection treatment during 

the release phase, and significantly higher than the 50:50 CO2:Air injection treatment 

at the beginning of the release phase, but not the end. 
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Figure 44. pH of sediment pore water, measured from 4 samples per treatment per time point. 

For pH measurements, there was no significant difference between treatments at the 

baseline (p=0.38), with no significant difference between the baseline and the end of 

the release phase for the CO2, 50:50 mix and air injection (p=0.07, 0.69 and 0.71 

respectively). There is no significant difference between the baseline and the end of 

the recovery for the CO2, 50:50 mix and air treatments (p=0.12, 0.70 and 0.14 

respectively). There is a significant difference between the CO2 and air injection 

treatments at the beginning (p=0.02) and end (p=0.03) of the recovery, with the CO2 

injection treatment having the lower pH. 
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6.5.5 Sediment 

The organic carbon content of the sediment was measured and is displayed in figure 

45 below.  

 

Figure 45. Total Organic Carbon weight % of sediment both prior to the experiment commencing and after 
treatment and recovery of the respective flumes – other than the gas injection treatment, the sediment had been 
treated identically in all 4 cases - sieved, homogenised, immersed in seawater for the experiment period.  

It is apparent from these data that there is no significant difference between the 

organic carbon content of the sediment following the treatments (p=0.779), although 

there is a significant difference between the organic carbon content in the untreated 

sediment in all cases (p=0.0005 – 0.001 depending on treatment). 

Similarly, carbonate content of the sediment was measured, with the data displayed in 

Figure 46 below. Analysis of these data show a significant difference between the 

original untreated sediment and the sediment post treatment (p = 0.001 – 0.004). 

There is no significant difference between the carbonate content of the sediments 

post treatment (p=0.79). What is clear from these data, though, is that there is a 

marked increase in heterogeneity in the sediment following the treatments, as can be 

seen from the size of the standard deviation bars in both Figure 45 and 46 – the 
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sediment is far more homogenous in its untreated state compared to the sediment in 

the flumes. 

 

Figure 46. Total Inorganic Carbon weight % of sediment both prior to the experiment commencing and after 
treatment and recovery of the respective flumes– other than the gas injection treatment, the sediment had been 
treated identically in all 4 cases - sieved, homogenised, immersed in seawater for the experiment period.   

6.6 Discussion 
The pH microprofiles confirm that there is a rapid change in the pH in the water 

overlying the sediment in the 100% CO2 treatments. The pH dropped from 8.01 to 6.17 

in the overlying water, with small associated standard deviations (0.02 and 0.09 

respectively) in the first week of gas release, a rapidity of decline which reduces with 

increasing depth into the sediment. More than 7 mm below the sediment water 

interface, the difference in pH has reduced to 0.4 units, indicating that the change in 

pH may be driven from the CO2 enriched seawater, with only a small change 

attributable to dissolved CO2 in the sediment pore water migrating though the 

sediment. In the case of the 100% CO2 injection treatment, the final week of CO2 

release shows that the pH is markedly different from the baseline conditions, with the 

overlying water giving a pH of 4.92, which slowly increases below the sediment water 

interface. At -12.5 mm in this profile there is an obvious step in the profile, with a 

reducing pH for 0.5 mm. This is due to a truncated profile terminating early and the 
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impact that this has on the mean data associated with that truncation. However, 

within 6 days of the CO2 release being stopped, the overlying water is back to baseline 

conditions, with the pH profile of the sediment being outwardly similar to that of the 

baseline profile, although more than 8 mm below the sediment water interface there 

is still a significant difference in pH, which persists to the end of the recovery phase. 

Recovery of the sediment above 7 mm was complete with respect to pH within only 6 

days of the release stopping, although at deeper levels the impact was more 

sustained. 

Although there is a difference between the pH profiles in the baseline and the first 

week of release for the 50:50 CO2:air injection, it is far smaller than that seen in the 

100% CO2 injection treatments. However, by the end of the release phase, the pH of 

the overlying water had reached a pH as low as 5.5, with a profile that was not 

significantly different from the 100% CO2 injection treatment. This lack of difference is 

probably due to the increased heterogeneity that both profiles show rather than a 

similarity of absolute pH values of the mean profiles. As with the 100% CO2 injection 

treatments, though, the recovery of pH was quick, with the profile returning to a 

similar shape to the baseline profile within 6 days of gas release stopping. However, 

there is a significant difference in pH more than 2 mm below the sediment water 

interface, suggesting an incomplete recovery at this stage. 4 weeks after the gas 

release there was no difference between the baseline pH profile and the profiles taken 

from the last week of the recovery to a depth of 12 mm below the sediment water 

interface. The air injection did not affect the pH of the sediment, with the exception of 

the 1st week of recovery. However, it should be stated for clarity that the water in the 

flumes was changed on a continual basis during and after the experiment, such that 

the recovery of the water pH in the flumes was fast, returning to baseline conditions 

by the end of the first week of recovery, with the majority of this recovery almost 

certainly driven by the water change, rather than through equalisation of partial 

pressure of CO2 with the atmosphere, buffering with the sediments or any other 

action. Although pH microelectrodes are precise and accurate, had been regularly 

calibrated and the profiling method was consistent throughout this experiment, it is 

the case that they can take time (occasionally several minutes) to fully respond to new 
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pH conditions if changes are abrupt. While it would have been possible to conduct the 

micropfrofiling with 30 seconds or more “resting” between measurements for each 

profile, for reasons of time and microelectrode longevity, this was not done, therefore 

sharp gradients in the pH microprofiles may have been missed, although the 

microelectrodes were purchased from Unisense and are advertised as having fast 

response times. However, the movement of pH within the sediment implies that there 

was a certain amount of pH buffering between the sediment pore water and minerals 

within the sediment such as calcium or magnesium carbonates, the dissolution of 

these minerals would act to raise the pH of the sediment pore water over time, as 

discussed in Chapter 1. 

The oxygen flux into the sediment, the DOU, consistently drops with time in the 

experiment, with the three treatments showing a similar pattern. This is consistent 

with an increasing oxygen penetration depth with time, in all treatments. Both data 

sets indicate a reducing oxygen demand in all the treatments with time. This may be 

due to the non-replacement of labile organic matter – the sediments were taken from 

the photic zone of a coastal system, so would receive detritus from terrestrial and 

marine sources as well as organic input generated by microphytobenthos. In the 

experiment system large sources of labile organic matter, such as dead meio-fauna, 

were removed when sieving, no photosynthetic activity was allowed to take place, 

with the experiment being conducted in darkness. The seawater source was filtered, 

reducing the amount of detritus and labile carbon entering into the system. It is 

probable that this change in oxygen consumption by the microbial community is due 

to a lack of input of organic matter during the experiment. This is more likely than the 

alternative possibility of a mass die off in the microbial community caused by the CO2 

injection, because all of the treatments follow the same trend, which would not be the 

case if there was a strong reaction to one, or other, of the gas treatments. If die off is 

caused by the mechanical action of bubbles travelling through the sediment, rather 

than the type of gas, there would be a similar pattern in the DOU decline with time. 

However, that possibility conflicts with findings reported by Tait et al. (2014), who 

observed that there was a change in community structure of the microbial community 

during the QICS gas release phase, rather than a mass die off.   
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The DOU calculated in this experiment (-14.7 mmol m-2 d-1 to -3.7 mmol m-2 d-1) 

compares favourably with the DOU from the QICS experiment (Chapter 4, Figure 21) of 

-7.9 mmol m-2 d-1 to -21.9 mmol m-2 d-1, indicating that the oxygen dynamics of the 

microbial community were not adversely impacted by the passage of the gas, but 

simply started to run out of labile organic material over time in the flumes.  

The DIC flux between the sediment and the water was highly variable, although the 

baseline and recovery periods had no significant difference in DIC flux, with large (but 

not significant) variations in the release phase. During the first week of release, the 

DIC flux in the CO2 treatment had a mean of 745 mmol m-2 d-1, although there was an 

outlier as high as 2,410 m-2 d-1, shown by an asterisk on Figure 41. If this outlier is 

discounted, the mean flux drops to 171 mmol m-2 d-1. This outlier may have been 

caused either by a CO2 bubble entering the chamber and dissolving, or by an area of 

high DIC flux. Which one of these two options is the correct one is unknown, although 

incubation chambers were transparent Perspex and were inspected carefully at the 

beginning and end of incubation periods to ensure there were no bubbles present 

which may have invalidated the incubation. Perhaps the most surprising result in the 

measurement of the DIC fluxes is the measurement of a negative flux, i.e. a flux of DIC 

from the overlying water into the sediment, in the last week of the CO2 release. This 

may be due to a downwards flow of pore water in the sediment. As has been stated by 

Dewar et al. (2014), the passage of bubbles through sediment causes mechanical 

disturbance and may generate areas of strong upwards migration of pore water, it 

follows that there must, therefore, be areas of downward flow of pore water too, 

which may result in this negative flux that was observed on these occasions. It is 

apparent that the DIC concentration in the seawater being circulated through the 

flumes shows a strong DIC signal, in both the 100% CO2 injection treatment and the 

50:50 CO2:Air treatment, as would be anticipated, with little change in the 100% air 

injection flumes (Figure 42).  

The DIC of the pore water in Figure 43 shows a similar pattern, with the 100% CO2 

injection treatment reaching its highest level in the sediment at the end of the CO2 

release phase. The 50:50 CO2:Air treatment also shows a similar pattern, though less 

strongly. The 100% air injection treatment instead appears to show the opposite 
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pattern, with a declining DIC concentration in the pore water during the release phase, 

possibly due to the turbulent movement of bubbles through the sediment increasing 

turnover of sediment pore water and increasing equilibration with the overlying water, 

possibly also related to the declining oxygen consumption of the sediment with time, 

limiting the corresponding DIC flux as remineralisation rates reduce.  

The pH of the extracted pore water shows a decline with time during the experiment 

in the 100% CO2 injection treatment, with all treatments being far more 

heterogeneous at the end of the experiment than at the beginning. There is a 

significant difference between the pH of the pore water in the 100% air and 100% CO2 

injection treatments at the end of the recovery. This is not so readily observed in the 

microprofiles, although it is important to remember that the pore water pH is 

integrated over a far larger depth range (5 cm) than the microprofiles (2 cm), so will 

reflect sediment that was not microprofiled due to the depth range of the equipment 

available. It also highlights the extent to which depth range is important in quantifying 

the recovery of the sediments from the gas release –from the pH microprofiles alone it 

could be suggested that the recovery from impacted conditions to baseline conditions 

has almost entirely taken place only 4 weeks after the injection phase in the 100% CO2 

release treatment, although when studied in conjunction with the pH of the sediment 

pore water, it is apparent that this is not the case. However, this is not to suggest that 

the mechanics and size of bubbles passing through the sediment are unimportant. The 

quantification of impact of a leak from a CCS reservoir will be complicated by the fact 

that a) smaller bubbles have a larger surface area, and thus will dissolve more rapidly, 

but that b) larger bubbles may move more quickly, increasing mechanical disturbance 

of unconsolidated sediment and reducing interaction time with sediments. It is not 

necessarily the case that small leaks will have a smaller impact, for these reasons. 

Figures 44 and 45 show the TOC and TIC respectively. The three treatments are 

compared to sieved, homogenised sediment that was excess to experiment 

requirements and was immersed in seawater during the experiment in ambient 

conditions, in the dark. It is clear that the sediment that underwent gas injection 

treatments is far more heterogeneous than the untreated sediment, for all 

treatments. It is also clear that there is a marked reduction in TOC of the sediment, in 
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all treatments, confirming the conclusion that the reduction in oxygen flux mentioned 

above and seen in Figure 39 is due to declining availability in organic matter over time, 

rather than a mass die off of the microbial community. The TIC has also declined after 

the treatment, probably due to the passage of the gas through the sediment and 

chemical attack on the carbonate within the sediment, accelerated due to movement 

of pore water. 

CO2Sys (Pierrot et al., 2006) is an excel based programme that can be used to calculate 

the carbonate dynamics and equilibrium constants of the carbonate system in 

seawater and will calculate the saturation state, or Ω factor, of both Calcite and 

Aragonite in water, given the various inputs described. 

The Ω factor is of fundamental importance to both geological processes as well as 

biological processes (Zeebe and Wolf-Gladrow, 2001). In its simplest description, it 

determines the rate at which Calcite and Aragonite will dissolve in seawater, with a 

higher Ω factor indicating more stable conditions for these two CaCO3 polymorphs. 

Although these two materials have the same chemical formula, their crystal structure 

is different, with Aragonite being the more fibrous and more susceptible to chemical 

dissolution of the two forms (Reading, 2009).  

The increase in H+ ions (or protons) caused by the stepwise dissolution of CO2 gas in 

water acts to reduce the pH of the water, as described in Equation 1 in Chapter 1. This 

reducing pH, allied to the increasing DIC content of the pore water acts to reduce the 

Ω factor of the sediment pore water (Figures 47 and 48), as shown by the calculated Ω 

factor output from CO2Sys (Pierrot et al., 2006, Zeebe and Wolf-Gladrow, 2001). 

Although it is regarded as good practice to determine the carbonate sequence and Ω 

factor through calculation using Total Alkalinity (TA) and DIC (Gattuso and Hansson, 

2011, Riebesell et al., 2010), here pore water availability was a limiting factor (after 

filtering, the sample measured ~1.5 ml, with a minimum of 1 ml required for the DIC 

measurement), so that the calculation had to be done using pH and DIC. This method 

is more prone to error as small variations in pH have a disproportionate effect on the 

calculation when compared to small variation in TA.  
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Nevertheless, it is possible to use the pH and DIC data to calculate the Ω factor for 

both calcite and aragonite, which are displayed in figures 47 and 48. 

 

Figure 47. Ω factor for aragonite (Ωar), calculated from DIC and pH of sediment pore water. 

It is clear from these data that the CO2 injection during the experiment resulted in a 

rapid and sustained drop in both Ωar and Ωca to values, approaching 0.3 for Ωar and 0.4 

for Ωca by the end of the experiment. This indicates that although there is apparently a 

sustained recovery in the pH of the sediment pore water, as shown by the pH profiles 

in figure 36, 37 and 38, this does not truly represent the rate at which the recovery 

occurs after a CO2 release through sediment, indeed the data in Figures 47 and 48 

indicate a prolonged and sustained recovery period, in excess of the 4 weeks allowed 

by this experiment schedule.  
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Figure 48. Ω factor for calcite (Ωca), calculated from DIC and pH of sediment pore water. 

These numbers also indicate that pH changes in this sediment are probably strongly 

buffered by carbonate dissolution (as indicated also by Figure 46), which may help to 

explain the rapidity with which the pH profiles returned to “normal” pH levels after the 

CO2 release stopped, with dissolution probably occurring close to areas of high DIC flux 

and accounting for the high variability in carbonate content of the sediment in the 

flumes compared to the homogenised sediment that was not treated with gas 

injection (Figure 46). 

In Chapter 4, there was an attempt to model the volume of CO2 remaining within the 

sediment after the QICS experiment release phase had ended. This was done by 

assuming uniform CO2 distribution in the sediment pore water and then calculating 

the potential volume of sediment affected by the release, given certain assumptions 

regarding migration patterns for the CO2 enriched pore water. In this case, the total 
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volume of the sediment can be directly calculated and, given the relatively small size 

of the flumes, it is possible to calculate the pore water volume, given known 

dimensions and porosity. It is then possible to conduct a mass balance calculation, 

accounting for the measured fluxes in an attempt to confirm their accuracy. The 

flumes were filled with sediment to a depth of 10 cm, with a width of 30 cm and the 

sediment comprised 70 cm of the total 120 cm length of the flumes (the remaining 

space being sumps). The total volume of sediment in each flume was therefore 21 

litres. Porosity of the homogenous sediment was measured as 0.54 (Std dev = 0.011). 

The baseline concentration of DIC in the sediment pore water is known, so the total 

carbon present in the pore water during the baseline can be calculated as in Table 4. 

Table 4. Mass of DIC in pore water.  

Sediment 

volume 

(Litres) 

Sediment 

porosity 

Pore water volume = 

Sed volume x 

porosity (Litres) 

Baseline DIC 

of pore water 

(mM L-1) 

Total mass DIC in 

pore water at 

baseline (grams) 

21 0.54 11.34 5.72 0.77 

 

In the flumes with 100% CO2 injection, at the end of the release period the pore water 

contained 100.75 mg C Litre, or 8.33mM C L-1 (Figure 43). This allows the data in Table 

5 to be calculated. 

Table 5. Total mass of carbon in pore water at the end of the gas release phase in the 100% CO2 injection 
treatment. Also calculated is the increase in mass of DIC in the sediment pore water during the gas release phase. 

Pore 

water 

volume 

End of release 

DIC concentration 

mM L-1 

Total mass of DIC in 

pore water at end of 

release (grams) 

Difference in total mass of 

DIC at end of release and 

baseline (grams) 

11.34 8.33 1.14 0.37 

 

To the increase in DIC of the pore water must be added the total flux of DIC into the 

water during the gas release period. As can be seen in Figure 41, the flux of DIC is 

variable, from a mean of +745.45 mmol m-2 d-1 during the first week of the gas release, 

declining to -470.78 mmol m-2 d-1 in the final week of release. For the purpose of this 
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calculation it is assumed that there is a liner change in flux between these two points 

over time, giving a mean flux for the release period of 137.34 mmol m-2 d-1. The total 

flux of DIC during the experiment is shown in Table 6. 

Table 6. Mass of DIC flux from the sediment into the overlying water, using high flux for 3 weeks, the low flux for 1 
week and integrated over the sediment surface area of a flume 

Area (m2) of 

sediment 

surface in flume 

Total flux of DIC from the 

sediment (mol m-2) over 

the 28 day release period 

Total flux from sediment 

(integrated over sediment 

area) 

Mass of 

flux 

(grams) 

0.7 x 0.3 = 0.21 0.13734 x 28 = 3.845 0.21 x 3.845 = 0.807 9.684 

 

When the mass of the DIC flux from the sediment is added to the difference in mass of 

DIC in the sediment pore water between the beginning and end of the experiment, 

this gives a total of 9.648 + 0.37 = 9.72 g of Carbon that can be accounted for in the 

dissolved phase during the experiment for a “mean flume” subjected to 100% CO2 

injection for the full 28 day injection period. 

 

Figure 46. Gas bubbling from the sediment in the flumes, each treatment mean from 4 flumes against day of 
release (day 0 = first day of gas release from the sediment). All points are a mean of the total gas flow from each 
flume, averaged over 4 flumes for each treatment – two flumes from each of two experiment runs. Error bars are 
standard deviation, for each data point, but not always visible at this scale. Data kindly provided by S. Felgate 
(Felgate et al., in prep). Gas injection was at 200 cm

3
 per minute. 

During this time, a total of 8,064 litres of CO2 had been released through the sediment, 

equating to 15.8 kg of gas at standard temperature and pressure (0 C and 1 atm). It 

was observed during this experiment that only ~50% CO2 that was injected left the 
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sediment as gas (a figure that was constant +/- 10% for the whole experiment and 

which was measured daily for the entire release phase) as is shown in Figure 46 

(Felgate et al., in prep).  

This implies that 7.9 kg of CO2 was not observed leaving the sediment as bubbles, of 

which only 9.72 g of carbon can be accounted for using the mass balance approach 

outlined above, leaving 50% of the gas unaccounted for.  

Individual chamber incubations show that the variation between incubations is high, 

with a single incubation chamber demonstrating a flux of 2910 mmol C m-2 d-1 during 

the first week of the gas release, the remaining chambers showing a flux of 44 to 200 

mmol C m-2 d-1 on the same date from the same flume. This very high flux could have 

two explanations. Chambers were routinely placed in the sediment away from the 

bubble streams during the release phase, so as to preclude the possibility of the 

chamber filling up with bubbles and either a) recording a falsely high flux caused by 

bubble dissolution in the water within the chamber or b) corrupting the experiment 

because bubbles would fill the chamber, making it buoyant so that it floats away.  

It is possible then that either the chamber that recorded a high flux of DIC contained a 

small bubble of CO2 gas that dissolved in the chamber creating an anomalously high 

DIC flux in the measurements, or that the sediment has areas of anomalously high flux 

for DIC into the overlying water, probably close to gas escape pock marks which form 

on the sediment surface (Figure 31 and 35). Although hard evidence for this theory is 

lacking, it seems probable that there are areas of very high DIC flux from the sediment, 

probably close to pockmarks or even in the bubble streams where pore water with an 

extremely high DIC content is forcibly ejected from the sediment due to the 

mechanical disturbance of passing bubbles. Such areas have evaded notice because of 

the necessity to avoid capturing bubbles in the incubation chambers. However, there 

is an indication that there may be areas of very high DIC flux from the sediment, as 

seen in Figure 42. At the end of the release phase of the experiment, the DIC 

concentration in the seawater in the 100% CO2 treatment flumes was 4 times higher 

than during baseline measurements.  
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The overflow rate of water from the flumes was measured at 0.5 L min-1 as outlined in 

6.4 Materials and Methods. Further, the concentration of DIC in the water in the 

flumes was constrained at two time points, in the first and final weeks of CO2 release. 

The concentrations were measured as a mean of 23.78 mg C L-1 during the baseline, 

50.9 mg C L-1 in the first week of CO2 release and 106.4 mg C L-1 during the final week 

of CO2 release (Figure 42). This calculation will assume a liner approximation for the 

DIC concentration in the water during the release phase, at a mean of 78.65 mg C L-1. 

Table 7 calculates the DIC in the tank outflow during the experiment. 

Table 8. Total Dissolved Carbon in flumes discarded in water 

Baseline 

DIC mg L-1 

Release 

DIC mg L-1 

Difference 

DIC mg L-1 

Total volume in overflow 

during release period (L) 

Total DIC “discard” 

in water 

23.78 78.65 54.87 28 days x 24 hours x 60 

minutes x 0.5 Litres = 

20,160 

54.87 x 20,160 = 

1.160 kg C 

 

These figures indicate that during the experiment, assuming a mean concentration of 

DIC in the pore water, a total of 1.160 kg C was discarded from the flumes in the water 

overflow during the release phase. This equates to a mass of 4.055 kg of CO2 gas, in 

addition to the ~ 7.9 kg of gaseous flux that was measured. The sum total of the mass 

balance is as outlined in Table 9. 

Table 9. Mass balance of a mean CO2 injection flume 

CO2 in 

pore 

water (kg) 

CO2 in 

DIC flux 

(kg) 

CO2 in 

water 

discard (kg) 

Gaseous 

flux (kg) 

Percentage of mass accounted for 

0.004 0.04 4.055 7.9 (
(0.004 + 0.04 + 4.055 + 7.9)

15.8
) ×  100 = 75.4%  

 

This calculation rests on several assumptions that need to be outlined for clarity.  

1. In both the DIC flux and the DIC concentration of pore water, a linear 

approximation was used to extrapolate between two different flux or 
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concentration points. In reality a linear change from one state to the other is 

unlikely, but using only available information, it is appropriate here. 

2. It is assumed that the samples taken for flux, pore water DIC concentration and 

pore water concentration are representative, although as discussed above, this 

may not be the case in reality, with steep gradients in DIC flux across the 

sediment surface possible. 

3. This calculation takes no account of bubbles of CO2 dissolving in the ~ 10 cm 

water depth overlying the sediment, as there is no information on bubble size, 

surface area, rate of movement in the water etc. to calculate dissolution rate 

into the water (Dewar et al., 2014), however, bubbles were captured very close 

to the sediment surface for measurement, so measuring the same contribution 

twice is thought to be unlikely. 

4. This calculation takes no account of the pCO2 that the high levels of DIC in the 

water would exert on the atmosphere, with a consequent flux from the water 

to the atmosphere as seen during QICS (Maeda et al., 2015) 

The pH microprofiles indicate that the dominant driver for the change in sediment 

pore water may be changes in the pH of the overlying water, with change being driven 

from above, at least until high levels of DIC in the sediment pore water are reached.  It 

is clear from the pH microprofiles in Figure 36 from the CO2 injection flume that, after 

one week of CO2 gas release, the entire profile had reduced its pH compared with the 

baseline conditions. However, it is clear that the largest reduction in pH was not at the 

base of the profile, which would indicate a pH effect caused by injected CO2 migrating 

through the sediment as increased DIC, but from the top of the profile, with a marked 

reduction in pH in the top 6 mm of the microprofile, with a much smaller and more 

consistent reduction below this depth, although the suggestion that this indicates that 

the pH change is driven from the “top down” conflicts with data collected from natural 

seeps, which clearly show acidified fluids migrating from below. Undoubtedly, the 

profile collected at the end of the release phase was severely perturbed when 

compared to the baseline conditions, with a uniform reduction in pH throughout the 

length of the microprofile. However, it is clear that this rapidly returned to near 

baseline conditions within only one week of stopping the CO2 release. The recovery 
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pattern of the pH profiles is very similar to those seen in Chapter 4 during the recovery 

phase of the QICS experiment. In addition, the DOU behaviour is similar to that from 

the QICS experiment indicating that, although the sediment in this experiment had 

been homogenised and sieved prior to the experiment run, the impact of the CO2 

being released through the sediment was not dissimilar to that seen during the QICS 

experiment. 

6.7 Conclusions 

As predicted, the DIC content of the sediment pore water reached its highest levels just before 

the end of the CO2 release phase, although the incremental difference between baseline levels 

and the end of the experiment was lower than expected, with a difference of only 65% over 

baseline levels. The DIC of the sediment pore water decreased after the gas release was 

stopped. However, in contrast with Chapters 4 and 5, there was, on this occasion, significantly 

higher DIC fluxes observed during the gas release phase in the CO2 treatments. This flux may 

be very localised in nature, with only one very high flux measurement of 2910 mmol m-2 d-1 

on one chamber, with the other chambers displaying broadly similar flux rates to the baseline 

conditions. This may indicate that either there are small areas of sediment with extremely high 

DIC flux, perhaps closely associated with pockmark structures in the sediment, with little 

variation in DIC flux elsewhere.  

A mass balance of all DIC fluxes and concentrations, as well as the gaseous flux has, given 

certain assumptions as listed in Section 6.6 Discussion, allowed 75% of the injected gas to be 

accounted for using direct measurements, a substantial increase on the QICS project and the 

modelling conducted in Chapter 4. It is possible that there are areas of the sediment surface, 

particularly in the middle of bubble streams (for the 100% CO2 injection treatment), where 

there was a very high flux of DIC which could not be quantified by using incubation chambers 

due to the proximity of bubble streams. This additional DIC flux was captured by accounting 

for the water overflow through the flumes which was needed to ensure that the flumes didn’t 

become eutrophic during the experiment.  

There was very little evidence that the CO2 injection caused a disruption to the normal oxygen 

dynamics of the sediment during the release or recovery phase of this experiment, which 

corresponds closely to similar evidence from the QICS field experiment. Indeed, the “control” 

flumes, which involved air injection, were markedly more altered with respect to oxygen 
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dynamics, particularly the oxygen penetration depth, than the CO2 injection flumes. This is 

understandable, when considering that the air bubbles travelling through this sediment would 

dissolve to some extent and oxygenate the sediment close to the gas release hoses. Future 

experiments should use a control of an inert gas rather than one which may affect the oxygen 

dynamics as strongly as indicated in Figure 40.  

It seems clear that CaCO3 in the sediment helped to buffer the sediment pore water from large 

changes in pH, as well as reduce the recovery time for the pH of the sediment pore water after 

the gas release phase, with recovery rates and patterns similar to those seen in the QICS 

experiment (Taylor et al., 2014a) and described in Chapter 4.  

It is important to place this discussion in a wider context. This was an ex situ experiment, 

involving homogenised and sieved sediment to remove large particles and fauna from the 

sediment. The QICS experiment was conducted in the natural environment, with the released 

CO2 gas bubbling through several layers of sediment prior to reaching the final, recent 

sediment near the surface (Taylor et al., 2014b). In either case, Ardmucknish Bay is not a 

candidate for CCS, so it is unlikely that in the “real world” there will be a leak to demonstrate 

the exactitude of the findings here presented, or those from the QICS experiment (e.g. 

Blackford et al., 2014a). Proposed CCS sites in the North Sea such as Sleipner and Goldeneye 

have similar latitude to Ardmucknish bay, so water temperature is similar, fauna is similar, but 

there is a large difference in water depth (~100 m vs 12 m for QICS) with consequent 

differences in available light, abundance of food, distance from land changing sedimentation 

rates amongst many other factors. These experiments, however, start to unpick the benthic 

biogeochemical impact of a sub-seabed leak from a CCS facility and are therefore important 

beginnings in this area of research and their findings of relevance to decision makers 

confronted with the possibility of CCS development in sub-seabed reservoirs. 
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7.1 Introduction 
Despite warnings of climate change caused by increasing CO2 release into the atmosphere 

from anthropogenic activity (Stocker et al., 2013), the targets for emission reduction set by 

governments were characterised by many as lacking ambition and a case of “too little, too 

late”, with even the with the strongest governmental action leading to global temperature 

increases (Meinshausen et al., 2009). It was clear to many governments that relying on 

Pigouvian taxation, incentives for home insulation and increases in renewable energy 

generation were not going to generate the required reductions in CO2 emissions 

(The_Global_CCS_Institute, 2014). These findings gave added impetus to the development of 

CCS technologies. 

The announcement of by the United Kingdom government in 2012 that they intended to part, 

or wholly, fund a CCS demonstration project in the UK, with the probability that this would 

involve CO2 injection into a sub-seabed reservoir in the North Sea served to underline the 

importance of this studentship at an early stage in the experimental planning (Gov.UK, 2012). 

With this announcement came the realisation that a new technology was being developed, 

but that there was, as yet, a paucity of research in the environmental consequences of a leak 

from a storage reservoir. This was paucity of research became increasingly important as the 

construction of a demonstration project at Peterhead Power Station in NE Scotland, linked to 

the Goldeneye unmanned platform in the North Sea developed and began to near completion 

by 2015. 

 Several scientists were beginning to publish research in the field, concentrating on natural 

analogues (e.g. Caramanna et al., 2011, Espa et al., 2010, Hall-Spencer et al., 2008, Voltattorni 

et al., 2009) or laboratory based research (Cruz Payan et al., 2012a, Cruz Payan et al., 2012b). 

More recently Caramanna et al. (2014) and Rodriguez-Romero et al. (2014) have continued 

this work, developing an understanding of the processes and implications of a leak from a CCS 

reservoir. This work was conducted in parallel with modelling which strove to assess the scope 

of impact such a CO2 leak would have in the natural environment (Blackford et al., 2009, 

Blackford et al., 2008). While research was continuing in the related (and important) field of 

ocean acidification as summarised by Widdicombe and Spicer (2008), there were also 

experiments being conducted related to the deposition of supercritical CO2 gas on the deep 

seabed, below 1,200 m water depth for disposal (e.g. Barry et al., 2005). 

While there are many advantages to the approaches of modelling leakage scenarios based on 

laboratory research outputs or research of natural analogues, at the beginning of this 
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studentship there was no scientific study on the environmental impact, and recovery caused 

by a sub-seabed leak of CO2 from a CCS reservoir, due to the emerging nature of the 

technology. Given high costs of experiment development, long-term monitoring requirements 

(Blackford et al., 2014a), the vulnerability of such an experiment to public opinion (Flanagan, 

2011, Mabon et al., 2014a) and undoubted difficulties in finding a suitable experiment site 

fulfilling various exacting criteria (Taylor et al., 2014b) this is not surprising. However, precisely 

because of these difficulties this research was essential; both to generate “real world” data on 

the consequences of a controllable release of CO2 into the environment, but also to further 

inform the research efforts of the scientific community at large.  

A consortium was formed and formally led by Plymouth Marine Laboratory to address this 

shortfall in knowledge (QICS, 2014). The design and execution of the in situ release experiment 

in Ardmucknish Bay was coordinated by SAMS (Taylor et al., 2014b) and is discussed in detail 

in Chapter 3 in this thesis, with the overall headline findings published in  Blackford et al. 

(2014a). The results presented in this thesis made important contributions to these findings, 

especially in terms of the pH dynamics (Chapter 4; Taylor et al 2014a) and benthic fluxes of DIC 

(Chapter 5).   

The experiment described in Chapter 6 built on the QICS experience. The QICS experiment was 

replicated with even more controlled conditions in order to better quantify the recovery and 

impact of the CO2 release, the rate at which the recovery took place and better understand 

the drivers for the changes that the CO2 release induced in the sediments, as well as reaching a 

better understanding of where the CO2 actually went during the release phase of the 

experiment, a question that rose directly out of QICS.  

This chapter will discuss the findings from this thesis and tie them together to form an 

overarching conclusion, outlining the findings from this PhD studentship, with a brief 

discussion on possible future work and discussing the gap in knowledge and understanding 

that was filled by this studentship. 

7.2 Discussion 
The headline finding from the entire studentship – first recorded by the QICS experiment and 

then confirmed by the Coverall experiment – is how quickly many of the parameters measured 

returned to baseline conditions after the release of CO2 through the sediment was stopped. 

However, there were many other findings of importance to the field of quantifying the 

environmental impact of a CO2 release from a sub-seabed leak. Firstly, the released CO2 was 
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detected bubbling out of the seabed less than 24 hours after the initiation of the gas release, 

as described in Chapter 3. The biogeochemical impact of this leak was observed and reported 

(Lichtschlag et al., 2014, Taylor et al., 2014a). The pH and pCO2 concentrations were 

monitored and mapped (Atamanchuk et al., 2014, Shitashima et al., 2015), the microbial 

community composition and abundance was monitored (Tait et al., 2014). However, some 

parameters seemed unaffected such as megafauna (Kita et al., 2014, Pratt et al., 2014) and the 

phosphorous and nitrogen dynamics of the sediment (Tsukasaki et al., 2015, Watanabe et al., 

2014). The impact was confined to a small area, with impacts only observed within the release 

zone of the experiment site (Taylor et al., 2014b, Widdicombe et al., 2014) 

Oxygen flux into the sediment remained within the range of natural variability when 

comparing the release and reference zones, this indicated that although there had been a shift 

in the microbial community composition in reaction to the CO2 release (Tait et al., 2014), there 

was no impact in respiration rates and as a whole the microbial community was relatively 

unperturbed by the release, with nutrient recycling rates unaffected (Tsukasaki et al., 2015, 

Watanabe et al., 2014), probably because of the sharp pH gradients at the sediment water 

interface in marine sediments (Stahl et al., 2006).  

The other clear finding from the QICS experiment was uncovered by the divers from the 

National Facility for Scientific Diving, who directly measured the volume of gas bubbling out of 

the sea floor sediment around the release zone, during the period of highest gas release rate 

(Dewar et al., 2014). Only ~ 15% of the gas being released by the QICS project bubbled out of 

the sediment – all visible bubble streams in the release zone were directly measured by divers 

at low slack water (the point of highest bubble release rate). High resolution chirp and boomer 

geophysical profiling of the sub-seabed sediment clearly indicated that the gas was migrating 

upwards through the sediment, rather than back up along the wellbore and being released 

straight into the atmosphere (Cevatoglu et al., 2015). Since there was no statistical difference 

in DIC flux from the sediment when compared to the reference zone , little trace of gaseous 

CO2 remaining within the sediment at the end of the release phase (Cevatoglu et al., 2015) and 

increases of DIC in sediment pore water only apparent at the end of the release phase of the 

experiment (Lichtschlag et al., 2014), it was essential to try and work out what happened to 

the “missing” CO2. This question was tackled using various techniques (Mori et al., 2015, 

Taylor et al., 2014a), one of which is explored in Chapter 4.  

This modelling approach was essential due to the lack of deep cores taken prior to the QICS 

experiment. Due to the presence of boulders in the sediment of Ardmucknish bay, the drilling 
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target had been carefully chosen to avoid these drilling hazards, targeting an area of low 

boulder content. This was the most appropriate area to retrieve deep cores of the sediment, 

although doing so may leave a direct conduit for gas to migrate along during the CO2 release 

phase, something that had to be avoided at all costs, although deep coring elsewhere was 

compromised by the large boulders in the sediment, as a result there was a lack of certainty of 

baseline (or post experiment) biogeochemistry of the QICS release zone (Taylor et al., 2014b).  

The modelling method discussed in Chapter 4 and in Taylor et al. (2014a) used measured and 

assumed porosity data for different lithological units in the unconsolidated sediment and 

assumed three different possible gas migration patterns of gas through the sediment. These 

three models (discussed in Chapter 4) were chosen to reflect the possibility that on exiting the 

mesh injection tube, gas would migrate horizontally to cover the observed footprint of the 

CO2 release zone in the QICS experiment, before migrating vertically to the sediment surface, 

which was thought to be unlikely, or that the gas migrated horizontally at a uniform rate while 

migrating upwards, which is more likely than the first model, but took no account of geological 

changes in the sediment or that the gas migrated upwards in a narrow chimney before 

encountering a porous sediment layer and then rapidly migrating horizontally, which was 

more likely geologically, and best fit observed geophysical data (Taylor et al., 2014a). It then 

used the differential pore water DIC concentration between the release and reference zones 

reported by Lichtschlag et al. (2014) to calculate an estimate of total DIC concentration (and 

thence carbon content) of the sediment pore water around the release point. This indicated 

that between 14 and 63% of the injected gas may be residing within the sediment pore water 

as DIC, with the probability skewed towards 14%, due to probable gas migration patterns 

identified in Cevatoglu et al. (2015). This was close to the estimated 10-40% reported by Mori 

et al. (2015). Therefore, between 75% and 45% of the released gas could not be accounted for 

using the most realistic models.  

These findings underlined the need to more accurately trace the location of the “missing” CO2. 

Possible locations for the “missing” CO2 Include: remaining in CO2 saturated sediment pore 

water; precipitated onto carbonate grains within the sediment; remaining within the sediment 

in the form of microbubbles. Geophysical evidence would suggest residual trapping as 

microbubbles within the sediment is unlikely (Cevatoglu et al., 2015) although it is known that 

such residual trapping is commonplace in sediments (Ruprecht et al., 2014).  

Many of these findings were successfully replicated in the Coverall experiment (Chapter 6), 

where the pH of the sediment pore water had recovered to baseline conditions within 28 days 
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of stopping the gas release, to a depth of 6 mm, the oxygen dynamics of the sediment were 

not dissimilar to those from QICS and where, even with only 10 cm sediment depth, only 50% 

of the injected gas left the sediment as bubbles. The work done during the coverall 

experiment confirmed that this rapidity of recovery in pH was also apparent in several other 

parameters such as the DIC concentration in the sediment pore water. 

The Coverall experiment confirmed that, at least in the laboratory setting, there was a very 

quick response of pore water pH to the CO2 injection. The signal of reduced pH in the 

sediment was probably due to the reduced pH signal in the overlying seawater propagating 

downwards into the sediment, rather than being caused by an increase in DIC of the sediment 

pore water due to the upwards migration of CO2 enriched pore water. Only 4 weeks after 

stopping the CO2 injection, the recovery had, largely, taken place with only small differences 

between the pre-injection pH profiles and the post-recovery pH profiles. Again, it seems that 

the recovery of the sediment pore water pH had taken place as a response to the change in pH 

of the overlying seawater rather than taking place from the bottom of the sediment, although 

this would be expected, as pore water with a high DIC content is denser than seawater, but 

the rapidity of recovery also indicated that there was strong buffering from the sediment, as 

shown in Figure 47. 

 

Figure 47. Buffering of pH caused by dissolution of shell fragments in the sediment. 

This experiment also confirmed the lack of major changes to oxygen flux into the sediment 

caused by the CO2 release – presumably if the microbial community is affected by the CO2, as 



177 
 

shown by Tait et al. (2014), in crude terms the microbial activity within the sediment remained 

relatively unchanged. However, from the sediment pore water samples collected for this 

study, it was apparent that looking at the pH microprofiles was perhaps generating a 

misleading understanding of how quick the recovery of the sediment biogeochemistry is after 

the CO2 release was stopped. Pore water values for ΩCa and ΩAr showed that there were 

profound and long lasting changes in the carbonate system. Even 28 days after the CO2 release 

stopped, the ΩCa and ΩAr was declining in the CO2 injection flumes, with ΩAr reaching as low as 

0.3 meaning that the sediment was still strongly under-saturated with regards to Aragonite 

and Calcite, supporting the suggestion of sediment buffering, with the consequent negative 

implications for burrowing organisms with calcite or aragonite shells, such as Echinocardion 

chordatum.  

The data collected during the Coverall experiment discussed in chapter 6 also aided the 

understanding of the behaviour of the CO2 fluxes during the experiment. The gas bubbling out 

of the sediment was measured for the whole sediment surface of each flume for a 3 minute 

period twice daily whether there were visible bubbles leaving that section of sediment or not. 

The reported 50% of injected gas leaving the sediment as bubbles was consistent through the 

whole release phase for both runs of the Coverall experiment +/- 10 % (Felgate et al., in prep). 

The calculation of the observed increases in DIC flux from incubation chambers and the 

increase in pore water DIC showed only small signals of increased flux and dissolution when 

added to a mass balance calculation, with a total contribution of less than 0.1% of the total 

mass balance equation. The large change in the DIC content of the overlying water indicated 

that there was a large flux of DIC from the sediment to the overlying water that could not be 

accounted for unless there are areas of high DIC flux from the sediment associated with 

bubble streams. Of necessity the incubation chambers are placed away from bubbles, to avoid 

the chambers filling with gas and tipping over. However this caution almost certainly masks 

areas of high flux, particularly immediately adjacent to, and advective within, bubble streams, 

where there is a mechanical forcing of pore water movement from the bubbles and a high 

supply of CO2, also from the bubbles. When these large fluxes are included, over 75% of the 

mass that was injected into the sediments can be accounted for, with further accuracy 

requiring more regular measurements of seawater DIC than were carried out in that 

experiment, and a calculation of the differential pCO2 between the water and the atmosphere, 

which would also account for some of the “missing” CO2 (Shitashima et al., 2015). 
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The findings of the work here indicate that although a leak of CO2 from a CCS facility does have 

an impact on benthic biogeochemical parameters, such as reducing sediment pore water pH 

and changing the carbonate dynamics of both the sediment through CaCO3 dissolution as well 

as the pore water through reduced Ω factors, many other parameters are not susceptible to 

change. The oxygen uptake into the sediment was unaffected, as was the oxygen penetration 

depth. QICS showed that there was no significant change in DIC flux and no significant change 

in nutrient recycling rates. Many of the parameters that were impacted by the release 

experiments recovered to pre-release levels within a 28 day period, particularly in the top 5 to 

10 mm of the sediment, closest to the sediment water interface and therefore the most 

biologically active part of the seabed (Glud, 2008).  

7.3 Further work 
There are several areas of this PhD studentship which lead to further questions that are 

worthy of consideration for future work. Most notably, the findings from this studentship 

concentrated on the QICS experiment, with subsequent work using marine sediments from 

the same area to simplify the process of comparing findings between subsequent experiments 

while further developing techniques and carrying out a study in the laboratory as opposed to 

working in the field.  

The first, and strongest, candidate for further work would be an investigation similar to that of 

Coverall but focussing on sediments from close to an active, or proposed, CCS development in 

the North Sea, such as Sleipner or Goldeneye. Although the QICS site was specifically selected 

due to the geological and ecological similarity with the North Sea, the sediment is shallow (~12 

m below Mean Sea Level) and therefore ambient light levels, summer temperature and wave 

action will be atypical of sediment 100 m or so below Mean Sea Level in the North Sea. 

However, it must be clearly stated that this is only really practicable for a laboratory 

experiment – conducting a field scale release experiment of the same type as QICS at 100 m 

water depth in the North Sea is probably unrealistic in the near to medium term future and 

would require a huge concerted effort from a large collaboration of academic and industrial 

partners to achieve. It has to be concluded that such an experiment is necessary to both 

enhance and validate the findings of QICS, to apply these findings to a more strongly industrial 

setting and to better outline and constrain the monitoring programmes that will be legally 

enforced on CCS reservoirs and injection facilities in the UK continental slope. Equally, though, 

such an experiment is highly unlikely to take place because of cost of construction and 
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maintenance, as well as the inherent difficulties in conducting a detailed experiment at 100 m 

water depth over long time-frames. 

The second aspect of follow up work from this studentship would be the size and duration of 

the CO2 release phase. In the case of Coverall, the magnitude of the gas release was informed 

by QICS – the gas release per m2 of the impacted area was scaled down for use in the flumes, 

then rounded to the nearest 0.1 litre/minute rate. It was also dictated by the tank depth – 

increasing the gas release rate by double the volume per minute would have resulted in 

sediment being re-suspended rapidly and clogging drains in the overflow pipes – a lesson 

learned from bitter experience. Similarly, the time-frame of the replicate runs of the Coverall 

experiment, when allowing time for a clean-up between experiment runs, time for sediment 

collection and other commitments, meant that the experiment lasted for over 9 months. To 

extend the release phase or the recovery phase of the experiment would produce interesting 

results but would mean an experiment run of over one year, with many extra samples 

collected and consequent analysis taking a similar period.  

However, the QICS experiment is most certainly a candidate for repetition at a higher rate of 

gas release and a longer release period. It is apparent that the gas release during the QICS 

experiment was halted before the entire sediment overburden, from the release point to the 

sediment water interface, was fully enriched with dissolved CO2. There was a “front” of pore 

water high in DIC approaching the sediment surface at the end of the experiment, but which 

never reached the sediment surface (Lichtschlag et al., 2014). It seems clear that the 

environmental impact of this experiment never reached the point at which it would have been 

at the largest for that gas release rate. It is possible that the release phase was just not long 

enough to examine the chronic long-term implications of a diffuse release from a CCS facility. 

It did a good job at simulating a sub-seabed release from a CCS facility in a situation where the 

release could be terminated after a month or so – for example from a failing wellbore isolation 

seal, or from a failing pipeline seal that could be subsequently repaired. However, the 

possibility of a long-term leak from a fracture in a reservoir cap rock was not simulated as 

effectively. Such a leak would last for a long period of time, probably in excess of decades. 

Although it would be impossible to simulate such a long-running release on a practical level, a 

6-month release phase should be possible, and would highlight areas that require attention for 

legislators. QICS was a good start, a high impact, utterly novel, experiment with a range of 

important and essential learnings, but a repeat for a much longer time-frame, at the maximum 

gas release rate achieved by the experiment, would allow a certain and irrefutable 
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identification of many of the most important impacts of a diffusive release from a sub-seabed 

CCS facility. 

The “Coverall” experiment of Chapter 6 was planned to study a 28-day gas release 

phase, similar to the 37-day gas release phase of the QICS experiment. However, in 

both cases the sediment used was still capable of buffering larger changes in the pH of 

the sediment pore water and aiding the recovery. It would be interesting to expose 

the sediment to longer, more sustained gas release treatments to ascertain whether 

the recovery rate continues to be as rapid for the sediment pH as observed here.  

Additionally the experiment was scheduled to monitor the recovery of the sediment 

from the gas exposure for a 28-day period. It would be interesting to also extend this 

period, so that the time taken for the Ω factor for both calcite and aragonite could be 

properly re-established in the sediment could be observed. In this case, it was clear 

that the impact was still on-going in the sediment 28 days after the gas release had 

ceased.  

The exact processes involved in the DIC flux from the sediment into the overlying 

water require further study. If there are areas of highly active flux and areas that are 

more closely related to background levels, this could be visible using widely distributed 

planar optodes, which, allied with sediment incubations (with 6, or 8 chambers per 

flume covering a wider sediment area) may well start to give more information on the 

exact mechanisms occurring within this important area. It could also be possible to use 

isotopic tracers and, perhaps, high-resolution time-lapse digital photography of 

incubation chambers. Since it is possible that stray bubbles of CO2 became trapped in 

the incubation chambers, such time lapse photographs may well enable the 

confirmation or discarding of this possibility as a source of confusion in the results.  

Finally, it must be borne in mind that although these data are interesting and although 

both Coverall and QICS have resulted in aspects of the impact of a release of CO2 from 

a CCS facility to be studied in a quantifiable, repeatable manner, the fact remains that 

Ardmucknish Bay is not a target for CCS storage. For stepwise incremental 

improvement in the methodology for such experiments, the next stage should be to 
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seek to apply these findings to North Sea sediments, taken from close to proposed CCS 

infrastructure, such as overlying the Goldeneye field in the North Sea.  
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a  b  s  t  r  a  c  t

Carbon  capture  and  storage  is  a mitigation  strategy  that  can  be  used  to  aid  the  reduction  of anthro-
pogenic  CO2 emissions.  This  process  aims  to  capture  CO2 from  large  point-source  emitters  and  transport
it  to  a long-term  storage  site.  For  much  of Europe,  these  deep  storage  sites  are  anticipated  to be sited
below  the  sea  bed  on  continental  shelves.  A  key  operational  requirement  is  an  understanding  of  best
practice  of monitoring  for potential  leakage  and  of  the  environmental  impact  that  could  result  from  a
diffusive  leak  from  a storage  complex.  Here  we  describe  a  controlled  CO2 release  experiment  beneath
the  seabed,  which  overcomes  the  limitations  of laboratory  simulations  and  natural  analogues.  The  com-
plex  processes  involved  in  setting  up the experimental  facility  and  ensuring  its  successful  operation  are
discussed,  including  site  selection,  permissions,  communications  and  facility  construction.  The  experi-
mental  design  and observational  strategy  are  reviewed  with  respect  to  scientific  outcomes  along  with
lessons  learnt  in order  to  facilitate  any  similar  future.

©  2014  Published  by  Elsevier  Ltd.

1. Introduction

This paper presents and discusses the controlled release of
CO2 beneath the seabed for the QICS project (Quantifying and
Monitoring Potential Ecosystem Impacts of Geological Carbon Stor-
age, http://www.qics.co.uk), which was undertaken by researchers
from seven research institutes in the UK and a further seven partner
organizations in Japan in 2012.

Carbon capture and storage (CCS) has been argued as presenting
a technically possible, financially attractive and socially accept-
able method for mitigating global CO2 release (IEA, 2013; IPCC,
2005; The Global CCS Institute, 2014). The main benefit of this
emergent technology is that release of anthropogenic CO2 can be

∗ Corresponding author. Tel.: +44 0 1631559000; fax: +44 0 1631559001.
E-mail address: pete.taylor@sams.ac.uk (P. Taylor).

mitigated: emissions targets and “green” commitments can be met,
while simultaneously utilizing existing energy production infra-
structure and contributing to the global carbon economy (Bachu,
2008). Nevertheless, as with the inception of any new technology,
it is important that the degree of risk posed by the solution is fully
constrained, prior to full deployment.

In the case of CCS these risks fall into a number of categories
(IPCC, 2005). One risk factor is the potential for leakage from a CCS
storage facility, producing either a diffuse leak of gaseous or dis-
solved CO2 from a small fracture in the reservoir seal, through to a
catastrophic rupture in, for example, a transfer pipeline of super-
critical or dense phase CO2 (Blackford et al., 2009). This is especially
the case for the sub-seabed storage of CO2 in abandoned oil and gas
reservoirs where the immediate impact of any leak may  not be so
apparent.

Research to date has made significant advances to our under-
standing of the dispersion of CO2 in the marine environment,
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its chemical signature and potential to impact ecosystems, using
a combination of models, natural analogue sites and laboratory
manipulations (Blackford et al., 2009). However each of these
approaches has limitations.

Models are able to simulate the dispersion of gas and liquid
phase bubbles/droplets in the vicinity of the leakage site and calcu-
late the resulting change in acidity (pH) and the partial pressure of
CO2 (pCO2) (e.g. Dewar et al., 2013). Similarly, models can address
large-scale dispersion of dissolved CO2 along with its resulting
changes in seawater chemistry (Phelps et al., 2014). Such models
are able to inform both monitoring strategy and impact by quan-
tifying the volume of seawater experiencing either detectable or
damaging chemical changes. However, these models fail for lack of
observational data by which to properly evaluate their predictions
(Mori et al., 2014). Models have also been used to attempt impact
studies (Blackford et al., 2009); however, models have very limited
ability to represent the complexity of marine communities and the
intricacy of their response to high CO2.

Laboratory simulations have revealed a range of both chemical
impacts, such as heavy metal mobilization (e.g. Ardelan et al., 2009;
Cruz Payan et al., 2012) and biological impacts ranging from stimu-
lation of species to mortality in others (Widdicombe et al., 2013 and
papers in the associated special issue, e.g. Widdicombe et al., 2009).
These reveal a high degree of species- and circumstance-specific
responses. Other stressors acting on a population can greatly exac-
erbate the detrimental effect of CO2. Laboratory experiments are
also limited in that they cannot replicate true environmental
complexity; ecological or behavioural responses to, for example
changes in predation pressure or resource competition and escape.
It also remains difficult to establish the recovery potential of com-
munities in laboratory simulations.

The third widely used approach is the study of natural CO2
emission sites as analogues for CCS leaks (e.g. Caramanna et al.,
2011; Pearce, 2006). This approach, while having many merits,
has limitations, including (1) most studied sites are long-term
phenomena and thus no base-line (pre-release) data exists, (2) the
release rate cannot be controlled or “turned off” to study the rapid-
ity with which more typical local conditions are re-established,
(3) many sites are within volcanic settings (Hall-Spencer et al.,
2008) and therefore may  be contaminated with H2S and have
atypical temperatures. Although these analogue studies are often
insightful, they are of limited geographical distribution; for exam-
ple the shallow, warm and clear water situations described by
Caramanna et al. (2011) and Hall-Spencer et al. (2008) do not
directly translate to colder deeper and turbid sites on other con-
tinental shelves. If offshore implementation of CCS in Europe is
to become a more established mitigation strategy, it will almost
certainly be used in colder, more turbid, shelf seas, such as the
North Sea, so that more appropriate analogues, with closely simi-
lar fauna, seabed sediments, irradiance and temperatures need to
be studied before the findings can be directly utilized by policy
makers.

Whilst some injections of small amounts of CO2 directly into the
water column have been performed (Barry et al., 2013), the injec-
tion of significant and quantified amounts of CO2, in a controlled
way, directly into marine sediments from below would effectively
mimic  the final stages of a leakage from storage reservoirs. This
would allow for the first time a study of the vertical movement
of CO2 through the sediments, into the water column and of the
biochemical transformations and impacts that occur as the CO2
passes through a vertically structured marine sediment ecosystem,
thereby mimicking the shallowest stages of migration and emission
at the seabed.

An initial scoping study developed a set of criteria for a success-
ful experiment, namely an injection of between one and ten tonnes
of CO2, at approximately ten metres below the seafloor, continuing

over a period of several weeks. The main driver for these calcula-
tions was  the need for a release large enough to impose changes
and detectable signals onto a natural system, but small enough
to avoid a large-scale pollution event. Clearly a short-term, small-
scale release of CO2 is not a full analogue for a CCS leak. However,
it does encompass many of the processes and systems that are
important to understand and guide both monitoring and impact
assessment within the marine environment. A release of CO2 into a
sufficient thickness of sediment to include a hetrogenous sequence
and diverse geological structures provides an opportunity to assess
the dispersive and retentive capacity of a range of unconsolidated
sediment types. These control the phase and dynamics of CO2 pass-
ing through the sedimentary sequence and transfer into the water
column, mechanisms about which knowledge is essential, if ade-
quate and successful monitoring systems are to be designed.

This release would permit the examination of how fine-scale
hydrodynamic processes act to disperse both the detectable and
harmful plumes of CO2-enriched water. This approach would also
allow a range of monitoring methods: passive and active acous-
tics; chemical sensors; biological and geochemical indicators. At
the same time the experiment allows the assessment of ecosys-
tem impact within the context of normal seasonal cycles and
behavioural responses.

Successful completion of the experiment required a number of
challenges to be overcome. The first was  to develop a risk adverse
and cost-efficient mechanism for injecting CO2 into a sediment
layer without creating artificial conduits for leakage. There was
then a need to identify a site which was both a suitable analogue
for operational CCS but sufficiently accessible to facilitate injection
and numerous observations. Not least, there is a social and politi-
cal dimension in that injection of a potentially harmful substance
into any environment is inherently controversial (e.g. Schiermeier,
2009).

An overview of the experimental design, the processes behind
the release site selection and the permissions and communication
strategy that were required is outlined in this paper. Following
this, the experiment site, drilling methodology, the gas release
facility and its performance are described. Further, information on
the initial baseline study and outline of the sampling strategy are
presented, before outlining the range of findings generated. The
scientific outcomes of the experiment are described in more detail
in Blackford et al. (in press) and in many other papers presented in
this special issue, referenced below. This manuscript, as well as pro-
viding the detailed methodology in support of these papers seeks
to present, discuss and identify lessons learnt from the delivery of
this complex project in order to support and facilitate future work
of a similar nature.

2. Methodology

The volume of CO2 required to detect an impact, along with the
need to approach the release point from below to avoid disturbing
overlying sediment layers dictated that a borehole containing the
injection pipeline should be horizontally directionally-drilled from
shore into a suitable coastal setting (Fig. 1). This allowed the CO2
to be stored and control mechanism equipment to be situated on
land for ease of access.

A general summary of the risk analysis procedures applied to the
controlled release experiment with selected examples is presented
in Table 1. In practice a generic risk assessment was developed and
then applied to each prospective site as part of the site selection
process. Whilst many of the individual hazard-consequence-action
elements are largely common sense the collation of all risk ele-
ments based on discussions within a multi-disciplinary project
team and using consultants where appropriate proved valuable.
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Fig. 1. Simplified schematic of the experiment, showing the on-shore location of the gas injection equipment, the borehole and associated submarine CO2 release point.

Table 1
A general summary of the risk analysis procedures applied to the controlled release experiment with selected examples.

Risk breakdown Approach

Project phase The risk analysis was divided into project phases based on the experimental timeline, thereby prioritising protective actions:
Site  selection
Drilling process
CO2 release system
Observational approach

Hazard/event Every conceivable hazard was  listed, for example:
Inappropriate geological substrate to support drilling and bore hole
No suitable affordable tenders for the drilling work
Drilling fails to produce a usable borehole
Sediment ecosystem is incompatible with deeper settings
Gas  does not percolate through the sediments or it escapes at a remote point
Observations interrupted by extreme weather
Land station vandalised
Stakeholder objections
Occurrence of unforeseen environmental impacts
Diver requires medical attention

Cause An underlying cause or causes for each hazard/event was identified:
Poor site selection
Mismanagement of drilling tendering process, poor costings
Lack of knowledge of gas flux mechanisms in sediments
Poor communication
Misunderstanding of impact potential, unsuitable release strategy
Poor observational planning, lack of training

Consequence For each hazard/event, what is the consequence for the project, for example:
Insufficient funds to run project as envisaged
Failure of gas injection
The gas flux and impact is not sufficient to be measured
The experimental findings cannot be easily transferred to other settings
Experimental shutdown

Measures in place For each cause, what measures are in place to minimise the risk of occurrence or impact, for example:
High resolution seismic surveys completed
Biological communities characterized
Literature review of gas behaviour in sediments
Communication strategy planned
CO2 injection rates flexible, dosage/response impact curves understood
Diving depths less than 15 m, professional divers contributing to planning

Further actions needed What further actions are required, for example:
Increased or additional site characterization
Scope alternative and flexible approaches to instrument deployment
Reconsideration of sampling strategy
Modelling of gas flow through sediments and dispersion in water column
Ensure 24 h a day on site presence

Risk category Risks where categorised broadly in to three categories, enabling further prioritization:
Green: unlikely to cause an impact, even if event occurs
Orange: could be significant, but unlikely to halt the experiment
Red: potential show-stoppers
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In the following sections we detail the approach to site selection,
site characterization, regulatory permissions and communications,
drilling operations, gas supply, injection strategy and sampling
strategy.

2.1. Site selection

The suitable experimental location had to meet several impor-
tant criteria to ensure successful experimental set-up and accurate,
repeatable monitoring of the CO2 injection:

1. Accessibility: The site had to be easily accessible, both from land
and by sea. On-shore, there needed to be appropriate access for
large drilling machinery and delivery of sufficient volumes of
CO2, as well as space for the installation of the CO2 injection facil-
ity. Offshore, the site required nearby berths for survey vessels to
minimize transit times and permit regular repeat surveys. Water
depths needed to be between 10 m and 20 m with a moderate
tidal range; deep enough to allow boat access for acquisition of
high quality marine geophysical surveys, but shallow enough to
facilitate diver based sampling and instrument deployment. Ide-
ally, the site would be in a sheltered location to reduce the impact
of adverse weather conditions and minimize the potential for
days when survey was not possible. Land owners would have
to agree to permit regular access to the site for several months
during the drilling and gas release phases.

2. Sediment stratigraphy and underlying bedrock: Offshore, the site
needed to have a minimum sediment cover of ten metres
through which the injected CO2 could migrate, and a maxi-
mum  of 25 m sediment thickness to ensure injected CO2 would
migrate to the seabed within the time constraints of the exper-
iment, but sufficient overburden of sediment would impede
direct release into the sea through a large crater. Ideally, the
sub-surface stratigraphy would be comparatively simple; an un-
faulted, flat, shallowly dipping sequence of a range of sediment
types representative of North Sea Quaternary sediments but
avoiding glacial strata containing boulders (diamict) that might
deflect or block the positioning of the diffuser pipe. Underlying
these sediments the bedrock needed to be suitable to sustain
drilling with a low density of rock fractures to ensure an appro-
priate grouted seal. The specific offshore release site satisfying
the above stratigraphic criteria had to be within a practical
drilling range (maximum 400 m)  of an on-shore location

3. Faunal type and diversity: The study location must support fau-
nal types and faunal diversity similar to sites targeted for CCS
operations since a primary research goal was to study the effect
of CO2 injection on typical marine fauna.

4. Logistical and scientific support: The selected site had to be near
to a well-equipped marine laboratory with appropriate research
equipment, laboratories, research vessels and, importantly, a sci-
entific diving team to reduce the cost and time of transport
between the experiment site and the facilities that would be
used.

Initial considerations suggested that the vicinity of Oban (Scot-
land) offered potential locations with an underlying bedrock
suitable for drilling, and a large number of small islands and bays
that would provide moderately sheltered survey conditions. Fur-
ther, the location of UK national scientific diving facilities and other
logistical support from the nearby marine research laboratory,
Scottish Association for Marine Science (SAMS), at Dunstaffnage,
Oban (Fig. 2) was a vital component. Flexible diving support was
mission critical given the high intensity of sampling and installa-
tion of seafloor instrumentation at very specific target areas and the
requirement to react to circumstances as the experiment developed
(Fig. 2).

After detailed surveys of nine local sites with over 400 km of
very-high-resolution chirp seismic reflection data, together with
extensive multi-beam bathymetry surveys, a preferred location
was identified for the experiment, fulfilling all of the criteria listed
above. The optimal study site was selected in the northern part of
Ardmucknish Bay (Fig. 2), and additional seismic reflection profiles
were collected to characterize the site before and during the release
(see Cevatoglu et al., 2014 for more details).

2.2. Site characterization

To fully characterize the site, the dense seismic survey grid
(approximately 20 m line spacing) of over 30 line kilometers of
chirp profiles and 40 line kilometers of boomer profiles acquired
within an area measuring 1.5 km by 1.5 km and augmented by
lithological characterization using sediment grab and gravity core
samples were examined. This detailed geophysical mapping exer-
cise allowed the identification of the sites geological structure and a
target area for drilling. Following site selection, a further 18 boomer
lines were run to produce a high density grid (Fig. 2c) and to con-
firm bedrock continuity along a likely borehole trajectory between
the proposed drill rig location and the target area. The final site
selection was  an area in which sediment likely to contain boul-
ders, which would have been a significant drilling challenge, was
absent. It also served to generate an accurate baseline of the sed-
iment structure as an aid for detecting the migration of carbon
dioxide gas within the sediment following initiation of gas release
as well as subsequent geophysical investigations during the exper-
iment examining gas migration pathways (Blackford et al., in press;
Cevatoglu et al., 2014).

2.2.1. Geology
This site survey study identified three distinct seismic strati-

graphic facies (SSS I through III) overlying a very high-amplitude
but irregular basal reflector of multiple overlapping diffraction
hyperbola (Fig. 3), representing the interface between bedrock and
unconsolidated sediments.

I. Unit SSS I is characterized by chaotic reflectors, it is dis-
continuous, of highly variable thickness and directly and
unconformably overlies the bedrock surface.

II. Unit SSS II is a thick seismo-stratigraphic facies (up to 40 m)
that overlies and infills the uneven upper surface of SSS I. It
extends across most of the study area and may directly overlie
bedrock where SSS I is absent. SSS II is characterized by laterally
continuous layered reflectors. It is unconformably overlain and
includes units of SSS III. SSS II is exposed at sea bed where SSS
III is absent.

III. Unit SSS III comprises a number of locally discrete, thin (up to
5 m),  acoustically transparent units that unconformably overlie
or are included within SSS II. The base is always unconformable
truncating the layered reflectors of SSS II and where the upper
surface may  be exposed at the sea bed. Where units of SSS III
are within SS II the upper boundary is gradational from the
transparent internal fill to the layered reflectors of SSS II.

These seismo-stratigraphic facies were interpreted as repre-
senting: a layer of glacial diamict deposited on top of the regional
bedrock surface (SSS I); layered, fine-grained glaciomarine sed-
imentation (SSS II); and a stacked sequence of incised fluvial
deposits of coarser material (SSS III). This interpretation was in
keeping with the glacially dominated stratigraphy observed both
locally (Howe et al., 2002; Nørgaard-Pedersen et al., 2006) and
regionally (Stoker et al., 2009). The whole sedimentary sequence
was observed to thin towards the shoreline, with the exception
of SSS I, which locally thickens on the irregular acoustic bed-rock
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Fig. 2. QICS Experimental geometry, and pre-release geophysical data. (a) Site map  of Ardmucknish Bay (on the Scottish West Coast, see inset) with water depth contours
(dotted  lines), positions of release epicenter (Z1) and reference (Z4) zones. (b) Close-up of experimental area at the northern end of Ardmucknish Bay, showing positions of
all  four sampling sites (Z1—epicenter of release, Z2–25 m distant, Z3–75 m distant and Z4—control, 450 m distant), located c. 5 km from the Scottish Association for Marine
Science facility at Dunstaffnage. The position of the directionally-drilled sub-surface pipeline is indicated, which terminated at (c) 11 m depth beneath the seabed at Z1. The
position of the boomer seismic reflection profiles collected pre-release and illustrated in Figs. 3 and 5 are also shown. (c) Multi-beam bathymetric image taken over the
epicentre of the later release, with the colour scale indicating depth between 4 and 12 m water depth. The red line is the position of the sub-surface pipeline which was
subsequently drilled. The positions of some of the boomer seismic reflection profiles taken during the site characterization (pre-release) stage of the experiment are also
indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web  version of this article.)
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Fig. 3. Uninterpreted (top) and interpreted (bottom) seismic reflection profile within Ardmucknish Bay (position indicated in Fig. 2) illustrating the main sedimentary
packages and sub-surface horizons. Refer to the main text for further explanation. The vertical axes are TWT  (two way time) in milliseconds. Unconformity 3 has a major
role  in controlling gas migration during the release experiment (called horizon H2 by Cevatoglu et al., 2014).

topography, and a surficial SSS III unit which thickens towards the
beach and demonstrates limited internal architecture in very shal-
low water (Cevatoglu et al., 2014). The boundary between SSS II and
this surficial SSS III deposit was observed to play an important role
in gas migration through the subsurface (Cevatoglu et al., 2014).

The selected access point for drilling equipment was  a large flat
area suitable for heavy vehicles, within 20 m of the shore. The site
was secluded and surrounded by trees which reduced the impact of
noise from the drilling operations on the nearby Tralee Bay Holiday
Park visitors. Following site selection, a further 18 boomer seismic
lines were run to produce a high density grid (Fig. 2c) close inshore
and to confirm bedrock continuity along a likely borehole trajec-
tory between the proposed drill rig location and the target area.
The bedrock at the drill rig location is Dalradian Quartzite (British
Geological Survey, 1991), with an unconfined compressive strength
of 187 MPa, indicative of hard drilling (Long et al., 2012). This would
tend to facilitate a secure and stable borehole that would not col-
lapse during the drilling process, avoiding long delays and large cost
over-runs. The quartzite continues, interrupted only by a Carbonif-
erous quartz-dolerite dyke up to two meters wide, until the final
ten meters of the required hole where the planned borehole exits
this rock formation into unconsolidated sediments, interpreted to
be dominantly silty, but may  comprise a thin layer of diamict (till)
at the bedrock surface. The bedrock exit point was targeted where
the shallow seismic suggested the lag and/or diamict (SSS I) was
thinnest or absent to minimise potential drilling difficulties. The
only observed fault trends north-east to south-west, dipping to
the south-east, and has a throw of 20–30 m.  The proposed release
site was provisionally selected at 11 m below the seafloor and 23 m
below mean sea level

2.2.2. Hydrodynamics
The characterization of local hydrodynamics was  important to

ensure that vertical and horizontal water mixing was  not atypical

in the selected area. It was also required to optimise the sampling
strategy, including the location of the control or reference site. This
detailed information was  also essential for modelling and tracking
the plume of CO2 enriched water generated during the experiment.
Ideally, the area selected should have had an element of tidal flush-
ing, distributing CO2 enriched sea water to facilitate investigations
into techniques for tracing CO2 leaks over a wide area, but not
so great a flushing rate that there would be no build-up of CO2
concentrations in the area during the experiment.

Ardmucknish Bay is small, 3 km long and 3.5 km wide. It is open
to the Firth of Lorn, the largest gulf on the West coast of Scotland at
its south western extent and connected via a narrow (100 m)  and
shallow (9–13 m)  channel to Loch Etive to the southeast. The circu-
lation and mixing regime in Ardmucknish Bay is primarily driven by
the semidiurnal tide with a maximum tidal range of 4.3 m.  The tidal
wave brings saline (S > 34) waters from the west during the flood
phase whilst releasing pulses of brackish (S = 21–30) water from the
adjacent strongly salinity-stratified sea loch during the ebb. This
brackish low density water flows over the sill of the loch at high
speed (4.5 m s−1) and develops into a buoyant plume as it decel-
erates and propagates out into the bay at speeds of approximately
0.3 m s−1. This repeated buoyancy input leads to the formation of a
very thin (2–5 m)  surface layer resulting in a persistent, near surface
salinity stratified water column, with the sea bed at the experi-
ment site below this surface layer at all times. The dynamics of each
plume and the ambient stratification are known to generate sharp
fronts and nonlinear internal wave features both ahead of, and in
response to the reflection of the plume from the North-westerly
headland.

The nature of these dynamic processes has more recently been
investigated using a Hydroid Remus Autonomous Underwater
Vehicle (AUV) equipped with forward-mounted microstructure
sensors (Boyd et al., 2010). The authors demonstrate that non-
linear internal wave processes lead to the downward displacement
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Fig. 4. (a) Tidal current ellipses of M2 constituent from the single depth current meters deployed at a depth 10 m in May–October 2012 (site Z1 with Seaguard, sites Z4 and BI
with  RCM9) and from the vertically-average currents velocities form the East and West sites in February 2011 (RDI-ADCP). The latest (2012) multibeam topography (survey
HI-Number 1373, courtesy of UK Hydrographic Office) is shown with every 5 m isobaths. AUV transect between E and W sites with salinity (b) and Turbulent Kinetic Energy
values (c), obtained from velocity microstructure sensor at a depth of 10 m in February 2011 are shown at lower panel.

of near-surface water coinciding with a two orders of magnitude
increase in the measured turbulent kinetic energy (TKE) above
the background level (Boyd et al. (2010)). During the periods of
intensified TKE, active mixing is shown to occur as salinity and tem-
perature values do not return to those of the ambient fluid before
the arrival of the turbulent features. These internal wave features
are thought to be generated each tidal cycle and evidence suppor-
ting this hypothesis was found via a further deployment of the AUV
in 2011, as shown on the lower panels of Fig. 4. Direct observations
of this energetic process were obtained in the central deeper section
of the bay between moorings sites E and W (Fig. 4b and c), where
the effects have been limited to the upper 15 m of the water col-
umn. Surface manifestations of the processes have been observed
near the CO2 release site and thus may  have an impact on the local
mixing energetics. The direction of the currents within the bay con-
firmed that a reference site to the South and East of the release zone
would not be exposed to the plume of CO2 enriched sea water that
the experiment generated.

In order to study the depth averaged tidal dynamics, those
beneath the brackish surface layer of the bay and the CO2 release
site itself, several long and short term moorings, including an
AANDERA and RDI-ADCP current sensor and a CTD along with an
ADCP were deployed at various sites in Ardmucknish Bay during

2011–2012, prior to the QICS experiment commencing, to gather
detailed base-line data. Tidal analysis of the most energetic con-
stituent, that of the semidiurnal tide, allows for an insight into the
circulation patterns within the bay. The tidal ellipses from each
mooring site show that currents are generally aligned with the
bathymetric contours (Fig. 4a). Rotation direction of tidal veloc-
ity vector was found to be mostly clockwise, except at the Bay Inlet
(BI) mooring, where it was  anticlockwise. The tidal currents reduce
in strength from the southern entrance towards the head of the Bay
from 6.3 cm s−1 at site E to 1.6 cm s−1 at the release zone.

The E and W tidal ellipses shown in Fig. 4a represent currents
flowing towards the Northwest and Northeast, respectively, dur-
ing the flood phase and Southeast and Southwest during the Ebb
phase, resulting in a tidally driven horizontal circulation within the
bay. Long term residual current velocities near the CO2 release site
(Atamanchuk et al., 2014) demonstrate a westerly and southwest-
erly flow, which is consistent with the prevailing winds in the area
during the experiment.

2.2.3. Biology and seafloor sediment characteristics
A key aim of this study was to conduct the experiment in a

habitat that had relevance to those habitats that could potentially
be affected by leakage from industrial applications of CCS. These
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habitats will predominantly be soft sediment areas in the North
Sea and most of these areas will be in water depths greater than
could be achieved with the current study. However, even with the
constraints of needing a shallow environment, due to limitations
associated with the drilling and the use of divers for sampling, it
was still possible to find an environment that had general rele-
vance to these other situations. After a series of preliminary surveys
across a number of potential sites it was concluded that the sed-
iment characteristics and biology found in Ardmucknish Bay was
representative of the North East Atlantic margin and whether there
were any significant differences in sediment or biology across the
bay that may  limit the validity of conclusions arising from the QICS
project. To support this conclusion a series of more detailed mea-
surements and observations were made before the start of the
release experiment.

The initial stage of habitat characterization was to determine
if the sediments across Ardmucknish Bay were of uniform type in
terms of physical structure and carbon content. For this a total of 24
cores were collected across the site from the four zones outlined in
Fig. 2. They were cut into 2 cm slices and then analysed for poros-
ity, organic carbon content (Corg%) and grain size. Analysis of the
data shows that the sediments had a uniform grain size and poros-
ity across the four zones (Fig. 5). The organic carbon content was
analyzed in zones one and four and, although more variable, there
were no large differences between the two zones.

It was clear from this work that the basic properties of the sed-
iment were uniform across the experiment area, allowing a valid
comparison to be made between the different experiment zones
during and after the CO2 release phase.

The structure and diversity of the macro-infaunal communi-
ties found in Ardmucknish Bay are detailed by Widdicombe et al.
(2014). In summary, all four experimental zones were considered
typical of NE Atlantic shallow, coastal fine sand sediments. The
fauna were numerically dominated by several species of annelids
(Exogone hebes, Prionospio fallax, Chaetozone christei, Tharyx killar-
iensis, Euclymene oerstedii), a bivalve mollusc (Thyasira flexuosa)
and a crustacean (Tanaopsis graciloides). Mean diversity and abun-
dance were similar across all zones. The total number of taxa
found within each zone was highest in Zones 1 and 4 (60 and 63
taxa, respectively), and slightly lower in Zones 2 and 3 (51 and
47 taxa, respectively). PERMANOVA analysis on 4th root trans-
formed species abundance data showed that there was  a small yet
significant difference in community structure before injection com-
menced between the zones (Pseudo F = 2.5077, P(perm) = 0.001),
with significant pairwise difference seen between all zones except
between Zones 1 and 2 (Table 2).

However, the variability between the five replicate community
samples taken from within each of the zones was high with average
Bray–Curtis similarity ranging from as low as 42.3% at Zone 2 up to
60.56% at Zone 3. Measurements of community variability between
zones was only slightly lower than the variability seen within zones,
with average Bray–Curtis similarity ranging from 35.05% between
Zone 1 and Zone 4, to 45.81% between Zone 1 and Zone 4. Shallow
sediments are inherently patchy over very small scales (Kendall and
Widdicombe, 1999) so much of the variability observed between
cores, both within and between sites could largely be due to the
relatively small core size (10 cm diameter, 0.008 m2) used to collect
macrofaunal samples. In a study conducted in sediment similar to
that sampled in the current study (fine sand), also using a 0.008 m2

diver operated core in similar water depths (10–12 m),  Kendall and
Widdicombe (1999) found similar numbers of species (21.45 ± 1.1)
and slightly higher numbers of individuals (78.82 ± 6.31) per core.
The slightly higher levels of abundance may  be due differences in
the timing of sampling between the two studies.

In addition, Kendall and Widdicombe (1999) found that in an
area of sediment that was considered to be a homogeneous area

of fine sand, average levels of dissimilarity between samples taken
only 50 cm apart was  around 59% and for samples taken around
500 m apart average similarity was  reduced to 49%. All of which
indicates that the zones selected for the QICS study are not atypical
in terms of the macrofaunal diversity, abundance and commu-
nity structure expected for, fine sand sediments in the UK.  For a
more comprehensive description of the macrofaunal community
response to the QICS experiment see Widdicombe et al. (2014).

2.3. Permissions and public consultation

With sufficient geological, hydrodynamic, biological and bio-
geochemical information having been gathered to assure ourselves
that Ardmucknish Bay was a suitable location for the release exper-
iment, we proceeded to pinpoint an optimal target for the drillers
and identify the requirements of the gas diffusion and release
equipment. At this point we initiated the process of gathering the
relevant permissions needed to proceed with the experiment.

At the project proposal stage, prior to site selection the bod-
ies with formal regulatory roles were approached for an informal
indication that the experimental procedure would meet with their
approval. This afforded an opportunity to identify any initial con-
cerns from these parties. For this experiment the regulatory bodies
were Marine Scotland and the Crown Estates, the later control activ-
ities associated with the seafloor in the UK. Clearly each country
would have its unique regulatory structure.

Having identified the most favourable drilling location, the first
priority was to contact the local landowner, Lochnell Estates, and
the land leaseholder, Tralee Bay Holiday Park, to discuss the envis-
aged experiment and the associated requirements. Both parties
kindly granted consent in principle for the experiment to proceed.
Following this initial step, permission was  sought and obtained
from the two  relevant regulators, Marine Scotland and the Crown
Estates, for the drilling under- and into the seabed, deployment
of instrumentation and marker buoys and for taking sediment
samples. Scottish National Heritage, the Scottish Environmental
Protection Agency and Argyll and Bute Council were also informed
of the proposed activities. With no objections from the landowner
and the leaseholder, support of the Scottish Government and the
vast majority of the local community, all relevant permissions were
granted before drilling was  scheduled to commence.

A consultation with members of the local community quickly
ascertained that the experimental area under active consideration
was of no interest to local commercial fishers and/or aquacultur-
ists, although this exercise revealed that a nearby jetty was under
frequent use for launching small boats to transport divers to sites
in the bay and by leisure fishers.

Public acceptance was  greatly aided by the strong links that
SAMS has with the local population. Whilst local people did not nec-
essarily support CCS as a “good thing”, the majority were convinced
by the unbiased attitude of the researchers and the need to conduct
this research, once its aims were described to them. Public events
before, during and after the CO2 release phase were well attended
with scientists being regularly approached by curious members of
the public while the drilling and release experiment was under-
way, with such approaches encouraged by prior agreement with
the landowners (Mabon et al., 2014a,b).

In order to address the project’s objectives of providing informa-
tion of direct use to a wide range of stakeholders, and build on the
discussions held in the initial stages of the project a stakeholder
group was initiated which included representatives of a diverse
range of interested parties, from local industry representatives such
as commercial shellfish growers, through the bodies that would
be approached for planning consent for CCS to other interested
parties such as Natural England, the International Energy Agency
Greenhouse Gas R&D Programme, NGO’s and industrial bodies with
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Fig. 5. Porosity, organic carbon content (Corg%) and mean grain size of the upper 25 cm of the sediments in the experiment Zones 1 to 4. The horizontal bars are the variation
of  the parameters during the experiment at each site.

Table 2
Fauna information showing most dominant species and groups.

Zone 1 Zone 2 Zone 3 Zone 4

Number of species (per core) 25.8 (±2.7) 20.8 (±5.1) 22.0 (±3.5) 24.0 (±2.0)
Total  number of species (5 cores) 60 51 47 63
Number of individuals (per core) 54.4 (±10.9) 44.0 (±11.1) 47.6 (±7.9) 46.0 (±11.2)
Average  similarity within site 49.13% 42.30% 60.56% 43.08%

Pairwise similarity Pairwise dissimilarity Zone 1 Zone 2 Zone 3 Zone 4
Zone  1 54.19 56.59 64.95
Zone  2 45.81 56.11 61.78
Zone  3 43.41 43.89 59.15
Zone  4 35.05 38.22 40.85

an interest in CCS such as oil and power companies. A full list of
stakeholders is on the QICS web page (http://www.qics.co.uk). The
stakeholder forum allowed the project scientists to refine objec-
tives and dissemination on the basis of direct feedback, but also
encouraged discussion between groups with diverse attitudes to
CCS.

2.4. Drilling operations

The well design called for the majority of the drilling to go
through the local bedrock, only drilling into the unconsolidated
sediment for the bottom 10 m of the well, to reduce the likelihood
of borehole collapse or sediment fracture to the lowest possible
levels. The horizontal directional drilling (HDD) operations were
conducted using an HDD rotary drilling rig, employing a tubular
steel drill string (Fig. 6a), with a 16.5 cm diameter tri-cone bit with
tungsten carbide stud inserts to cope with the hard bedrock (Fig. 6d
and e), while optimizing the rate of penetration. The well was
drilled with an initial angle of 16◦ to horizontal. However, the final
well trajectory formed a gentle curve (Fig. 7). The location of the
drill bit in three dimensions was calculated using an electromag-
netic wire coil positioned on the seafloor by divers which could be
energised to determine the bit location by producing a temporary
magnetic field within a precisely located set of points. Magnetic
direction finding sensors in the navigation package, placed 10 m
behind the drill bit sensed the location of this magnetic field to
within four decimal places. Drilling adjustments were then made
to keep the hole in the correct trajectory. Connections between the
∼9 m drill pipe sections were made-up using KopR-Cote lubricant

grease in order to prevent the screw joints between the drill pipe
sections seizing under high torque loading.

Drilling fluid, primarily composed of fresh water and bentonite
and suitable for drilling water wells for domestic supply, was cir-
culated through the well while drilling and recycled through two
“shale shakers” – mechanical sieves – to remove all but the finest
clay sized particles from the fluid.

On reaching the unconsolidated sediment, slight losses of
drilling fluid to the formation were observed over the final six
metres of the well bore, with an observed maximum mud  loss to the
unconsolidated formation of 2.3 m3 (Long et al., 2012). When the
target position was  reached the drill bit was  initially washed out of
the hole, pumping drilling fluid while the bit was  pulled back out
of the hole to remove as many drilled solids as possible.

A mesh diffuser, five metres in length, composed of 316 grade
stainless steel made from wedge wire mesh and with an effective
mesh opening size of 0.5 mm  and a 28 mm  internal diameter was
welded to 316 grade stainless steel tubing (Fig. 6b–d). This was
used to ensure that there was  an even spread of very small gas
bubbles released into the sediment during the experiment. The dif-
fuser was  pushed into the well by using the pressure of drilling fluid
against the black rubber packers mounted on the pipe (Fig. 6b) and
then pushed a further six metres into undrilled sediment at the
end of the well, located 11 m below the sediment water interface,
which is 12 m below mean sea level. The spear assembly at the tip
of the mesh diffuser (Fig. 6c) ensured that subsequent operations
would not dislodge the mesh from the sediment. To ensure CO2
did not migrate back up the hole, a cement pipe was  used to seal
the well 100 m from the end and to hold the stainless steel injec-
tion pipe permanently in place. The site was returned to its original
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Fig. 6. Drilling images (a) directional drill rig and drill bit, (b) 5 cm diameter stainless steel pipe line with flanges, (c) 5 m gas dispersion screen with sediment anchor, (d)
close  up of screen with 0.5 mm wide and 5 mm long slits constructed from wedge wire mesh. (e) the 16.5 cm tri-cone bit prior to use, (f) the bit after use showing clear signs
of  wear, but still functional with no missing insets.

Fig. 7. Borehole trajectory and land surface superimposed on pre-release boomer seismic reflection profile. The major lithological units as well as the track of the borehole
(purple line) are indicated, with the diffuser at the end of the borehole shown by the short red line. The experiment was designed so that the diffuser was positioned to come
out  of bedrock, at the base of the sediments, 11 m beneath the seabed. The position of the seismic reflection profile and strike of the borehole are shown in Fig. 2. The pink
line  indicates the interface between SSS I and SSS II as discussed in Section 2.2.1, with the yellow line indicating the horizon (H2 of Cevatoglu et al., 2014) between SSS II and
SSS  III. LAT is the lowest astronomical tide. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

state, leaving only a man-hole cover overlying the hole in which
the injection pipe protruded from the borehole.

2.5. Gas injection system

On site, CO2 was stored Manifolded Cylinder Pallets (MCP’s),
with 15 standard 80 kg gas cylinders placed in a frame, all man-
ifolded down to a single gas outlet point. Four MCP’s could be
held securely at the injection site (Fig. 8a). The MCP’s were con-
nected to an automatic manifold with two MCPs supplying gas
for the experiment at any time and two MCP’s on standby. When
the supply pressure of the gas reduced to a threshold, the mani-
fold automatically switched to the full MCP’s and injection would

continue uninterrupted, the empty MCP’s were then replaced.
Heaters were installed to prevent freezing of the manifold as the
pressure was stepped down from cylinder pressure to injection
pressure. MCP’s were housed in a secure 20 ft (6 m)  container with
doors at each end, allowing access for regular and easy exchange
of the 2600 kg MCP’s using a Rough Terrain telehandler forklift
(Fig. 8b), as well as ensuring adequate ventilation in the event of
a leak from the MCP’s. The container was fitted with a CO2 alarm
which could be heard in the vicinity of the container.

A mass flow controller monitored gas pressure at the injection
manifold, as well as controlling the rate of flow of gas in standard
litres per minute. The system logged the temperature, pressure and
rate of gas injection every 12 s. The outlet of the mass flow controller
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Fig. 8. (a) 20 ft (6 m)  Tunnel container with doors open, waiting for gas change with telehandler forklift. (b) inside of tunnel container showing MCP’s in use. (c) manifold,
heaters and computerised mass flow controller and logger. (d) simplified schematic of the gas injection system. (1) represents Manifolded Cylinder Pallets (MCP), (2) heaters
to  stop gas freezing at high injection rates, (3) is an automatic manifold, drawing gas from two MCPs, swapping to two full MCPs when the active two are empty, (4) is a
computer controlled mass flow meter and controller, logging gas flow rate, pressure and temperature every 12 s, (5) is a one-way check valve, (6) is a shut-off valve, (7) is a
pressure gauge, before the gas enters the borehole (h). The photograph to the left of the schematic, shows the MCP’s, heaters, manifold and flow controller.

was attached to an armoured flexible gas hose which passed out of
the container and into the manhole. Inside the manhole a pressure
gauge, a check valve and a shut off valve were installed at the top
of the injection pipe. The check valve was installed in case of an
interruption of gas flow into the well to stop the hydrostatic pres-
sure of the sea water forcing gas back up the injection pipe should
there be a sudden reduction in gas pressure The pressure gauge was
installed so that a comprehensive leak test could be carried out on
the equipment prior to operation. A simplified schematic of the gas
injection system is shown in Fig. 8d, (detailed schematic available
on request from lead author).

2.6. Gas release strategy

The primary risk in the design of the injection strategy was
causing overpressure in the sediment, which would produce
fracture-like pathways to the seabed. This was highly undesirable
since the principle project aim was to explore natural pathways
of leaking CO2, and to measure the geochemical and biological
changes within the sediment as a consequence of this and to
monitor the fate of CO2 as it migrated through the sediment. Con-
servative criteria to ensure that the sediment would be unlikely to
be mobilized in a single large catastrophic gas venting event was
that the overpressure at the bottom of the well should not exceed
the weight of the sediment.

Conversely, sufficient CO2 needed to be injected to induce a
potentially measurable impact on the environment. The question

of how much CO2 was  needed was  non-trivial and could be bro-
ken down into a more refined series of questions involving: the
mass balance, fluid pathways and rates of migration and whether
the pathways to the seabed would be diffuse or localized? Can the
CO2 rise buoyantly through the sediment? How much CO2 would
dissolve in the sediment pore water and how much would remain
in the gaseous phase?

During the design, our key uncertainty was  the projected
sub-surface volume distribution. If the injected CO2 spread out
symmetrically into a plume which buoyantly rises, a large volume
of pore space would need to be filled before the CO2 could reach the
seabed. However, if the CO2 were to rise up a narrow chimney—less
pore space would need to be filled before the CO2 would break
through. A first-order estimate of the time to breakthrough could
then be made using the injection rate. The uncertainty in such
volume distribution and flow pathways led to an uncertainty in
breakthrough time from days to months for this system. In practice,
CO2 emerged from the seabed in bubble form within hours of injec-
tion commencing, indicating relatively direct pathways (Cevatoglu
et al., 2014).

Prior to the start of injection, the design of an injection strategy
is often informed by performing a well test which then allowed
the operator to determine likely achievable flow rates given some
pressure differential at the well. This is where the injectivity and
permeability of a target formation is constrained by performing
either injection or extraction tests. In our case it was  not practical
to do this as it would have perturbed the site, perhaps initiating
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Fig. 9. Gas injection parameters: (a), injection pressure in kPa, (b) litres of gas per minute at standard pressure and temperature (100 kPa, 0 ◦C) in black, with the cumulative
gas  injected during the experiment in kilograms in red, (c) temperature of the gas at the manifold. (For interpretation of the references to colour in this figure legend, the
reader  is referred to the web version of this article.)

fractures in the sediment. At this stage, the CO2 injection pressure
was observed to oscillate in phase with tidal cycles.

In this project, the strategy was to start injecting at a low flow-
rate and monitor the pressure at the well-head which gives a
hydrostatically corrected indication of the pressure at the injec-
tion point. The initial flow rate of 4 L min−1 (at standard conditions)
pressurised the system to a peak wellhead pressure of 461 kPa
which rapidly decreased back to ∼413 kPa. This pressure and flow
rate was held for 4 h to saturate the sediments with CO2 in order
to increase the relative permeability of the CO2 gas phase (Fig. 9).
Within 3 h, streams of bubbles were observed exiting the seabed,
which were shown to be CO2 (Fig. 10). Since a measurable impact
was required, gas flow rate was gradually stepped up to 32 L min−1

over 167 h. Over this period the average pressure stabilised at
∼441 kPa despite the increase in flow rate. This was a positive indi-
cation as to the performance of the injection system. These rates
were based on modelling of plumes of CO2 in sea water (Dewar
et al., 2013, 2014), which generated a guide to the flow rates of gas
that would produce a significant, but not catastrophic, signal at the
seafloor as well as being constrained by gas injection pressures.

In response to feedback from the remote and direct observa-
tions at day 20, the injection rate was further increased in a series of
increments, reaching 80 L min−1 on day 32. When the injection rate
reached 80 L min−1 there was an increase in the well-head pressure
which was interpreted as the maximum flow rate deliverable to
the experiment without a detrimental effect on the structural and

geotechnical integrity of the sediments. The changes in flow rate
were initiated to increase the rate of change in sediment chem-
istry and to test the responsiveness of the system to change. After
37 days, the injection was  terminated as planned, with a total of
4200 kg of CO2 released into the sediments during this period. Occa-
sionally, undesirable fluctuations in gas injection temperature were
caused as gas expanded and cooled in the manifold and the ther-
mostat controlled gas heaters failed to respond quickly enough. In
future a computer controlled system with a temperature feed-back
loop to the heaters would be preferable.

2.7. Experimental remit, and observational strategy

The experiment was  planned with a before–after-
control–impact (BACI) design strategy, with four experiment
zones chosen (Fig. 2). A 10 m radius around the release epicenter
was designated Zone 1, with Zone 2 being 25 m away from this,
Zone 3 a distance of 75 m away and a reference zone which could
not be affected by the gas release some 450 m distant SE of the
release epicenter (Atamanchuk et al., 2014; Lichtschlag et al.,
2014).

In the two weeks immediately prior to the initiation of gas
release 15 sediment cores, with a diameter of 10 cm,  were taken
by divers from each of the four experiment zones, for subsequent
base-line analysis for sediment pore water chemistry, nutrient
cycling, examination of in-fauna and for sub-sampling for later
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Fig. 10. In situ image of the release zone, showing bubble streams of CO2 gas leav-
ing  the sea bed, pock marks can be seen at the base of the bubble streams caused
by mechanical disturbance to the sediment. Photograph also shows various sen-
sors deployed for monitoring, to the right is an Aanderaa Seaguard current meter
equipped with a pCO2 optode and a CTD to the left. The cable running across the
seafloor is an Online pCO2/pH ISFET electrode sensor. The results from these sensors
is  discussed in detail in Atamanchuk et al. (2014).

examination of the microbial community. Cages containing
megafauna of commercial interest (king scallops Pecten maximus
and common mussels Mytilus edulis) were deployed for later col-
lection during the release phase. Instruments comprised ADCPs,
Hydrophones, spear sensors for measuring sediment pH and pCO2
at up to 1 m depth in the sediment, cameras taking time lapse
photographs to determine movement of fauna, a transect profiling
lander, pCO2 optodes and recording CTDs, pCO2/pH ISFET sen-
sors, sampling grids and baskets containing pCO2 and pH optode
recorders. In addition, benthic chambers were deployed to mea-
sure biogeochemical fluxes and diffuse gradient in thin film (DGT)
probes were used to determine metal mobility within sediment
pore waters. During this period repeated CTD casts from through-
out the bay were taken, extensive Chirp seismic surveys were
completed as was a multi-beam survey and water sampling.

Immediately after the release commenced, it was discovered
that the gas was bubbling out of the seafloor some ten metres dis-
tant from the expected location, some lateral offset having been
introduced to the gas flow by the sub-seabed geological structures.
As a result the location of Zones 1, 2 and 3 were moved to com-
pensate. This was not an issue for the experiment design as it had
already been ascertained that the experiment area in Ardmuck-
nish Bay was sufficiently homogenous with respect to the required
parameters, as described in Section 2.2. Multi-beam and chirp sur-
veys were regularly completed during the first week of release,
carried out on an almost daily basis.

During the first week of CO2 release the sampling campaign was
repeated, with a further 15 sediment cores from each zone taken
by divers spanning four dives in a 48 h period. Incubation chambers
were again deployed, as were DGT probes, cages of fauna were col-
lected from the pre-positioned frames and an AUV was  deployed on
several occasions. Sampling was also conducted during the second
week of release, as well as the final week of release. Immediately on
cessation of release a fourth sampling week was completed, with a
fifth sampling week occurring three weeks after the cessation of gas
release. A seventh sampling week took place in September, three
months after the cessation of CO2 release, with a final sampling
week, of more limited scope, occurring 1 year after the initiation
of CO2 release. In total, over 200 individual dives collected over
650 sediment cores and 300 water samples, took over 500 images
and laid 1600 m of underwater cable, in addition to deploying and
recovering the equipment outlined in this section.

3. Discussion

3.1. Experiment outcomes

As shown in Fig. 8, gas bubbles were seen escaping the seabed
during the QICS experiment, proving within hours of the release
commencing that the CO2 was  being released into the sediment
as planned and that gas was not migrating back up the annulus
of the borehole, or one of the other worst case scenarios. However,
empirical evidence collected by divers and using hydrophones sug-
gested that only 15% of the injected CO2 bubbled from the seafloor
during the QICS experiment (Berges et al., 2014; Blackford et al.,
in press) with the rest of the CO2 remaining within the sediment
during the gas release phase (Cevatoglu et al., 2014). The released
gas that reached the water column was  detected over a small area
around the release zone (Atamanchuk et al., 2014). During the
release phase, CO2 enriched pore waters were observed close to
the sediment–water interface (Lichtschlag et al., 2014) and the pH
of the sediment surface was significantly different to the reference
zone 450 m distant (Taylor et al., 2014), with in situ pH and pCO2
sensors in the sub-seabed also monitoring the movement of CO2
(Shitashima et al., 2014). In addition, the observed plume of CO2
enriched sea water was mapped, as was the CO2 concentrations in
the atmosphere in the release zone (Maeda et al., 2014).

Given that this could be characterized as a deliberate pollution
event in an environment famed for its natural beauty, the local pub-
lic supported the experiment and its aims, were well informed and
interested in the experiment (Mabon et al., 2014a,b).

4200 kg of CO2 gas was  released into the sub-seabed sediments
for a period of 37 days (Blackford et al., in press). During this time
the gas could be tracked by geophysical techniques (Cevatoglu et al.,
2014) and was  observed bubbling from the seabed both directly by
divers and remotely by hydrophones (Berges et al., 2014; Blackford
et al., in press). Further, the progress of the CO2 as it dissolved in
sea water (Dewar et al., 2014; Sellami et al., 2014) was detected
using several techniques (Atamanchuk et al., 2014) and mapped in
both the sea water and the atmosphere (Maeda et al., 2014). The
presence of injected CO2 within the sediment was confirmed by
Lichtschlag et al. (2014), while its impact on the pH and pCO2 of
the seabed sediment was directly measured (Queiros et al., 2014;
Shitashima et al., 2014; Taylor et al., 2014).

Further, the effect that the CO2 had on the microbial commu-
nity and infauna in the sub-seabed as well as megafauna within the
water column was quantified (Kita et al., 2014; Pratt et al., 2014;
Tait et al., 2014; Widdicombe et al., 2014), consequently nutrient
cycles were also investigated (Tsukasaki et al., 2014; Watanabe
et al., 2014). Numerical modelling was  carried out based on empir-
ical data collected during the experiment (Dewar et al., 2014; Mori
et al., 2014) and future best practices for monitoring for a leak from
a CCS facility were posited (Blackford et al., this issue; Ingels et al.,
2014).

The recovery of the release zone was monitored for up to one
year after the release phase was  terminated (Tait et al., 2014;
Widdicombe et al., 2014).

3.2. Experimental limitations

The data on the geology of Ardmucknish Bay was mostly inferred
from remote sensing, such as chirp and boomer seismic surveys
and by direct sampling from a number of cores taken for analysis,
although these were confined to the top 20–30 cm of sediment. It
was attempted to take longer cores, with a gravity corer, but this
was limited by areas of larger boulders within the sediment away
from the release site. The release site was expressly chosen due to
the small number of larger boulders in the sediment in that area.
However, collecting long (>4 m)  cores close to the release site of the
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experiment may  have generated a weak point, or conduit, which
would allow preferential gas migration, in direct contradiction to
the experiment requirement for a diffusive release. Extensive cor-
ing by gravity core was therefore limited in the area immediately
surrounding the release zone. This in turn limited the available
information on geotechnical strength of the sediment into which
the CO2 was to be released, indicating a precautionary approach to
maximizing the gas release rate during the experiment. It is possi-
ble that more accurate geotechnical information on the sediments
in the area could have allowed greater release rates of CO2 during
the experiment.

The base-line study prior to the experimental release was car-
ried out fully, but over a limited time period. Ideally a longer, more
intensive base-line study should be carried out, to allow better dif-
ferentiation between observed impacts and natural variation in
Ardmucknish Bay. Potentially this should be at high spatial reso-
lution for a full year prior to the experiment to better understand
variations in key parameters and even response to extreme events,
such as a storm. Additionally, better quantification of the different
phases of CO2, dissolved, gaseous and even solid phase precipita-
tion within the sediment would be encouraged. Ultimately, 85%
of the injected CO2 was not traced (Blackford et al., in press),
however, as pointed out above, this is ultimately a difficult deci-
sion to make as it would involve deep coring, thus providing
an easy conduit for gas escape and potentially negating several
other aspects of the experiment. Ultimately, deep cores should
be taken from an area near-by the release site, but with very
similar geology to better inform modellers and geologists of the
sediment.

The experiment was specifically designed to provide a concen-
trated and small impact to the natural environment, given that a
more massive release would have a more wide ranging impact and
the increased likelihood of opposition to such a move. As a result
the impact area was concentrated, with a small footprint. This was
exactly as dictated by the experiment design, but made coordinat-
ing deployment of sensors on the seafloor with diver movements
and AUV surveys complex and time consuming, as a great deal of
effort was focused on one small area.

The duration of the gas release was not long enough. The exper-
iment had planned to release gas for 30 days. In the event, it was
decided to use all stocks of CO2 on site rather than terminate on day
30, extending the gas release to 37 days. Analysis of samples taken
around this point and discussed in detail elsewhere in this special
issue (e.g. Lichtschlag et al., 2014) indicate that a longer gas release
phase would have resulted in a larger impact being observed as
a plume of CO2 enriched pore water was reaching the sediment
water interface in the days immediately prior the gas release being
stopped. However, to facilitate monitoring, tracers could be used
in the injected gas, to further allow the accurate quantification of
the gas and whether or not there are measurable fluxes from the
sea bed.

Ultimately, the experiment should be carried out in situ prox-
imal to a site that will use CCS as an industrial application, for
example in the North Sea. This would ensure that the conditions of
the experiment exactly match the geology, biology and hydrody-
namics in the area surrounding the CCS facility and would “ground
truth” the findings of this experiment as accurately as possible,
however such an experiment was out with the resources of the
QICS project.

4. Conclusions

The sub-seabed CO2 release experiment in Ardmucknish Bay
was successful. The migration of the gas could be imaged in the
sub-surface, and detected in surface sediments, within the water

column and in the atmosphere. Key factors which were important
to the success of the experiment include:

• Initial detailed geophysical surveying to choose an appropriate
site was crucial to the success of the experiment.

• The significant effort made in informing and interacting with
the local population was  essential. The project was successful
in ensuring that local people both understood the rationale for
the work and felt empowered to approach the project person-
nel should any issues arise. The experiment proceeded with the
support from an interested public and follow up public meetings
discussing the experiment were well attended.

• Drilling activities were significant and noisy and the project delib-
erately undertook drilling activities during the winter months to
minimize any impact on tourist activities in the region.

• A constant and reliable gas supply was  required; gas deliveries
had to be carefully planned in advance of the release phase.

• Good site selection assured that access to the experiment site
was  possible throughout the experiment, with only two  day’s
sampling being delayed by 24 h, due to inclement weather.

• The sampling strategy was  extensive and involved over 200 indi-
vidual dives and 12 weeks of boat time. There was, however, a
compromise in the resolution of data gathered and the cost of
collecting and analyzing these samples. In retrospect, the most
rapid changes in many observed parameters occurred immedi-
ately after the gas release commenced and upon its cessation.
More sampling dates around these points would have been ben-
eficial.

• From the data acquired during this experiment, a longer release
phase is indicated in any subsequent experiment.

The release rate of gas was  only slowly increased due to con-
cerns about fracturing the sediment and generating a direct conduit
through the sediment to the overlying water. In future geotech-
nical information on sediment strength would better inform this
decision making process.
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a  b  s  t  r  a  c  t

A  possible  effect  of a carbon  dioxide  leak  from  an  industrial  sub-sea  floor  storage  facility,  utilised  for
Carbon  Capture  and  Storage,  is that  escaping  carbon  dioxide  gas  will  dissolve  in  sediment  pore  waters
and  reduce  their  pH.  To  quantify  the scale  and  duration  of  such  an  impact,  a novel,  field  scale  experiment
was  conducted,  whereby  carbon  dioxide  gas  was  injected  into  unconsolidated  sub-sea  floor  sediments
for  a  sustained  period  of  37  days.  During this  time  pore  water  pH in  shallow  sediment  (5  mm  depth)  above
the  leak  dropped  >0.8  unit,  relative  to  a  reference  zone  that  was  unaffected  by  the  carbon  dioxide.  After
the  gas  release  was  stopped,  the  pore  water  pH  returned  to  normal  background  values  within  a three-
week  recovery  period.  Further,  the  total  mass  of carbon  dioxide  dissolved  within  the  sediment  pore  fluids
above the  release  zone  was  modelled  by  the  difference  in DIC  between  the  reference  and  release  zones.
Results  showed  that  between  14  and  63%  of the  carbon  dioxide  released  during  the  experiment  could
remain  in  the  dissolved  phase  within  the  sediment  pore  water.

© 2014  Published  by  Elsevier  Ltd.

1. Introduction

Increases in global atmospheric carbon dioxide levels leads to
climate change and ocean acidification (Cao and Caldeira, 2008;
Doney et al., 2009). Despite global efforts to increase energy
efficiency and reduce demand on combustion of fossil fuels, atmo-
spheric concentrations of carbon dioxide continue to rise (The
Global CCS Institute, 2014). Different technologies are proposed
to mitigate the impact of increasing atmospheric carbon dioxide
concentrations. Carbon capture and storage (CCS) collects carbon
dioxide from large point source emitters, such as a power stations
or large industrial facilities. It is then compressed and transported
to a suitable geological location for injection into a porous rock for-
mation, overlain by a sealing cap rock, where it will be stored over
geological timescales (IPCC, 2005).

As of yet, there is a lack of research on the environmental con-
sequences that may  arise from a leak of carbon dioxide from a
sub-sea floor storage facility, particularly research that includes the

∗ Corresponding author. Tel.: +44 0 1631559000; fax: +44 0 1631559001.
E-mail address: pete.taylor@sams.ac.uk (P. Taylor).

complexities of the natural environment (Blackford et al., in press).
Several studies have attempted to fill this gap in knowledge by
researching natural carbon dioxide seeps (Caramanna et al., 2011;
Espa et al., 2010; Hall-Spencer et al., 2008; Vizzini et al., 2010).
However, with this approach it is impossible to assess the rate with
which “normal” conditions change following the start of the release
and the rate with which they are re-established following termina-
tion of the release. Furthermore the hydrothermal nature of these
systems leads to high background temperatures and contamination
with traces of hydrogen, hydrogen sulphide and methane among
other impurities, changing redox conditions and chemical reactions
within the sediment (Italiano and Nuccio, 1991). Therefore, to test
the impact and the rapidity of recovery after a CO2 leak in the envi-
ronment, a purposefully designed carbon dioxide release facility is
needed.

In order to address this, a large-scale multi-disciplinary exper-
iment was conducted in situ in a Scottish Sea Loch during the
summer of 2012, to study the impacts of a simulated sub-sea floor
leak of carbon dioxide on the marine environment. Carbon diox-
ide gas was released into unconsolidated sediment for a sustained
period of 37 days (QICS, 2014; Taylor et al., this issue). During
the QICS experiment a total of 4200 kg of carbon dioxide gas was
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injected into 11 m of unconsolidated sediment, in a water depth
of 10–12 m.  This resulted in migration of dissolved and gaseous
carbon dioxide through the sediment overburden and gas bub-
bling from seabed pockmarks into the overlying water column
(Lichtschlag et al., this issue). The QICS study area in Ardmuck-
nish Bay (Blackford et al., in press; Taylor et al., this issue) has
low water residence time, flushing being aided by the flow from
nearby Loch Etive (Thorpe et al., 1983; Thorpe and Hall, 1983). It
could, therefore, be anticipated that carbon dioxide enriched sea
water from the release zone would be flushed from the bay within
a few tidal cycles (Atamanchuk et al., this issue) and replaced with
non-affected water from elsewhere.

However, the impact of the carbon dioxide on the sediments
may  not be straightforward. The dispersion of carbon dioxide sat-
urated pore water from deeper down in the sediment overburden
might be complex, as it can occur due to chemical diffusion along
concentration gradients, vertical and horizontal displacements due
to the difference in density between pore waters saturated with
carbon dioxide and native fluids, and through the mechanical dis-
turbance of bubble movement on unconsolidated sediments. The
recovery of the sediment after an injection of carbon dioxide gas
can be affected by several processes, including mineral buffering,
sinking of carbon dioxide enriched pore water due to density dif-
ferences and the replacement of non-affected sea water close to the
sediment water interface through bioirrigation and/or pore water
advection.

As carbon dioxide dissolves in water, it causes a shift in the
natural carbonate system, causing the pH of sea water to drop
and changing the saturation state of calcium carbonate (Zeebe and
Wolf-Gladrow, 2001). Changes in the pH of pore water of sediments
may  have important consequences for fauna living therein (Murray
et al., 2013) from loss of calcifying organisms (Hendriks et al., 2010)
through to reductions in growth and survival rates (Fabry et al.,
2008; Kroeker et al., 2010; Murray et al., 2013). Species may  not all
be impacted equally, resulting in the shifts in community structure
and biodiversity, whether caused by susceptibility to alterations
in pH or through excess carbon dioxide (Widdicombe and Spicer,
2008).

Marine sediments are essential for biogeochemical processes
such as nutrient recycling, carbon remineralisation and carbon
burial (Cai and Reimers, 2000; Cai et al., 2000; Canfield et al., 1993),
which may  be impacted by changes in benthic community struc-
tures caused by pH changes. Therefore, it is important to quantify
the potential for large scale shifts in pH associated with a carbon
dioxide leak, and the rate at which pH returns to background levels
after the cessation of such a leak. Similarly, diffusion mediated oxy-
gen flux in the sediment is a proxy for the rate at which microbes
remineralise carbon (Glud, 2008) within the benthic sediments.

In addition to this, metals can be mobilised from marine sed-
iments, that act as reservoirs for metals in various forms, e.g. as
precipitates or as components of organic molecule complexes and
detritus, being deposited on the seabed, hence removing the metals
from the overlying water (Stumm and Morgan, 1996). It has been
shown that these complexes are susceptible to changes in sediment
pH (Payan et al., 2012), changes in the ambient carbonate system
to which they are exposed and changes in oxygen concentrations
(Ardelan et al., 2009; Little and Jackson, 2010; Stahl et al., 2012;
Tankere-Muller et al., 2007).

The present study investigates the pH and oxygen dynamics of
interstitial pore water within coastal surface sediments impacted
by a release of carbon dioxide gas from a simulated carbon dioxide
storage facility. It also examines how rapidly the sediment pore
water returns to background values after the cessation of the leak
and quantifies the amount of dissolved carbon dioxide required to
match the observed changes in dissolved inorganic carbon within
the sediment pore waters.

2. Materials and methods

2.1. Experiment site and description

The large-scale in situ carbon dioxide release experiment site
was located in Ardmucknish Bay on the west coast of Scotland,
with the release epicentre located 350 m off shore at 11 m depth
below the sediment–water interface and with 10–12 m of overly-
ing water column, depending on tidal state (Taylor et al., this issue).
The carbon dioxide injection rate was increased by increments dur-
ing the experiment, to maximise injection rate without fracturing
the unconsolidated sediment (Taylor et al., this issue) around a 5 m
long diffuser with an effective mesh size of 0.5 mm and an internal
diameter of 2.8 cm.  Sediment cores were collected for ex situ pH
and oxygen microprofiling, using SCUBA diving, from two zones:
(a) the release zone comprising the area within 10 m of the gas
diffuser at the end of the release pipe, in the area with gas flow
from the sediment and (b) a reference zone, 450 m away from the
release point and unaffected by the CO2 release (Taylor et al., this
issue). Cores were collected from both of these locations on prox-
imal dates so that a meaningful comparison could be generated at
various time points. The experiment duration was  counted in days,
with day 0 being the initial day of carbon dioxide release into the
sub sea floor sediments. The release phase lasted for a total of 37
days. After the release phase, there was an extended recovery mon-
itoring programme. Core collection campaigns/times were chosen
to best capture the impact and recovery process; at the end of the
carbon dioxide release phase on days 35–36 (last week of release),
on days 42–43 in the first week after the release was  stopped and
on days 57–61, 3 weeks after the release was stopped. Unfortu-
nately, pH profiles were not generated prior to the release phase as
planned, due to problems with experimental equipment.

2.2. pH profiling

Sediment cores with a 5 cm inner diameter and a total sediment
core length of 10 to 15 cm,  were collected from the release zone
and reference zone, respectively. The cores were transported to a
laboratory within 30 min  of collection and placed in a tempera-
ture controlled aquarium, filled with bottom water from the same
zone as the cores and maintained at in situ bottom water temper-
ature (10–12 ◦C depending on the date). An immersion pump was
placed in the aquarium, ensuring that the water was well stirred
and homogenous and microprofiling was  carried out in day-light
conditions on each occasion. On each sampling occasion a mini-
mum  of three cores was  collected from each zone.

LIX microelectrodes with a tip diameter of <10 �m,  a soda glass
shaft and a length of 40 cm were constructed as fully described in
De beer et al. (1997) and in Queiros et al. (this issue). Microelec-
trodes were calibrated using pre-made buffers with a pH of 4, 7
and 9 on the seawater scale. For calibration, electrodes were sus-
pended in pH buffer solutions and the mV  output was  recorded
prior to and after profiling in the sediment. Microprofiling was done
manually, using a micromanipulator (Märzhäuser Weltzar GmbH,
Type MM33  r.m. Kipp.) attached to a stand and positioned over the
aquarium. The microelectrode was  attached to a high impedance
mV meter (JENCO Digital pH/mV meter 601A), with the reference
electrode suspended in the aquarium water.

For profiling, the microelectrode was then placed into the water
above the sediment and profiles with 100 �m increments were
measured by recording the stable mV  output after 10 s at each
depth interval. Micro-profiles were recorded to a maximum depth
of 1 cm,  with the microprofile starting at least 1 mm above the sed-
iment water interface. The latter was determined as the point at
which the profile departed from a vertical pH profile, representing
the uniformly mixed overlying water.
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All microprofiles generated from a sampling location were then
combined into an average profile for each sampling occasion. To
remove erroneously high or low readings caused by the tip of the
microelectrode colliding with obstacles in the sediment, a 3 point
running average was applied. On each sampling occasion a mini-
mum  of three profiles was measured. Each core was profiled at least
once, although typically cores were profiled twice, replicates from
each core being limited due to breakage of the microelectodes on
shells and/or larger grains of sediment; profiles from the reference
zone were collected and profiled within 4 days of those collected
at the release zone so that seasonal changes and disturbances due
to weather patterns could be discounted from any comparisons.

Profiles were analysed for any significant differences at a range
of depth points: at 1 mm above the sediment–water interface, at
the sediment–water interface and at 1, 2, 3, 4 and 5 mm below the
sediment water-interface, using ANOVA.

2.3. Oxygen profiling

Oxygen concentration profiles were measured using the same
micromanipulator as described above, with a Clark type micro-
electrode (Clark et al., 1953; Glud, 2008; Revsbech and Ward,
1983) attached to a pA meter (Unisense Picoammeter PA2000).
The microelectrodes were made with a tip diameter of <15 �m.
The profiles were measured simultaneously with the pH profiles
and the steady state pA output from the microelectrode was  also
recorded after 10 s at each depth point. Typically the pH and oxy-
gen microelectrodes were separated by less than 1 cm horizontally.
The aquarium was open to free passage of air and the water was
stirred by an immersion pump, so the water within the aquarium
was assumed to be oxygen saturated. Zero % and 100% oxygen
saturation was used to calibrate the pA output from the micro-
electrode. Oxygen concentration at saturation at the salinity and
temperature determined in the aquarium on each sampling date
was 271–284 �mol  O2 L−1. This was confirmed by determining the
oxygen concentration in water samples after Winkler (1888) on two
occasions. For the 0% oxygen calibration, a reading was  taken from
the bottom of the collected oxygen profiles, where the sediment
was anoxic.

The depth of oxygen penetration was taken as the point at which
the measured oxygen concentration within the sediment dropped
below 3 �mol  L−1. The diffusive oxygen uptake into the sediment
was calculated using Fick’s first law of diffusion by calculating the
diffusion gradient across the diffusive boundary layer (Glud, 2008;
Revsbech et al., 1998) and using an oxygen diffusion coefficient of
1.4214 × 10−5 cm2 s−1 (salinity of 36, temperature of 9 ◦C (Ramsing
and Gundersen, undated)).

2.4. Sediment porosity

Before the start of the QICS experiment, 10–15 cm long sedi-
ment samples were collected using a Craib corer. Cores were sliced
into 2 cm sections for porosity analysis. Sediment was weighed and
placed in an oven at 95 ◦C for 24 h before weighing again. The dif-
ference in volume was assumed to be evaporated water from the
sediment, and thus representing a measure of porosity.

Although attempts were made to take longer cores in a near-by
location, this was unsuccessful due to large boulders in the sedi-
ment preventing easy coring. Additionally, after selecting a drilling
site where the sediment was thought to have fewer boulders, long
gravity cores were not taken as there was a risk that the holes cre-
ated by coring could act as an easy conduit to the sediment surface
along which gas would preferentially migrate. Further estimates
of sediment porosity in the deeper lithologies reported at the site

were gathered from literature sources identified in the results,
Section 2.4.

3. Results

3.1. pH profiles

Vertical profiles of pH in sediment and the overlying water
columns are shown in Fig. 1. Those collected from the reference
zone show a stable pH of 8.2 above the sediment–water interface,
representing the well mixed water, in all but one time point, at day
61. The profile on day 61 shows a small increase (of 0.08 pH units)
towards the sediment–water interface. This is likely to be due to
photosynthetic activity (Stahl et al., 2006), probably of microphy-
tobenthos, absorbing carbon dioxide from the overlying sea water
and thus increasing pH. This was  not seen at the release zone on
any sampling occasion.

At both the release zone and the reference zone, the pH
decreased below the sediment–water interface. At the reference
zone the pH decreases steadily for the first 3 mm,  from a pH of
−8.2 in the overlying water to a minimum of 7.7 on day 43, at a
depth of 2.7 mm below sediment–water interface (Fig. 1b). Below
this depth, sediment pH is more or less stable, or slightly increasing,
with increasing depth.

These profiles from the reference zone can be contrasted with
the pH profiles measured at the release zone, which in general have
a similar shape, with a stable pH profile in the well mixed overlying
water, a reduction in pH in the top 3 mm of the sediment, then
constant values below this depth, except for the profile collected on
day 42, which starts to become more alkaline with increasing depth
below 3 mm (Fig. 1e). However, for profiles taken at the release
zone absolute pH values are substantially lower, both in the water
column and the sediments compared to profiles from the reference
zone. As shown in Fig. 1, the pH not only starts at a noticeably lower
value in the overlying sea water (Fig. 1e and f), but also continues
to drop with increasing depth within the sediment to a minimum
at −3 mm.  The minimum pH attained at the release zone was 7.01
at 2.6 mm depth on day 42.

Statistical analysis, using ANOVA, showed that the pH profiles
from the reference zone were not significantly different from each
other at any depth or time point (p = 0.08 to 0.56 depending on
the depth point). At the release zone, the profiles taken on day 35
and 42 were significantly different from those collected on days
36 and 43 at the reference zone, respectively (p < 0.03). Addition-
ally the two  profiles from the release zone collected on days 35
and 42 were significantly different from each other (p < 0.04) at the
sediment–water interface and above, but were not significantly dif-
ferent from each other below this point (p = 0.06 to 0.54 depending
on depth point). The profiles taken from the release zone at day 57
were significantly different from the profiles taken in the release
zone on day 35 and day 42 above 4 mm depth in the sediment, but
were not significantly different from the reference zone pH profiles
above 4 mm depth in the sediment at any time point.

3.2. Diffusive flux

Diffusive flux of oxygen into the sediment and oxygen penetra-
tion depth as determined with oxygen microelectrodes are shown
in Figs. 2 and 3. In general, oxygen penetration was between 2 and
4 mm,  both at the release and reference zones. Statistical analysis
confirmed that the oxygen penetration depth is not significantly
different between zones at proximal dates (p = 0.16 on days 35–36
and 0.15 on days 42–43), except for the profiles taken on days
57–61, which are significantly different (p = 0.004). On these occa-
sions, the release zone had the deepest oxygen penetration depth.
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Fig. 1. pH microprofiles taken during the QICS experiment, from the reference zone: top row (a)–(c) and release zone: bottom row (d)–(f). Displayed profiles are a mean of 3
cores,  with a 3 point running average and ±st dev displayed at every 0.5 mm.  (a) Represents the profiles collected at the reference zone on day 36, (b) = reference zone at day
43,  (c) = reference zone at day 61, (d) = release zone at day 35, (e) = release zone at day 42, (f) = release zone at day 57 nb, on profile c, standard deviation bars are not visible
at  this scale in several cases.

Fig. 2. Oxygen penetration depth of the release and reference zones on proximal dates, with error bars showing standard deviation.
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Fig. 3. Diffusion mediated oxygen flux into the sediment of the release and reference zones.

The diffusion mediated oxygen uptake was calculated from the
oxygen profiles and is displayed in Fig. 3. ANOVA analysis shows
that there are no significant differences between the two  zones at
proximal dates (p between 0.68 and 0.37). The values vary from
−7.9 mmol  m2 d−1 to −21.9 mmol  m2 d−1 with maximal fluxes at
each zone measured on days 35–36. However, there is no signifi-
cant difference between the fluxes measured at these dates and the
fluxes measured on days 42 and 43.

3.3. Sediment porosity

Three lithologies were identified from geophysical examination
of the site, the top lithology of fine to coarse sand, the second lithol-
ogy of very find sand and below this a medium silt to mud. Of the
three lithologies present in the sediment above the carbon dioxide
release point, 11 m below the sediment–water interface, only the
top one was measured directly. The mean porosity of this lithology
was calculated as 0.49 over the core depths, (data range: 0.32–0.64;
standard deviation = 0.09), which was applied to the top lithology
(shelly coarse to fine sands up to 1.2 m below the sediment sur-
face). The second lithology, down to 2.75 m is fine to very find
sands, with an assumed porosity of 0.55 (Rosas et al., 2014). The
third lithology of very fine to medium silts/muds was  assumed to
have a porosity of 0.68, based on the fine grain size expected for
this lithology (Lee et al., 2013). More detailed information on the
lithologies present is discussed by (Taylor et al., this issue). Infor-
mation in Lichtschlag et al. (this issue) show that the total inorganic
carbon (TIC) content of the sediment in the release zone was  0.08%
dry weight at 0–2 cm below the sediment water interface. Further-
more, the DIC content of the sediment pore water was  measured as
29,300 �mol  kg−1 in the release zone as opposed to 2600 �mol  kg−1

in the reference zone, measured at 30 cm below the sediment water
interface (Blackford et al., in press).

4. Discussion

During the QICS experiment, a total of 4200 kg of carbon
dioxide gas was released into the sediments, 11 m below the sed-
iment water interface which was 12 m below the mean sea level
(Blackford and Kita, 2013; Blackford et al., in press; Taylor et al.,
this issue). After 35 days of injection, pore water enriched in dis-
solved carbon dioxide had reached the upper 30 cm of the surface

sediments and highest concentrations in the sediments were found
at day 42, i.e. one week after the injection was stopped (Blackford
et al., Lichtschlag et al.). The fact that the pH profiles measured in
the reference zone, 450 m distant to the release zone, show no sig-
nificant difference during or after the carbon dioxide release, and
that pH values are typical for coastal waters (pH −8.2 above sed-
iment), indicates that the reference zone remained unaffected by
the injected gas during the entire length of this experiment. This
is also supported by Atamanchuck et al. (2014), reporting elevated
pCO2 concentrations in the bottom water in the close vicinity of
the release epicentre, and no traces of the injected carbon dioxide
away from the epicentre. Additionally, no indications of increased
pore water DIC concentrations were present beyond the borders of
the release zone (Lichtschlag et al., this issue).

The release zone had significantly reduced pH in sediment pore
waters as well as in the overlying sea water compared to the
reference zone (Fig. 1). 48 h prior to termination of the carbon
dioxide release (day 35), an reduction of 0.84 pH units was mea-
sured between 2 and 3 mm  depth in the sediment of the release
zone, whereas the pH was xx in the reference zone (Fig. 1d). This
confirms that the pH changes observed at the release zone are asso-
ciated with the injected gas, rather than with disturbances caused
by changes in the circulation patterns in near-by Loch Etive, as
described in (Overnell et al., 2002) or by local weather driven events
such as sediment re-suspension caused e.g. by a passing storm as
such large-scale changes would impact both the release and refer-
ence zone equally. Weather data for the period of the experiment,
obtained from a local weather station shows that no such event took
place (Scottish Association for Marine Science, 2013). It has also
been shown that, for marine sediments of the same type, millimetre
scale variation is often as significant as variation over larger scales
(Glud et al., 2009), suggesting that such a profound change in pH
of sediment pore water is solely due to the carbon dioxide release,
as the observed reduction is consistent over both the sub cm scale
within cores as well as the larger, between core scale. (Lichtschlag
et al., this issue) could determine the origin of the carbon diox-
ide through its isotopic composition, which further confirms that
the pH changes observed at the release zone is associated with the
injected carbon dioxide.

At the reference zone on day 61 (Fig. 1c) the profile is of unusual
shape. This is partly due to photosynthesis at the sediment sur-
face, reducing the pH of the sea water immediately overlying the
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Fig. 4. Three shapes of possible CO2 plumes within the sediment, from which pore water volumes were calculated.

sediment in one of the profiles, but is also due to one of the pro-
files taken hitting a large grain of material at 1.5 mm depth, causing
a sharp decrease in recorded pH. Unfortunately, on this sampling
occasion it was only possible to do three microprofiles, one from
each core collected, before the microelectrode broke, limiting the
data set.

Hence, it is clear from these data that the injected gas dissolved
in the pore water, had an effect on the pH of sediment pore waters
within the release zone and that this significant and sustained
reduction in the pore water pH was separated from the reference
zone 450 m away. The profiles collected at the reference zone are
similar to pH profiles gathered from other locations (Marton and
Roberts, 2014; Stahl et al., 2006), with those collected from the
release zone similar to more extreme environments where the pH
is naturally reduced due to geochemical reactions in the sediment.
e.g. mud  volcanoes (Lichtschlag et al., 2010; Preisler et al., 2007).
The pH profiles that were collected in the release zone show a sim-
ilar shape as the profiles from the reference zone, but with obvious
changes to absolute pH throughout the profile, which is particularly
evident towards the end of the carbon dioxide release phase on days
35 and 36. As highlighted in the results section above, the pH pro-
file on day 42 from the release zone (Fig. 1e) shows an increasing
pH with depth below a point of 3 mm.  This could be explained by
buffering of pH changes in the sediment by carbonate dissolution,
that would lead to an increase of pH as described by (Blackford
et al., in press).

It has been shown that during the QICS experiment, carbon diox-
ide gas was observed bubbling out of the sediment within hours
of the initiation of gas release and that, similarly, it stopped bub-
bling out of the sediment within hours of the cessation of the gas
release phase (Blackford et al., in press). The pH profiles show that
the lowest pH was recorded at the end of the gas release phase of
the experiment, on day 35, whereas Lichtschlag et al. (this issue)
report that the highest occurrence of DIC within the sediment was
on day 42, after the carbon dioxide release phase. This indicates
that the sediment may  have been buffering pH changes within the
pore water through carbonate dissolution.

Within only 3 weeks of stopping carbon dioxide release into the
sediment, the pH of the sediment pore waters within 4 mm of the
sediment water interface had largely recovered. It is possible that
pH of the pore waters at the release zone started to recover to val-
ues more similar to the reference zone from the sediment–water
interface with turbulent movement of sea water causing pore water
replacement close to the sediment surface as evidenced by the sta-
tistical difference in pH at and above the sediment–water interface
at the release zone.

The diffusive oxygen flux can be used as a proxy for organic car-
bon mineralisation as mediated by microbes and some meiofauna
(Glud, 2008). The diffusion mediated oxygen uptake, with values of
about −7.9 mmol  m2 d−1 to −21.9 mmol  m2 d−1 at both the release

zone and the reference zone, are similar to results from other
coastal sediments (Wang et al., 2013). This ties in with the fact that
microbes are routinely exposed to an environment with a highly
variable pH, which can alter by as much as 0.4 or 0.5 pH units in
24 h (Stahl et al., 2006). The lack of significant differences between
the two  zones at the different time points agrees with simulta-
neously measured DIC flux data, showing values between 14 and
32 mmol  m2 d−1 (published as supplement to Blackford et al., in
press), which is an important confirmation to the oxygen dynamics
reported here. The vast majority of oxygen that enters the sediment
is converted to carbon dioxide as the dominant respiration prod-
uct, which is then exchanged across the sediment water interface
as dissolved inorganic carbon (Glud, 2008). Therefore, if there is no
significant difference in DIC flux recorded during the experiment it
is unlikely that there would be a significant difference in diffusive
oxygen uptake into the sediment either.

That said, there was  a significant difference in the oxygen pen-
etration depth in the release zone 21 days after the release had
stopped, when comparing days 57 and 61, although there were no
significant differences on other dates. Taken alone, this suggests
a reduced consumption of oxygen within the sediment, however,
the diffusion mediated oxygen consumption indicates otherwise,
although this result is probably a sampling artefact. It is possible
that this represents a reduction of microbial activity close to the
sediment surface allowing increased activity at deeper levels as the
sediment becomes re-oxygenated, with effects of the released car-
bon dioxide already observed on microbes by day 14 (Tait et al., this
issue).

The removal of the sediment cores, their transfer and immedi-
ate immersion in an aquarium will cause changes in pH and oxygen
profiles in the sediment, when measured in the laboratory. During
the QICS experiment there was  a release of carbon dioxide within
the sediment, with the observation of bubbles leaving the sediment,
rendering it impossible to fully replicate the in situ conditions in the
laboratory (Blackford et al., in press). However, cores were always
transferred to a temperature controlled aquarium and their anal-
ysis commenced within 30 min  of the core being taken from the
sediment to minimise the risk of potential sampling artefacts. Fur-
thermore, cores were always immersed in bottom water, collected
from the same zone as the cores and they were maintained within
the observed temperature range in the bay that day, with stirring to
simulate the natural water movement in the bay. The possibility of
obtaining the profiles in situ, using benthic lander technology was
examined prior to the start of the experiment. However, benthic
landers have a large foot-print (in the order of 1.5 m by 1.5 m)  and
due to the concentration of monitoring equipment in the different
zones investigated during the QICS experiment, this option had to
be discarded due to the risk of accidently lowering the lander onto
equipment previously deployed, damaging both this equipment
and the lander.

dx.doi.org/10.1016/j.ijggc.2014.09.006


Please cite this article in press as: Taylor, P., et al., Impact and recovery of pH in marine sediments subject to a temporary carbon dioxide
leak. Int. J. Greenhouse Gas Control (2014), http://dx.doi.org/10.1016/j.ijggc.2014.09.006

ARTICLE IN PRESSG Model
IJGGC-1301; No. of Pages 9

P. Taylor et al. / International Journal of Greenhouse Gas Control xxx (2014) xxx–xxx 7

Table  1
Volume of 3 modelled shapes depicting possible influence for CO2 during migration through the sediment. The volume of pore water in the modelled shape is calculated by
using  a mean porosity of 0.49 for the top 1.2 m of sediment, a value of 0.55 for the next 1.55 m of sediment and a value of 0.68 for the sediment between 2.75 m depth and
the  release point at 11 m depth in the sediment. Density of the sea water is calculated using 11 decibar pressure, at 10◦ C and a salinity of 24, with the UNESCO equation of
state,  giving 1026 kg m−3. Excess carbon dioxide is calculated by the difference between the combined total of the calculated HCO3, CO3 and CO2 between the release and
reference zone in Table 2 Radius (r) of 10 m,  height (h) of 11 m, unless otherwise stated.

Model shape Calculation Volume (m3) Pore water
(m3)

Mass of water
(kg × 104)

Excess CO2 in
model (mol)

Excess CO2 in
pore water (kg)

Cylinder (Fig. 4a) V = � × r2 × h 3454 2215 227.2 60,666 2765
l  Cone (Fig. 4b) V = (� × r2 × h)/3 1151 738 75.7 20,222 892
Funnel (Fig. 4c) V = (� × 1.5)2 × 8.25 + (� × r2 × 2.75) 922 492 50.4 13,481 595

One question that has arisen during the QICS experiment is the
final fate of the carbon dioxide gas released into the sediment.
Although divers observed gas bubbling from the sediment into the
overlying sea water (Blackford et al., in press), only about 15% of
the total carbon dioxide was released as gas bubbles into the water
column (Blackford et al., in press; Dewar et al., this issue). Away
from the bubble streams the release of dissolved carbon dioxide
from the sediment into the water column, as measured directly
with benthic chambers, was not increased in the release zone com-
pared to the reference zone, indicating that it is likely that no carbon
dioxide left the sediment in dissolved form (Blackford et al., in
press). This means that 85% of the injected carbon dioxide gas is
currently unaccounted for in the sediments. Using the dissolved
inorganic carbon content of the pore water (Blackford et al., in
press; Lichtschlag et al., this issue), and making the assumptions
that the increased DIC in the sediment pore water is uniformly
spread in the release zone identified by geophysical investigation
reported in Cevatoglu et al. (this issue) and is the result of the
carbon dioxide release it is possible to quantify the amount of
carbon dioxide remaining in the sediment pore waters and not
accounted for by either dissolved or gaseous flux from the sedi-
ment. It is apparent that the carbon dioxide injected may  be present
as one of several phases in the sediment, whether dissolved in the
pore water, precipitated in the mineral phase or as bubbles of gas
trapped within the sediment. This method of calculation will quan-
tify the total amount of dissolved carbon dioxide present within
the sediment pore water in between the diffuser and the sediment
surface.

It has been shown that the carbon dioxide that was released into
the sediment reached the sea floor in an area that could be loosely
constrained by a circular area with a 20 m diameter (Cevatoglu
et al., this issue). This area was calculated to be 314 m2, with a sed-
iment depth of 11 m from the carbon dioxide gas diffusion point.
Taking these estimates, the volume of sediment can be calculated
employing three simple possible patterns for gas migration through
the sediments (Fig. 4). The three models were chosen to represent
migration possibilities within the sediment on simplified scales.
First, there was the possibility that the gas diffused from the release
point horizontally before migrating upwards through the sediment
(Fig. 4a). This is considered to be the least likely of the three sce-
narios as it only poorly matched observed seismic data (Cevatoglu
et al., this issue). Second, is the possibility that the gas diffused
horizontally at a constant rate while migrating upwards (Fig. 4b).
This is thought to be more realistic than the first scenario, but takes
no account of observed changes in geological structures within the
sediment. Third, is the possibility that the gas migrated vertically
up chimneys caused by micro-fracturing of the cohesive muddy
sediment until it reached a permeable strata, at which point it
rapidly diffused horizontally while migrating the last 2.75 m to the
sediment surface (Fig. 4c); this is most closely supported by the
observed geology and seismic data (Cevatoglu et al., this issue).
Total volumes of sediment and pore waters in the different sce-
narios are given in Table 1.

The total volumes of the pore water for each of the models was
then calculated by integrating the sediment depth horizons and the
calculated or estimated porosities to the models, multiplying the
sediment volume with the porosity value outlined in the materials
and methods above, giving pore water volumes of between 2214
and 492 m3 (Table 1). Using the salinity (34), temperature (10 ◦C)
and 11 decibar pressure, the water can be converted to a mass using
the UNESCO equation of state (Dalhousie, undated).

The additional carbon dioxide in the pore water is calcu-
lated by the difference in DIC between the reference and release
zones, as reported in (Blackford et al., in press), with a value of
29,300 �mol  kg−1 in the release zone as opposed to 2600 �mol  kg−1

in the reference zone, measured at 30 cm below the sediment water
interface. This is then converted to an absolute mass of carbon
dioxide, calculated to remain within the sediment pore water for
each of the three different models, with values ranging between
2675 and 594 kg of carbon dioxide dissolved, in various phases,
within the sediment pore water. This represents between 63 and
14% of the carbon dioxide injected into the sediment during the
QICS experiment, with the 14% figure being regarded as more likely
given geophysical data available, due to the presence of narrow
chimneys of microfractures up which the carbon dioxide gas bub-
bled (Cevatoglu et al., this issue). However uncertainty remains in
as much as the chimneys are hypothesised to be mobile, with a
network of microfractures activating and deactivating over time.
Given a snap-shot image of the sediment, the lower estimate of
mass of gas within the sediment is most plausible, but given the
chimney mobility, the number could be much higher. Nevertheless,
the numbers generated here agree with those calculated by (Mori
et al., this issue), who used sophisticated modelling to estimate the
amount of carbon dioxide remaining within the sediments as being
between 10 and 40% of the injected gas.

Only a maximum of 15% (Dewar et al., this issue) (630 kg) of the
gas released during the experiment was estimated to contribute to
the observed bubble streams. Here a further 63–14% of the released
carbon dioxide is accounted for as the mass required to increase the
DIC in the surface sediments (Table 1) by the observed amount. It
is apparent then that a large amount of the carbon dioxide released
during the experiment is unaccounted for using the approach of the
present study and the direct measurement of gas bubbles or the flux
of DIC from the sediment into the overlying water (Blackford et al.,
in press; Dewar et al., this issue).

The pH of sediment pore waters within 4 mm of the sediment
water interface was  not significantly different from the reference
zone within three weeks following the cessation of carbon dioxide
release, although at this depth and below, significant differences
remained. Further investigations are required to ascertain the cause
of the return to normal pH levels. It could have been caused by
chemical processes such as buffering caused by carbonate disso-
lution within the sediment, or by tidal flushing replacing the pore
water close to the sediment–water interface.

The diffusion mediated oxygen uptake into the sediment indi-
cates that there was  little alteration to rates of microbial activity
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during the release phase of the QICS experiment, when comparing
the release and reference zones.
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Detection and impacts of leakage from
sub-seafloor deep geological carbon
dioxide storage
Jerry Blackford, Henrik Stahl, Jonathan M. Bull et al.†

Fossil fuel power generation and other industrial emissions
of carbon dioxide are a threat to global climate1, yet many
economies will remain reliant on these technologies for
several decades2. Carbon dioxide capture and storage (CCS)
in deep geological formations provides an e�ective option
to remove these emissions from the climate system3. In
many regions storage reservoirs are located o�shore4,5, over
a kilometre or more below societally important shelf seas6.
Therefore, concerns about the possibility of leakage7,8 and
potential environmental impacts, along with economics, have
contributed to delaying development of operational CCS. Here
we investigate the detectability and environmental impact of
leakage from a controlled sub-seabed release of CO2. We show
that the biological impact and footprint of this small leak
analogue(<1 tonneCO2 d−1) is confinedtoa fewtensofmetres.
Migration of CO2 through the shallow seabed is influenced
by near-surface sediment structure, and by dissolution and
re-precipitation of calcium carbonate naturally present in
sediments.Results reportedhereadvance theunderstandingof
environmental sensitivity to leakage and identify appropriate
monitoring strategies for full-scale carbon storage operations.

Geological CO2 storage is proposed in deep, porous, sedimentary
formations, 1–2 km below the sea floor, such as depleted oil
and gas reservoirs or saline aquifers3,4. Storage integrity is
provided by impermeable layers of cap-rock3. Although debated, a
number of mechanisms potentially facilitating leakage have been
proposed, including abandoned exploratory boreholes, geological
discontinuities (for example, fractures) and operationalmalfunction
(blowout scenario)9. Here we do not address storage integrity, but
focus on the likely environmental consequence of leakage, and how
best to detect leakage if it were to reach the marine environment.

Research on excess CO2 in marine systems is frequently based on
laboratory experiments and studies of natural CO2 seeps10,11. How-
ever, laboratory studies omit physical, ecological and behavioural
complexity, which are key in understanding and regulating impacts.
Further, volcanic CO2 seeps are compromised by impurities and
atypical thermal, topographical and sedimentological properties12,
and the initial evolution of CO2 flow is not known. Early detection
of leakage that has reached the seabed from deep CCS storage
formations is crucial for assurance, andmonitoringmust be viable in
complex hydrodynamic environments. Consequently, we conducted
a shallow controlled sub-seabed CO2 release to replicate small-scale,
but realistic, leakage that hasmigrated into the near-seabed environ-
ment. A borehole was drilled from shore, to a depth of 11m beneath
the sea floor, in 12m of water and 350m offshore (Supplementary
Fig. 1). A total of 4.2 tonnes of CO2 was injected into the overlying

unconsolidated sediments, over a 37 day period, during which flow
was increased from 10 to 210 kg d−1. The temporal and spatial
migration and impact of this CO2 release were assessed using a va-
riety of acoustic, chemical and biological techniques, before, during
and after release at both control and exposed sites (see Methods
and Supplementary Table 1). The experimental results are directly
applicable to most global offshore storage sites3, which are planned
for shelf seas with water depths up to 200m. CO2 phase chemistry
and benthic biogeochemical processes are consistent across this
depth interval.

The physical movement of the injected CO2 through the seabed
was clearly imaged (Fig. 1). Within hours of commencing CO2
injection, small gas bubble plumes were observed at the sea floor.
Seismic imaging of the sediments revealed a layered structure
consisting of 8m of fine laminated mud, overlain by 2m of fine
silty sand with 1–2m of coarse-grained sand and gravel forming the
seabed (Fig. 1a, inset). Repeated seismic reflection surveys showed
that during the first 13 days of release, with CO2 injection between
10 and 80 kg d−1, most CO2 was confined to a vertical gas ‘chimney’
in the lower laminated mud (Fig. 1a). Within these muds, fracture
propagation, or reactivation of pre-existing fractures is inevitable
and rapid once a critical pressure is exceeded. This is dependent on
sediment cohesiveness, injection rate and cumulative gas flux13–15.
Thus, chimneys are interpreted to represent a laterally restricted
(that is, 5–10m wide) network of interconnected fractures (Fig. 1c).
The change in grain size from mud to overlying silt and sand
caused a step-change from a fracture-dominated flow regime to
one dominated by capillary invasion15 and fluidization with lower
permeability. This is evidenced by the observed accumulation and
lateral spread of gas at the top of the laminated mud layer (Fig. 1c,
green outline). The absence of reflectance signals in the upper layers
during early stages of the release is consistent with slow diffusion
of gas. The initial flow of CO2 into the water column is restricted
and thought to occur through pre-existent micro fractures, beyond
the resolution of seismic imaging. The increased injection rate
(210 kg d−1) applied during the second half of the experiment
permits gas to fracture the silty sand layer (Fig. 1b), and permeate
through the seabed’s coarse-grained sand and gravels, consistent
with chimneys extending from the injection point to the sea floor.
Consequently sub-surface flow becomesmore spatially focusedwith
time as the flow rate increases (Fig. 1c, pink outline).

Rapid dissolution of gaseous CO2 into sea water significantly
increases bottom-water CO2 partial pressure close to the injection
site, with values varying between 380 and 1,500 µatm, depending on
the state of the tide and injection rate, compared with background
values of 360–370 µatm (Fig. 2b). The flux of gaseous CO2 across

†A full list of authors and a�liations appears at the end of the paper.
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Figure 1 | Seismic reflection profiles and seabed mapping illustrating gas pathways above the CO2 di�user. The position of the di�user 11 m beneath the
seabed is indicated by the red dots and red line. Insets show line drawing interpretations. The seabed multiple (SBM) is an artefact. a, Day 13. The data
image a bright spot beneath the fine sand layer. This is interpreted as free gas being trapped beneath the unconformity (U), and no gas is imaged in the
water column. b, Day 34. Enhanced reflectivity above the di�user, and acoustic turbidity from the di�user to the seabed and into the water column are
interpreted as free gas. c, Plan-view multibeam image of CO2 leakage at the seabed on day 34. Gas-emitting pockmarks sit within the area of the chimneys
imaged by seismic reflection data on day 13 and day 34. The sub-surface flow became more spatially focused with time as the flow rates were increased.
The locations of the hydrophone and pCO2 instruments (data shown in Fig. 2) are indicated. (Supplementary Fig. 1).

the sea floor was determined directly by divers collecting bubbles
from each bubble stream, and estimated by acoustic inversion of
hydrophone data16. On day 33, direct measurements yielded an
estimated total CO2 flow of 31.8 kg d−1 (Fig. 2c). At this time the
input into the system was 210 kg d−1; hence, only ∼15% of total
CO2 was being emitted in a gaseous phase across the sediment–
water interface. Gaseous CO2 flow rates estimated from acoustic
inversion (Fig. 2c) varied significantly with tidally induced changes
in hydrostatic pressure (Fig. 2a), agreeing well with observations
from time-lapse photography and pCO2 data (Fig. 2b), and with
flow determined by diver measurement. The 24 h rolling-average
acoustically inferred gas flux responds consistently to the increased
injection rate on day 31 (Fig. 2c) and suggests that outgassing
of 15% of the total injected CO2 was representative of the entire
release phase.

The chemical response in the sediment pore waters was
complex. CO2-induced chemical changes in the biotic upper

25 cm of pore waters were not observed until the last week
of the CO2 injection period, and persisted for a maximum of
two weeks after the release was stopped. During this period,
dissolved inorganic carbon (DIC, dissolved CO2 and associated
inorganic carbon species) increased by a factor of ten from
typical values of 2.6mmol kg−1 to 29.3mmol kg−1 approximately
20 cm below the sediment surface (Fig. 3a). Coincident increased
concentrations of pore-water alkalinity and calcium ions (Ca2+;
Fig. 3b,c) indicate that the injected CO2 that dissolves promotes
rapid dissolution of calcium carbonate (CaCO3), naturally present
in the sediments. In corroboration of this, pore-water acidity
(pH) initially drops slightly from 7.7 to 7.5, and then increases
to 7.8 just after the injection was stopped (Fig. 3e), indicating
that the rise in DIC was buffered by the carbonate dissolution.
Carbon isotopic composition of pore-water DIC at the release
epicentre (δ13CDIC = ∼−20h) was significantly lower than
background pore water (∼−2h), which confirms that changes
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Figure 2 | Gas injection rate, hydrophone-determined seabed flux, and
carbonate system variations in the water column over multiple tidal cycles
during the later stages of injection. pCO2 and seabed gas flux correlates
with the tidal cycle, with low gas flux at high tide. a, Height of tidal cycle in
metres. b, Variation in pCO2 5 cm above the seabed. c, Total gas injection
flux (kg d−1, solid black line); estimate of gas flux at the seabed from
inversion of hydrophone data (orange area 25th and 75th percentiles of
confidence interval; 24 h rolling mean—solid blue line). See Supplementary
Methods for details on the inversion. Direct diver measurement of gas flux
on day 33 (between 11:00 and 11:49) is shown by the black cross. Data are
illustrated for the period between day 30 and day 36 of the release.

in pore-water carbonate chemistry were caused by the injected
CO2 (δ13C=−26.6h, Fig. 3d). All pore-water carbonate chemistry
parameters, including δ13CDIC, returned to background values
within 17 days of ceasing the CO2 injection, probably owing to a
combination of re-precipitation17 of CaCO3, physical and biological
pore-water advection18,19 or sinking of slightly dense CO2-rich
pore water20.

Although changes in concentrations of pore-water DIC and Ca2+
in response to CO2 were observed from 2 to 25 cm depth in the
sediments, concentrations remained near background values in the
top 2 cm of sediment throughout the experiment (Fig. 3a,c) and
benthic chamber measurements of DIC fluxes across the sea floor
showed no change from normal values21 (Supplementary Fig. 2).
Hence, we conclude that the portion of injected CO2 that does not
escape from the sediments in the gas phase (that is, ∼85%) was
retained within the sediments for the duration of the experiment.
Although some of this was observable as free gas using acoustic
imaging (Fig. 1), the high solubility of CO2 would suggest that much
of the injected gas was rapidly dissolved in sediment pore waters.

As high CO2 is known to impact many biological processes22,
we investigated the degree to which chemical changes from leakage
might impact biological systems, in and around the seabed. Seabed
communities naturally change, sometimes significantly, throughout
the seasonal cycle (Fig. 4, black lines). Impact is indicated not
by change per se, but by deviations from well-established normal
cycles. No biological effect was detected during the initial stages
of the release, consistent with the lack of a chemical signal in the
superficial sediments. However, towards the end of the release and
in the initial days of the recovery period, the change in benthic
macrofauna community structure at the leak epicentre (Fig. 4,
red lines) was significantly different from that observed at the
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Figure 4 | A multi-dimensional (MDS) plot comparing temporal changes
in benthic macrofaunal community structure at the release site with the
reference sites. In an MDS plot, similar biological communities in terms of
biodiversity and abundance (represented by dates) appear close together
and parallel trajectories (arrows) represent comparable changes.
Dissimilarity is represented by greater spatial separation or diverse
trajectories. a, During the initial stages of leakage, until 30 May community
development is similar at both impacted and reference sites; however, in
the later stages of the injection, significant divergence is apparent.
b, During the initial stages of recovery, until 28 June both impacted and
non-impacted communities show similar trajectories, but remain dissimilar
in make-up. c, In the later stages of recovery convergence between all
communities is apparent. The generation of MDS plots is detailed further in
the Methods; the reference data represent an average of the three separate
non-impacted sites.

other, un-impacted sites. Intermittently the high-CO2 plume in
the water column was advected 25m from the epicentre owing
to tidal circulation, inducing transitory changes in carbonate
chemistry. Here bacterial gene expression in the top 1 cm of
sediment responded similarly to that at the leakage epicentre
(Supplementary Fig. 3), indicating a rapid sensitivity of the active
bacterial community. No other CO2 impact was recorded away

from the release epicentre at any stage. The dominant biological
variability at both release and control sites was the normal seasonal
dynamic; at the end of the sampling period no significant difference
between impacted and non-impacted communities was apparent
in the macrofauna (Fig. 4c), although differences in the gene
expression of microbial populations persisted for at least 90 days
(Supplementary Fig. 3).

Ourwork demonstrates that biological effects from a small short-
term leak are detectable, but not catastrophic and that recovery is
measurable in days to weeks. The restricted vertical and horizontal
effect of our small-scale leak is not without parallel. The effects of
natural seepage of methane into the water column from cold seeps
such as pockmarks and mud volcanoes on continental margins are
restricted to a narrow zone that extends only a few metres from
the seep epicentre23,24. The distribution of bacterial communities
and macrofauna at these seeps is principally controlled by the rate
of fluid flow25,26, and the bacterial communities respond rapidly to
changes in environmental conditions27.

We caution that impacts are likely to increase step-wise if a
greater proportion of CO2 is emitted in the gaseous phase, either
through fractures or as pore waters become super-saturated, or
if the carbonate buffering capacity of the sediments is limited or
becomes exhausted. Without operational evidence, realistic leakage
scenarios can only be approximated. Based on natural gas seepage
and offshore drilling, estimates range from ∼20 tonnes per annum
(half the experimental release rate) for seepage through abandoned
wells to short-term leakage of 50 kilotonnes d−1 for highly unlikely
blowout scenarios9. Modelling-derived estimates of the footprint
of biologically harmful plumes of CO2 indicate that high end
scenarios may impact a few kilometres radius28 whereas lower
end scenarios, consistent with this experiment, will impact only
some metres in radius29. For all leakage scenarios so far examined,
models indicate that hydrodynamic mixing would disperse harmful
concentrations of CO2 within hours toweeks, facilitating recovery as
excess CO2 is not accumulated in biological tissues unlikemost toxic
substances. Siting storage below restricted exchange environments,
where dispersion is limited, could lead to significant build-up of
CO2-charged water12 and should be avoided.

Monitoring the large volume of sea water overlying a geological
storage complex will be challenging. We show that low levels of
leakage dominated by dissolution and subsequent transport of
CO2 by diffusion may be hard to detect and quantify, owing to
carbonate buffering. Small seabed pockmarks are an early indication
of leakage, but these features can be difficult to distinguish from
natural biogenic structures. Bubble streams, when present, are easily
recorded, but we observed that these are sensitive to hydrostatic
pressure and may represent a fraction of released CO2. Although
seismic and chemical signals over an established leakage locus will
be distinct, given the restricted horizontal and vertical footprint
of leakage, spatial coverage and the ability to measure signals
near the seabed will be paramount for monitoring. Furthermore,
natural biologically and physically driven variability of CO2 in
marine systems30 and sediment heterogeneity may render detection
of signals at small distances from leakage loci hard to discriminate,
unless a rigorous baseline is established.

We suggest that the optimal monitoring strategy for storage
locations should use mobile autonomous underwater vehicles
equipped with chemical (for dissolved phase) and acoustic (for
gas bubbles) sensors with a horizontal spatial sampling resolution
approaching 10m, deployed close to the sea floor. Such a multi-
sensor approach, supported by analysis against a well-constrained
baseline will maximize the chance of detecting the preliminary
stages of a small leakage. Should specific higher risk, spatially
restricted, leakage sites be identified, a network of permanently
deployed long-term stable online sensors and hydrophones may
provide the most effective monitoring tools for early leak detection.
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Once a suspected leak is detected, alternative techniques should be
implemented to corroborate the source (for example, by sensors
and isotopic signature); to quantify fluxes of CO2 (for example, by
acoustic inversion for gas and sediment-pore-water incubations for
dissolved phase); and to assess associated impacts (for example, by
biological sampling). Baseline studies therefore need to encompass
sediment structure and carbonate content, natural seeps, the
acoustic background, CO2 chemistry and biological community
structure within the context of seasonal and spatial heterogeneity.

We do not address the robustness of deep geological storage in
this work, but provide an insight into the processes that occur if
leaked CO2 were to reach the shallow unconsolidated sediments
immediately underlying the seabed. This emerging understanding
synthesizing dispersion, impact and recovery suggests that small-
scale leakage from CCS, should it reach the sea floor, is highly
unlikely to have a regionally significant environmental impact.
Although monitoring may be challenging, it is tractable given a
multivariate approach, supported by appropriate baseline studies.

Methods
The experiment site, located on the west coast of Scotland (Supplementary Fig. 1,
inset), fulfilled multiple criteria including access and logistics, regulatory release
permissions, local approval, suitable seabed geology and sediments with diverse
fauna typical of regional shelf seas. Extensive high-resolution seismic reflection
profiling and sediment core sampling were instrumental in site selection and
subsequently fully characterized the site for drilling operations. A 350-m-long
borehole, subsequently lined with stainless-steel pipe was drilled through
quartzite bedrock using a directional drilling rig, avoiding glacial till deposits and
natural accumulations of biogenic gas, with the final 10m terminating
horizontally into unconsolidated sediments (Supplementary Fig. 1). The borehole
terminated in a 5-m-long diffuser with multiple perforations of 0.5mm diameter,
to ensure diffuse flow of gas into the surrounding sediments. The diffuser was
positioned 11m below the seabed and beneath a further 10–12m of water,
dependent on tide height. The land-based facilities comprised CO2 cylinders;
connected by manifolds, regulated by a high-precision mass-flow controller,
logging at 12 s periodicity. Initial injection was commenced at 10 kg CO2 d−1 to
avoid hydraulic fracturing, increasing to 210 kg CO2 d−1 to achieve a realistic flux
and biogeochemically significant signal at the seabed. The total injection
amounted to 4.2 tonnes over a 37 day period.

Surveying used a combination of boat-towed instrumentation,
diver-mediated sampling and semi-permanently deployed instrumentation on the
sea floor. Sampling was undertaken at four bathymetrically and ecologically
similar zones (zone 1: epicentre, zone 2: 25m distant, zone 3: 75m distant, zone
4: 450m distant acting as a control, Supplementary Fig. 1). The sites were
investigated immediately before the start of CO2 release; during the 37 day
release period; and over one year after termination of the release
(Supplementary Table 1).

High-resolution seismic reflection data comprised 194 Boomer and Chirp
profiles, covering an area of 600 by 400m centred above the diffuser location,
with a 5–10m line separation. A calibrated hydrophone was deployed close to the
diffuser to record the acoustic signature of gas bubbles emitted from the seabed
within the water column.

CO2 fluxes across the sediment–water interface were quantified by direct
diver collection, a passive acoustic inversion technique16 based on hydrophone
data and benthic chambers for quantifying DIC flux. The partial pressure of CO2

in the water column was monitored by a calibrated pCO2 ion-sensitive field-effect
transistor electrode31 moored at 5 cm height above the seabed at the centre of the
release site.

Sediment samples for pore-water biogeochemistry analysis, including DIC,
total alkalinity, pH, isotopic composition (δ13CDIC), Ca2+ and biological samples,
were manually collected in shallow cores by divers. At each zone and time point
five replicate cores were analysed for microbial and macrofaunal populations.
Fauna were analysed to the lowest taxonomic level possible. Microbial RNA was
extracted and analysed using terminal restriction fragment length polymorphism;
a molecular biology technique commonly used to profile microbial communities,
based on the position of a restriction site closest to a labelled end of the 16S
ribosomal RNA gene.

This study uses a non-parametric multivariate approach, MDS, which
characterizes and compares faunal samples on the basis of the identity and
abundance of macrofaunal species (Fig. 4) or microbial 16S rRNA gene T-RF
(terminal restriction fragment) relative abundances (Supplementary Fig. 3).
Ordinations are derived from Bray–Curtis similarity matrices using an MDS
technique32,33. The Bray–Curtis measure ignores joint absences and focuses on

presences and is the most commonly used similarity matrix for biological
community analyses. An MDS ordination is essentially a map of samples in which
the distance between any two samples is a reflection of their relative similarity to
each other based on the whole community composition. Thus, samples
positioned closely to each other are very similar in community composition, and
points that are further apart are less similar in their composition. The goodness
of fit of the ordination (given that a multi-dimensional distribution is compressed
to a two-dimensional one) is indicated by a stress value. Values below 0.2 imply
that the ordinations may be sensibly interpreted. As this technique is based on
the rank order in the similarity matrix, it is only the relative distance apart of the
symbols that matters, the scale and axis being arbitrary.

An animation of the experimental procedure and video footage of seafloor
bubble streams and instrumentation can be seen at www.qics.co.uk.
Supplementary Table 1 summarizes the sampling regime and further details are
given in the Supplementary Information.
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a  b  s  t  r  a  c  t

Whilst  sub-seabed  Carbon  Capture  and  Storage  (CCS)  has  the  potential  to remove  a significant  proportion
of anthropogenic  CO2 emissions  at source,  research  is  necessary  to constrain  the  environmental  impacts
of potential  future  gas  leaks  from  storage  reservoirs.  The  QICS  project  (Quantifying  and  Monitoring  Poten-
tial  Ecosystem  Impacts  of  Geological  Carbons  Storage)  was  established  to  improve  our  understanding  of
these  potential  impacts  and  to develop  tools  and  best  practice  for  monitoring  sub-seabed  CCS  reser-
voirs.  Exposure  to increased  environmental  CO2 has  been  shown  to  raise the  tissue  pCO2 of many  marine
invertebrate  species,  leading  to tissue  acidosis  and  perturbations  in both  ion  transport  and  bicarbonate
buffering.  These  disturbances  can  cause  downstream  effects,  seen  as  metabolic  depression  in susceptible
organisms,  compromising  the  role  of  particular  species  within  an  ecosystem  and  even  causing  the local
extinction  of  species  groups.  To  monitor  the potential  impact  to surficial  benthic  megafauna,  cages  of
bivalves  (the  common  mussel  Mytilus  edulis  Linnaeus,  1758  and  the  king  scallop  Pecten  maximus  (Lin-
naeus,  1758))  were  deployed  at the gas  release  site  and  at a reference  site—both  within  Ardmucknish
Bay, Oban,  Scotland.  Replicate  individuals  were  sampled  at six time  points  over  a 125-day  period,  which
spanned  both  the  37-day  injection  and  recovery  phases  of the  experiment,  in  order  to  establish  impacts
to  molecular  physiology.  Samples  of bivalves  were  also  simultaneously  sampled  from  a  reference  site
within  the  bay  in  order to contrast  changes  in  physiology  induced  by the  gas  release  with  naturally  vari-
ability  in  the  physiological  performance  of both  species.  We  present  data  on  changes  in the  transcription
of  genes  coding  for key ionic  and  carbon  dioxide  regulatory  proteins.  There  was no  evidence  of  gene
regulation  of  either  selected  carbonic  anhydrases  (CAx  genes)  or the  alpha  subunit  of  sodium  potassium
ATPAses  (ATP1A  genes)  in  individual  bivalves  collected  from  the  CO2 gas  release  site,  in either  species.
In the  common  mussel  M.  edulis  there  was  only  evidence  for changes  with  time  in  the  expression  of
genes  coding  for different  classes  of  carbonic  anhydrase.  It was  therefore  concluded  that  the  effects  of
the plume  of  elevated  pCO2 on ion-regulatory  gene  transcription  were  negligible  in  both  species.  Whilst
the  analysed  data  from  this  current  study  do not  constitute  an  impediment  to  the  continued  develop-
ment  of  sub-seabed  CCS  as a climate  mitigation  strategy,  further  modelling  is necessary  to predict  the
consequences  of larger  or longer  term  leaks.  Further  analysis  is  also  required  in  order  to constrain  the
potential  physiological  impacts  of  gas  leaks  to benthic  infaunal  species  and  understand  the  mechanism
of  possible  avoidance  behaviour  recorded  in  burrowing  heart urchins  Echinocardium  cordatum  (Pennant,
1777).

©  2014  Elsevier  Ltd. All  rights  reserved.
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1. Introduction

Sub-sea bed Carbon Capture and Storage (CCS) has the potential
to remove a significant proportion of CO2 emissions from power
generation and to mitigate the ensuing environmental cost of
climate change. However, work is needed to identify the potential
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environmental impacts associated with gas leaks emanating from
a failure of a CCS reservoir. The QICS project (Quantifying and
Monitoring Potential Ecosystem Impacts of Geological Carbons
Storage) was conceived to improve understanding of the sensitivi-
ties of marine species and ecosystems by simulating a small-scale,
limited-duration, leak from a sub-seabed CCS reservoir. The QICS
field experiment was located in Ardmucknish Bay, near Oban in
Scotland and in this experiment a total of 4.2 t of CO2 was injected
into the seabed at a depth of 11 m below the sediment/water
interface (Blackford et al., 2014). This gas injection rapidly cre-
ated gas chimneys in the sediment and bubble streams at the
sediment/water interface and affected the biogeochemistry of the
system over a few 10 s of metres. At the release site the injected
gas raised the pCO2 saturation of the overlying water to between
380 and 1500 �atm at a height of 30 cm above the seabed and
reduced the relative acidity of the pore water to pH 7.6. Effects
to the seabed and overlying water rapidly recovered after the gas
injection was terminated (Blackford et al., 2014).

Significant recent advances have been made in our under-
standing of the complex and interactive impacts of elevated
carbon dioxide on the physiology of marine organisms from the
analysis of carefully-controlled laboratory experiments (Halsband
and Kurihara, 2013; Kamenos et al., 2013; Widdicombe et al.,
2013). Whilst these controlled studies have identified impacts to
behaviour, calcification, and haemolymph pH, as well as increased
mortality, these outcomes have yet to be validated under more
complex field conditions. As a result, the confidence with which we
can predict the possible impacts of CCS leakage scenarios to marine
ecosystems and species is still limited. Indeed, whilst exposure to
elevated pCO2 has been reported to cause metabolic depression in
key marine invertebrates (Pörtner, 2008), others have shown that
some species can thrive in the field in extreme pH environments
(Thomsen et al., 2013) and that metabolic depression may  only
result during periods of resource limitation. Ultimately, the actual
impact of elevated pCO2 in an organism will reflect the magnitude
and duration of exposure to elevated pCO2, the physiological capac-
ity of that organism to regulate tissue pCO2, and other simultaneous
extrinsic stressors such as resource limitation or hypoxia (e.g.
Stumpp et al., 2012; Thomsen et al., 2013). Species that might be
resilient to elevated pCO2 have been predicted to be metabolically
active, to be good ionic- or osmoregulators and to regularly experi-
ence environmental perturbation (Fabry et al., 2008; Widdicombe
and Spicer, 2008; Whiteley, 2011). These species have the capacity
to compensate for acid–base disturbances (pH/pCO2/HCO3

−) via
mechanisms responsible for both acid–base and ionic homeosta-
sis (Whiteley, 2011). However, there is less certainty regarding the
potential physiological impact of elevated pCO2 in species that are
poor ionic regulators, including bivalve molluscs and echinoderms
(Michaelidis et al., 2005; Miles et al., 2007). Unregulated changes in
environmental pCO2 can cause impacts to tissue carbonate chem-
istry and extracellular pH of marine invertebrates.

Species with a limited capacity for extracellular ionic regulation
must still regulate intracellular ionic balance through the activity
and number of membrane bound and cytoplasmic pumps and other
regulatory proteins. Intracellular ionic homeostasis is achieved, in
part, by the action of numerous classes of membrane-bound ion
pumps and channels (e.g. Péqueux, 1994; Bradley, 2009; Deaton,
2009) and the sodium potassium ATPases (Na+/K+-ATPases) rep-
resent one ubiquitous class of proteins with a key role in this
regard (Deaton, 1982; Taylor and Andrews, 1987; Hu et al., 2011).
Na+/K+-ATPase activity has been shown to be a major demand
on the maintenance metabolism (3–40%; Leong and Manahan,
1997) of organisms. Environmental perturbations that demand the
increased activity or expression of these regulatory proteins can
represent a significant drain on an individual organism’s energy
resource.

With regard to carbon dioxide regulation, the carbonic anhy-
drases also comprise a large group of metallo-enzymes that catalyse
the reversible hydration of carbon dioxide to form bicarbonate
(Henry and Saintsing, 1983) and are intimately involved in the regu-
lation of cellular and tissue pCO2 in organisms. In the Eastern oyster
Crassostrea virginica and the American hard clam Mercenaria mer-
cenaria, carbonic anhydrase activity has been shown to increase
in response to elevated temperature and pCO2 to either facilitate
continued calcium carbonate deposition or to regulate tissue CO2
(Ivanina et al., 2013).

The activity of both ion-regulatory ATPases and carbonic anhy-
drases have been assessed previously to determine the impacts
of ocean acidification on marine invertebrates at a cellular level
(Lanning et al., 2010; Dickinson et al., 2012; Hüning et al., 2013)
and consequently the a priori focus of the current study was on the
expression of genes coding for carbonic anhydrases and sodium
potassium ATPases in species of commercially-important benthic
megafauna.

As the specific intent of this component of the QICS project was
to investigate the impacts of gas leakage on the molecular ecophysi-
ology of characteristic surficial benthic megafauna we adopted the
filter-feeding bivalve species, the common mussel Mytilus edulis
Linnaeus, 1758 and king scallop Pecten maximus (Linnaeus, 1758),
as tractable models that could be deployed in cages on the seabed
and left in place for the duration of the experiment. Both species of
bivalve occur ubiquitously in Scottish waters and European shelf
seas, including sea bed areas that are in the vicinity of existing and
planned sub-seabed CCS reservoirs in the North Sea. Both species
are fished commercially within Europe and in 2012 exports of com-
mon  mussels from the UK amounted to 13.9 thousand tonnes,
valued at £11.8 million, whilst exports of king scallops totalled
13.6 thousand tonnes and were valued at £90 million (Marine
Management Organisation, 2013).

Replicate cages of king scallops and common mussels were
deployed at, and around, the release site in Ardmucknish Bay and
were sampled at intervals during the gas injection and recovery
phases of the field experiment. The expression of genes coding for
carbonic anhydrases and Na+/K+ ATPases were determined to test
whether or not exposure to an elevated CO2 plume had a signifi-
cant impact on the transcription of ion-regulatory genes in these
two species of commercially-important bivalve molluscs. Changes
in gene transcription were measured using quantitative real-time
PCR as it represents a highly sensitive approach that allowed for
the detection of sub-lethal effects of the limited gas release on the
expression of new regulatory proteins. The implicit null hypothesis
of this study for each species was  that would be no significant dif-
ference in the expression of each gene between the bivalves held at
the release site and those held at the reference site. Changes in gene
transcription for these classes of regulatory proteins would have
been interpreted as evidence of physiological impact to surficial
benthic bivalves.

2. Materials and methods

The QICS experiment has been described in detail elsewhere
(Taylor et al., in press—this issue). Briefly, the release site was
located 350 m offshore Ardmucknish Bay in Scotland (350737 East-
ing, 6263800 Northing (UTM Zone 30N, WGS84)) in a water depth
of 12 m.  Over a 37-day injection phase, 4.2 t of CO2 was  released
into the sediment. Gas was injected into unconsolidated sediments
via a sub-seabed borehole through a mesh diffuser positioned 11 m
below the surface of the sea bed. After 37 days the gas injection
was terminated and the experiment entered a ‘recovery phase’
(Blackford et al., 2014). Four zones within Ardmucknish Bay were
identified for this experiment (Taylor et al., in press—this issue).
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Fig. 1. Images of the frames and cages before deployment and during deployment, stocked with king scallops Pecten maximus and common mussels Mytilus edulis.  Frames
weighed 25 kg and each arm of the frame was 40 cm in length. At deployment frames contained seven cages.

Zone 1 (Z1) was identified as the release site and was  located
immediately above the mesh diffuser—a region in which gas bub-
ble streams were seen during the injection phase (Blackford et al.,
2014). Zone 4 (Z4) was identified as a reference site and was located
450 m to the east of the release site. Zones 2 and 3 were at inter-
mediate distances to the release site, as described in Taylor et al.
(in press—this issue).

2.1. Experimental organisms, deployment and sampling

King scallops (P. maximus) and common mussels (M. edulis)  used
in the QICS experiment were supplied by Loch Fyne Oysters (Cairn-
dow, Scotland, UK) on 04.05.2012 and were held in flow-through
sea water aquaria at the Scottish Marine Institute, Oban to recover
from the stress of delivery. Before deployment, on 08.05.12, repli-
cate samples of both species of bivalve (P. maximus and M. edulis)
were taken as part of the baseline sampling. Thereafter, the two
species were deployed in replicate cages in Ardmucknish Bay on
09.05.12. Eight king scallops and ten common mussels were housed
per cage. Seven replicate cages were deployed on each of three
weighted frames (each frame weighing ∼25 kg and comprised of
four 40 cm long arms; Fig. 1). A total of 21 cages in total were
deployed in the experiment. The three frames were lowered to the
seabed from RV Seol Mara, one in Z1, one at a distance of ∼25 m
from the release site in Z2, and one in Z4.

The injection phase of the experiment started on 17.05.12. At
regular intervals during the injection and recovery phases divers
recovered a single cage of bivalves from each frame in Ard-
mucknish Bay (Table 1). Cages were brought immediately to the
surface whereupon all live bivalves were quickly opened and tis-
sue samples were removed, blotted dry and stored in RNAlaterTM

(LifeTechnologies, Strathclyde, UK) at 4◦ overnight and then at
−20◦ until processing. Some mortality occurred for both species
of bivalve during the experiment, although this did not correlate
with location (i.e. comparing the gas release site with the reference

site) and this produced an unequal sample set for each site and time
point (Table 1).

During the first days of the gas release divers also reported num-
bers of burrowing heart urchins Echinocardium cordatum (Pennant,
1777) on the surface of the sediment at the release site (Z1). Conse-
quently, during subsequent sampling events, exposed urchins were
collected from the sediment surface in Z1 as they were found and
also were recovered from below the surface of the sediment in Z4 as
dive time permitted (sample set detailed in Table 1). Urchins were
brought immediately to the surface and were quickly dissected for
tissue samples that were treated as described above.

A priori, it was  predicted that an increase in sea water pCO2 asso-
ciated with sub-seabed CO2 release would cause acid/base and ionic
disruption in exposed tissues of benthic megafauna. For the king
scallops and common mussels, changes in relative gene expres-
sion were measured in gill tissue whilst in the heart urchin the
gut tissue was used. Gill tissues were selected as they are cen-
tral to both gas exchange (O2 and CO2 regulation) and feeding in
bivalve molluscs and have an immediate contact with the external
sea water environment. As such, the intracellular environment of
the gill tissue would have been challenged by changes in physico-
chemistry of the external sea water environment associated with
the high pCO2 plume. The burrowing urchin is a bioturbating infau-
nal species which takes up sediment in its gut tract and from which
organic carbon and other nutrients are absorbed before excretion.
The gut epithelia represents another tissue that would have imme-
diate contact with sediment pore waters that were biochemically
altered during the QICS gas release (Blackford et al., 2014).

2.2. Genes of interest and endogenous reference genes

According to standard MIQE guidelines (Bustin et al., 2009) rel-
ative gene expression was determined using multiple endogenous
reference genes; this approach has been proven to offer greater
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Table 1
Summary of the sampling programme and sample sets available in this study.

Experiment phase Pre-injection baseline Injection phase Recovery phase

Date 08.05.12 28.05.12 04.06.12 19.06.12 27.06.12 09.07.12 19.09.12

Experiment day −9 11 18 33 41 53 125
Pecten maximus sampled from Z1(n) 8 7 7 7 4 7 6
Pecten  maximus sampled from Z4 (n) 7 5 6 6 8 6
Mytilus edulis sampled from Z1 (n) 8 7 8 7 5 4 2
Mytilus edulis sampled from Z4 (n) 8 8 8 7 5 3
Echinocardium cordatum collected from Z1 (n) 3 – – 5 4 5 –
Echinocardium cordatum collected from Z4 (n) – – 5 4 7 –

reliability in quantifying gene transcription than those using a
single endogenous reference gene.

The EMBL-EBI GenBank was interrogated for mRNA sequences
for the genes of interest and endogenous reference genes in
all megafauna in this study. In instances where species-specific
sequence information was not available, degenerate primers were
designed against conserved amino acid regions identified in align-
ments of homologous protein sequences from related species
(Supplementary Table 1) using standard approaches. Degenerate
primers were then used in PCR reactions to isolate gene fragments.
Degenerate PCR reactions were performed in 25 �l volumes using
0.5 �l 50×Advantage® 2 Polymerase Mix  (Clontech Laboratories,
Saint-Germain-en-Laye, France) according to the manufacturer’s
protocol. The final degenerate primer concentration of 2 �M was
used to isolate gene fragments and the PCR annealing temper-
ature was adjusted empirically to that shown in Supplementary
Table 1. PCR products were size fractionated on 1% agarose gels
and fragments of the expected size were excised and purified
using a QIAquickTM Gel Extraction Kit (QIAGEN, West Sussex, UK)
according to the manufacturer’s recommendations. PCR fragments
were cloned into JM109 High Efficiency Competent Cells (Promega,
Hants, UK) using the pGEM®-T Easy Vector system (Promega)
according to the manufacturer’s protocol. Confirmatory colony PCR
was performed on a minimum of five randomly selected white
colonies using M13  sequencing primers and plasmid DNA was then
extracted from overnight LB cultures of positive clones using a
QIAprepTM Spin Miniprep Kit (QIAGEN). Extracted plasmids were
sequenced using conventional di-deoxytermination sequencing by
Source BioScience LifeSciences (Notts, UK). Nucleotide sequences
were aligned using CLUSTAL W (Thompson et al., 1994) and cor-
rected by eye. The consensus sequence of a minimum of three
clones was subject to BLAST search (Altschul et al., 1997) to confirm
a putative identity for each gene fragment. Consensus nucleotide
sequences were then used to design qPCR primers for quantitation
(see Section 2.4).

In the case of M.  edulis carbonic anhydrase II (CA2 gene), the gene
fragment isolated initially did not provide sufficient nucleotide
sequence to support appropriate qPCR primer design. In this case,
3′-Rapid Amplification of cDNA Ends (3′-RACE) was performed
using a SMARTerTM RACE cDNA Amplification Kit (Clontech) to
extend the sequence data in support of primer design. RACE PCR
was performed according to the manufacturer’s recommendations.

2.3. Experimental samples—Total RNA extraction, DNase
treatment and reverse transcription

Gill and gut tissue samples stored in RNAlater® were thawed
on ice and 50–100 mg  of tissue was homogenised in 1 ml  of
TRI-ReagentTM (Sigma-Aldrich, Hants, UK) using a Pellet Pestle
(Sigma-Aldrich). Total RNA from M.  edulis and P. maximus gills
was extracted in accordance with the standard protocol (Sigma-
Aldrich) without modification. Total RNA from E. cordatum gut was
extracted using a modified protocol to maximise RNA yield and

quality. The modified protocol involved repeating the phase sep-
aration step by adding the initial aqueous phase to a second 1 ml
volume of TRI-ReagentTM before phase extraction with a second
0.2 ml  aliquot of chloroform. Thereafter, extraction continued as
per the manufacturer’s recommendations.

The purity of all total RNA extracts was confirmed by
NanodropTM (Thermo Fisher Scientific, Leics, UK), and RNA integrity
and concentration were confirmed using ExperionTM (Bio-Rad,
Herts, UK). All total RNA samples were DNase-treated using
Promega RQ1 RNase-free DNase according to the manufacturer’s
protocol, using a volume containing 1 �g of total RNA for E. corda-
tum and P. maximus, and 2 �g of total RNA for M.  edulis. 5.5 �l of the
resulting mixture (0.5 �g E. cordatum and P. maximus total RNA, and
1 �g M. edulis total RNA) was reverse-transcribed in a 20 �l reaction
using Superscript IIITM (LifeTechnologies) with random nonamers
(Sigma-Aldrich) in accordance with the manufacturer’s protocol.

2.4. Quantitative polymerase chain reaction (qPCR) assays

Using the gene sequence fragments, gene-specific qPCR primer
pairs were designed for all genes of interest and endogenous refer-
ence genes (Supplementary Table 2) using PrimerExpressTM v3.0.1
(Applied Biosystems®, California, USA). qPCR assays for each cDNA
sample were set up in volumes of 50 �l, containing 25 �l of Preci-
sion 2× real-time PCR MasterMix with SYBR green (Primerdesign
Ltd, Hants, UK), 2 �l of template cDNA and optimised concen-
trations of forward and reverse primer (Supplementary Table 2).
Reactions were then split and two  technical replicates run using a
Corbett Rotorgene 3000 (QIAGEN) using the following run profile; 1
cycle of 95 ◦C for 10 min, 40 cycles of 95 ◦C for 10 s and 60 ◦C for 60 s,
1 cycle of 72 ◦C for 45 s and a final ramp to 95 ◦C of 1 ◦C per 5 s. Sam-
ples were run using a sample maximisation strategy to minimise
technical variation and inter-run calibrator (IRC) cDNA samples
were used to correct for inter-run technical variation. Duplicate
no-template negative controls were also included in each run. For
each qPCR run an arbitrary threshold was  set in the logarithmic
phase of the amplification curve and the resulting Cq values were
determined according to standard methods (Bustin, 2004).

2.5. Statistical analysis of qPCR results

According to MIQE guidelines (Bustin et al., 2009) Cqs were con-
verted to calibrated and normalised relative quantities (CNRQs) in
qbase+TM (Biogazelle, Zwijnaarde, Belgium): details of this proce-
dure have been described elsewhere (Hellemans et al., 2007) and
only the main steps are highlighted here. Initial checks confirmed
that Cqs of technical replicates for samples of interest differed from
each other by <0.5 Cq and from no-template negative controls by >5
Cq. Average Cqs across technical replicates were then converted to
relative quantities (RQ) and corrected for among-assay differences
in amplification efficiencies (Supplementary data, Table 2) using
an exponential function. The RQ of the gene of interest was then
normalised to the geometric mean RQ of the endogenous reference
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genes for each sample. Normalised RQs were calibrated across runs
using inter-run calibrator samples included in every run. Variation
in gene expression follows a log-normal distribution, so the loga-
rithm (base10) of CNRQs was used in statistical analyses according
to established practice (Bengtsson et al., 2005; Derveaux et al.,
2010). Differences in log CNRQ between samples are equivalent to
log fold-changes.

General linear models were fitted and compared to test whether
gene expression (log CNRQ) varied among time points and sites for
each species and gene target. In order to achieve a fully-crossed
design and avoid missing cells, analyses were performed only using
the bivalve samples recovered from the deployed cages and did
not include baseline samples for M.  edulis or P. maximus. Statis-
tical methods followed an established model selection framework
(Zuur et al., 2007) but F-tests were, in effect, equivalent to Type II SS
ANOVA and were appropriate for unbalanced datasets (Quinn and
Keough, 2002). For each species and gene, the interaction between
time points and sites was tested by comparing the two-way, fully-
crossed model with a model containing main effects only. If the
interaction term could be removed, each main effect was tested
by dropping it from the main effects model. Models were fitted by
ordinary least squares in R (R Core Team, 2014) and compared with
partial F-tests (  ̨ = 0.05; Quinn and Keough, 2002) and changes in
Akaike’s Information Criterion (with correction for small sample
sizes, AICc; Burnham and Anderson, 2002). Differences in AICc give
an indication of the relative performance of nested models: lower
AICc indicating better performance but with models being essen-
tially indistinguishable when differences in AICc are <4 (Burnham
and Anderson, 2002). Pairwise comparisons between treatment
levels were carried out using Tukey’s Honestly Significant Differ-
ence (Tukey’s HSD) test (family-wise  ̨ = 0.05). Assumptions that
log CNRQs followed a normal distribution and had homogenous
variance across experimental groups were verified visually from
plots of raw data and residuals.

3. Results

BLAST analysis of the sequence data from the amplified frag-
ments identified putative cytoplasmic carbonic anhydrases (CA2
genes) in M.  edulis (Accession number LK934681; fragment length
1531 bp), P. maximus (LK934684; length 248 bp) and E. cordatum
(LK934685; length 172 bp). A sequence for a putative carbonic
anhydrase IX (CA9 gene) was also isolated from the gill tissue of the
mussel M.  edulis (LK934682; length 332 bp). In addition, fragments
of the putative alpha sub-unit of Na+/K+ ATPases (ATP1A genes) in
P. maximus (LK934683; length 342 bp) and E. cordatum (LK934686;
length 342 bp) were isolated by degenerate PCR. Candidate endoge-
nous reference genes for the urchin E. cordatum were identified,
including alpha-tubulin (TubA gene, LK934687; length 898 bp) and
the eukaryotic elongation factor 1A (eef1A gene, LK934688; length
942 bp). These new sequences determined in this study augmented
the existing sequences available for qPCR design (Supplementary
Table 2).

The changes in gene transcription between the release site (Z1)
and the reference site (Z4) were prioritised in this study and these
data are summarised in the following. Comparison of general linear
models explaining variation in log CNRQ indicated that expression
of both carbonic anhydrase genes (CA2 and CA9) in M. edulis varied
temporally (Fig. 2) but no other differences in gene expression were
detected for either species (Supplementary Figs. 1–2). Dropping the
interaction between time and site did not significantly reduce the
variance explained and decreased AICc considerably (i.e. improved
model performance) in both species and for all genes (Table 2). For
both genes examined in P. maximus, dropping either main effect did
not significantly reduce the variance explained and decreased AICc Ta
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Fig. 2. Fold change (log10 CNRQ) in expression of the CA2 and CA9 genes in the common mussel Mytilus edulis with location (Z1 and Z4) and time, showing a significant
reduction in expression (see also Table 2) for both CA2 and CA9 in mussels during the mid-point of the experiment, irrespective of their location. Data points represent
individual animals at each time point and location.

(Table 2). For all genes examined in M.  edulis,  dropping site did not
significantly reduce the variance explained and caused only small
changes in AICc (Table 2).

The effect of time in M.  edulis,  however, depended on the gene
considered: dropping time significantly reduced variance in CA2
and CA9 but not ATP1A (Table 2). Dropping time also caused a sub-
stantial increase in AICc for CA9, a smaller increase for CA2 and
a small decrease for the ATP1A gene (Table 2). Tukey’s HSD tests
among time points indicated that expression of CA2 and CA9 was
higher on experiment day 11 than on day 41, while expression of
CA9 on day 18 was higher than on day 33 or 41.

Overall therefore, expression of genes coding for key ionic and
carbon dioxide regulatory proteins were not affected by proxim-
ity to CO2 release in either M.  edulis or P. maximus but there was a
decrease in expression of CA2 and CA9 in M.  edulis in the middle of

the QICS experiment (mid- to end-June). The opportunistic samp-
ling of the burrowing heart urchin E. cordatum did not provide a
sufficient spatial or temporal sample set to support robust analysis
of changes in gene expression (Supplementary data, Fig. 3). These
data have been included in this manuscript for completeness and
the potential significance of mega-infaunal emergent behaviour at
the release site Z1 has been considered below.

4. Discussion

The primary aim of the QICS project was to quantify the ecosys-
tem impact of a small-scale sub-seabed CO2 gas release as a model
of a potential leak from an offshore geological carbon dioxide
storage site. Other papers within this issue have characterised
the geological and geochemical impact of the CO2 gas release at
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the Ardmucknish Bay experimental site, and perturbations in the
sediment microstructure and in the geochemistry of sediment
pore waters, as well as the overlying water column, have been
reported already (Blackford et al., 2014). Localised and temporary
impacts have been reported on the macro- and micro-infaunal
community structure in response to CO2 gas release (Widdicombe
et al., submitted—this issue; Tait et al., submitted—this issue).
These impacts were of a similar magnitude to the natural seasonal
changes recorded at the other sites (Z2, Z3 and Z4), away from the
immediate footprint of gas bubbles.

The primary purpose of the experiment described herein was
to determine the potential impact of the plume of elevated pCO2
seawater on the molecular ecophysiology of surficial megafaunal
bivalves, using the filter-feeding bivalve species M.  edulis and P.
maximus as models. As surficial benthic fauna these species would
have been subject to the plume of high pCO2/low pH water iden-
tified in the water column (Blackford et al., 2014), rather than
high-pCO2 pore water in the sediment. In the QICS experiment the
spatial extent of the sea water plume was limited and varied in
both space and time as a result of tidal dispersion (Blackford et al.,
2014).

In this study impacts to the molecular ecophysiology of bivalve
molluscs were assessed by measuring changes in gene transcription
using highly sensitive quantitative real-time PCR, which permit-
ted the detection of sub-lethal impacts of the limited gas release.
Our expectation was that the plume of high pCO2 sea water would
impact intracellular ion and CO2 regulation in exposed tissues
(gills) of common mussels and king scallops and that this would
be evidenced by an increased expression of genes coding for key
regulatory genes in both species. However, the data demonstrate
that there were no changes in expression of genes coding for the
ion regulatory Na+/K+ ATPase (alpha-subunit) (ATPA1A gene) or
cytoplasmic carbonic anhydrases (CAx genes) in the gill tissues
of either species, when comparing between the release site and
the reference site. In the mussel M.  edulis there were slight but
significant decreases with time in the transcription of genes cod-
ing for a membrane-associated (CA9 gene) and a cytoplasmic (CA2
gene) carbonic anhydrase. This indicates that changes in cellular
carbon dioxide regulation took place in M.  edulis during the field
experiment (May to September), perhaps as a function of seasonal
changes in basal metabolism or growth, that were not the result of
exposure to the high pCO2 plume.

Whilst it can be concluded that there was no significant effect on
the transcription of genes coding for key ion-regulatory proteins in
either species of surficial bivalves in this experiment, extrapolation
from this conclusion should be cautioned. The a priori selection of
gene targets means that, potentially, other significant transcriptio-
nal impacts have been overlooked in this current analysis. Although
activities of ion-regulatory ATPases and carbonic anhydrases have
been measured previously to determine the impacts of ocean acid-
ification (OA) on marine invertebrates, depending on the species
concerned and the magnitude and duration of the pCO2 pertur-
bation, increases in the activity or transcription have not always
been reported (for example see: Lanning et al., 2010; Fehsenfeld
et al., 2011; Dickinson et al., 2012). Most recently, Hüning et al.
(2013) adopted a transcriptomic approach in the common mussel
M.  edulis to determine changes in mantle tissue gene expression
in response to OA. Whilst they reported a number of significant
changes in the transcription of genes coding proteins involved in
calcification, metabolism and the general stress responses, neither
carbonic anhydrases nor sodium/potassium ATPases were signifi-
cantly regulated. A further caveat to the data presented in this study
is that they only represent transcriptional activity. Acclimation to a
modified environment can also be achieved through the increased
activity of existing pumps, rather than the transcription and trans-
lation of new membrane bound pumps. For example, Lovett et al.

(2006) determined expression profile of Na+/K+-ATPase during
acute and chronic hypo-osmotic stress in the blue crab Callinectes
sapidus Rathbun, 1896. These authors reported that crabs exposed
to dilute seawater for over 18 days showed a 300% increase in the
activity of existing Na+/K+-ATPase enzymes and a 200% increase
in translation of new Na+/K+-ATPase proteins (Lovett et al., 2006).
In the QICS field experiment it was  not possible to create the full
spectrum of gas leak possibilities—from a catastrophic reservoir
failure to a continuous and sustained slow leak. Whilst the injec-
tion phase of the experiment ran for 37-days and was designed to
be a limited release that created a chronic impact, it is not possi-
ble to state if this design was  sufficient to necessitate an increased
activity of existing ion regulatory pumps or was  at such a low
level that it created no physiological impact. However, it can be
stated from this work that upregulated transcription of the stud-
ied genes did not take place. Had the CO2 gas release been of
greater magnitude or longer duration, then sub-lethal impacts to
the molecular physiology of surface-dwelling benthic megafauna
might be detected.

Furthermore, Na+/K+-ATPases also represent just one class
of a large suite of ion regulatory pumps that are responsi-
ble for ionic homeostasis. Other described channels and pumps
include V-type proton-ATPases, bicarbonate-ATPases, K+ and Cl−

channels, Na+ channels, Cl−/bicarbonate exchangers, Na+/K+/2Cl−

co-transporters, Ca2+-pumps, and Na+/Ca2+ exchangers (e.g.
Péqueux, 1994; Henry and Watts, 2001; Freire et al., 2011). Dif-
ferent carbonic anhydrase isoforms and classes have been also
recognised in eukaryotic species, based on tissue and organelle
distribution and also on sequence structure (Henry, 1996; Breton,
2001). Conventionally, each qPCR assay only detects one isoform of
a suite of genes that have different sequence structure, requiring
separate qPCR assays to be designed and validated for each gene
variant. In future work it will be necessary to employ more com-
prehensive transcriptomic approaches, such as RNA-Seq, in order
to produce definitive conclusions of transcriptional responses of
organisms to high pCO2 exposure.

The QICS release experiment did impact sediment biogeochem-
istry (Blackford et al., 2014). Sediment core measurements showed
impacts to pore water chemistry at a depth of 20 cm below the sur-
face of the sediment, although these perturbations were rapidly
buffered by the dissolution of calcium carbonate from within
the sediment. As mentioned above, these changes to pore water
chemistry were reflected in changes in the macro- and meioinfau-
nal community structure in zones Z1 and Z2. These observations
of temporary changes in sediment biogeochemistry and infaunal
response correlate with divers’ observations reported herein of the
emergence of infaunal heart urchins E. cordatum at the surface of
the sediment shortly after the CO2 injection started. Avoidance
behaviours in response to elevated pCO2 in the marine environ-
ment have been reported previously (Briffa et al., 2012; Murray
et al., 2013; Amaral et al., 2014) and it is tempting to conclude
that the appearance of E. cordatum on the surface of the sediment
so shortly after the gas bubble streams appeared represented an
avoidance behaviour. To explore this, opportunistic collections of
urchins were made at the release site as well as the reference site
through the course of this field experiment and changes in ATP1A
and CA2 gene expression were monitored in the gut epithelia (Sup-
plementary data, Table 3 and Fig. 3). Ultimately however, these
samples did not present sufficient spatial or temporal coverage to
support a robust statistical analysis, limiting further interpretation.
As such, identification of the environmental drivers of emergent
behaviour in urchins is the basis of on-going research by this
group, to determine whether such behaviour represents avoidance
of physical disturbance created by the bubble streams, rather than
the avoidance of biochemical disturbance created by dissolution of
CO2 into the pore water.
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In conclusion, the limited release of CO2 in the QICS field exper-
iment did not impact the transcription of selected ion regulatory
genes in surficial megabenthic bivalves. Whilst these data should
not constitute any impediment to the development of sub-seabed
CCS as technology for greenhouse gas control, it is clear that a
precautionary approach is still necessary. A more comprehen-
sive, transcriptome-wide, study of potential negative physiological
consequences for sediment infauna from larger and more persis-
tent CO2 leakages is required. Future studies should also quantify
changes in activity of ion regulatory pumps in order to confirm gene
transcription data against organism phenotype.
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a  b  s  t  r  a  c  t

Available  methods  for  measuring  the impact  of  ocean  acidification  (OA)  and  leakage  from  carbon  capture
and  storage  (CCS)  on  marine  sedimentary  pH  profiles  are  unsuitable  for replicated  experimental  setups.
To overcome  this  issue,  a novel  optical  sensor  application  is  presented,  using  off-the-shelf  optode  tech-
nology  (MOPP).  The  application  is validated  using  microprofiling,  during  a CCS leakage  experiment,  where
the impact  and  recovery  from  a high  CO2 plume  was  investigated  in two types  of  natural  marine  sedi-
ment.  MOPP  offered  user-friendliness,  speed  of  data  acquisition,  robustness  to  sediment  type,  and  large
sediment  depth  range.  This ensemble  of  characteristics  overcomes  many  of  the  challenges  found  with
other  pH  measuring  methods,  in  OA  and  CCS  research.  The  impact  varied  greatly  between  sediment  types,
depending  on  baseline  pH variability  and  sediment  permeability.  Sedimentary  pH profile  recovery  was
quick,  with  profiles  close  to control  conditions  24  h  after  the  cessation  of the  leak.  However,  variability
of  pH  within  the  finer  sediment  was still  apparent  4 days  into  the  recovery  phase.  Habitat  characteristics
need  therefore  to be considered,  to truly  disentangle  high  CO2 perturbation  impacts  on benthic  systems.
Impacts  on  natural  communities  depend  not  only  on the  pH  gradient  caused  by perturbation,  but  also  on
other  processes  that  outlive  the  perturbation,  adding  complexity  to recovery.

© 2014  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Rise in atmospheric CO2 levels and the concern about its effects
on the global ecosystem have fuelled a need for mitigation strate-
gies that enable a compromise between control of atmospheric
emissions and modern day energy consumption (Lackner, 2003;
Chu, 2009). The ocean is a sink for atmospheric CO2 (Sabine et al.,
2004), and associated long-term rise in ocean pCO2 and reduction
of pH (i.e. ocean acidification, OA) are already having significant
ecological consequences for marine biota (Wootton et al., 2008;
Kroeker et al., 2013). One of the available options to mitigate
further increases in atmospheric CO2 is the piping and injection
of waste CO2 gas from point-source producers into deep geo-
logical reservoir sites, also referred to as Carbon Capture and
Storage (CCS). Capture and injection technology has been tested
and is ongoing, but the possibility of leakage from storage sites
and pipelines is still a cause of great concern (Holloway, 2007).
Leakage from sub-seabed reservoirs would cause released CO2 to

∗ Corresponding author. Tel.: +44 01752 633 476; fax: +44 01752 633 101.
E-mail address: anqu@pml.ac.uk (A.M. Queirós).

react with the surrounding sediments and seawater; changing the
proton-, carbonate- and bicarbonate concentrations, and having
the potential to generate acute fluctuations in ocean pH and car-
bonate saturation state (Chen et al., 2005; Millero, 2007; Blackford
et al., 2009). Such acute ocean acidification events could have
significant adverse effects on marine ecosystems, with the magni-
tude of the impacts depending on the duration and scale/intensity
of the leak, and the local hydrodynamic regime (Caldeira et al.,
2006; Widdicombe et al., 2009). Much effort and financial invest-
ment has now been allocated to research on the impact of acute
and chronic ocean acidification, but experimental methods for the
assessment of those impacts on benthic sediments are still lim-
ited.

Although pH alone is not a sufficient descriptor of the effects
of acute and chronic OA on marine carbonate chemistry, it is the
most widely reported parameter in OA research. pH varies in natu-
ral seawater and especially in sediments (Zhu et al., 2005; Stahl
et al., 2006; Hofmann et al., 2011). Hence, it is important that
experimental setups, aimed at understanding the impacts of OA on
sedimentary benthic systems, are able to adequately monitor pH
levels in sediment pore-water and in the overlying bottom water
(Dashfield et al., 2008). In situ experimental manipulation of acute

http://dx.doi.org/10.1016/j.ijggc.2014.10.018
1750-5836/© 2014 Elsevier Ltd. All rights reserved.
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and chronic ocean acidification scenarios has become possible but
still remains a significant challenge (Marker et al., 2010; Barry et al.,
2013), hence most OA research is still carried out using laborato-
rial setups (Widdicombe et al., 2009; Murray et al., 2013; Kroeker
et al., 2013). Such setups typically require levels of replication that
are adequate to statistically test the effect of experimental fac-
tors, such as different levels of seawater acidification, particularly
because of the natural variability observed in marine sedimentary
pH. Sedimentary pH profiling techniques are diverse, with differ-
ent approaches being advantageous in different settings (Table 1).
However, when experimental replication is required, these options
quickly become either prohibitively expensive and/or logistically
complicated, alternatively operating on a too coarse scale to enable
the acquisition of data at high enough spatial and temporal resolu-
tion to capture natural pH gradients of marine sediments.

Most pH profiling methods can be categorized into one of two
groups: (1) indirect methods involving extraction of pore-water
samples from different depths within the sediment, in which pH
can be measured to generate a sediment profile; and (2) direct
methods that measure pore-water pH within the sediment in situ
(Cai and Reimers, 1993), or in intact sediment cores ex situ (Cai
et al., 2000). Indirect techniques commonly used include slicing of
sediment cores at set depth intervals followed by centrifugation
of sediment samples (Janke, 1990); whole-core squeezing (Bender
et al., 1987); suction sampling (Seeberg-Elverfeldt et al., 2005); the
use of passive equilibrium pore-water samplers such as dialysis
‘peepers’ (Hesslein, 1976); and Diffusive Equilibrium gel probes
(Krom et al., 1994). These indirect methods generally have a low
temporal resolution, given the need to retrieve and process sam-
ples. With the exception of gel probes, these methods have as added
disadvantages the coarse spatial scale at which sampling is possi-
ble (typically > 1 cm), the risk of degasing associated with pressure
artefacts caused by sampling, sample degradation depending on
conditions and the period of storage before processing, and risk of
exposure to oxygen during pore-water extraction (De Lange et al.,
1992; Schrum et al., 2010). Further, slicing/centrifugation, “peep-
ers”, and whole-core squeezing are destructive sampling methods,
being of less value if the ability to monitor the same unit over
time (e.g. sediment core) is of interest. This is typically the case in
CCS research, where impact and recovery are generally the focus.
However, with the exception of gel probes, these indirect meth-
ods are generally inexpensive and easy to use, enabling retrieval of
pore-water samples in the laboratory and in the field. Therefore,
indirect techniques are valuable if time resolution is not required,
but are not adequate to investigate fine-scale temporal and spa-
tial dynamics of pH profiles within marine sediments (Fan et al.,
2011). Direct, more sophisticated methods thus exist, including the
use of pH glass microelectrodes (“microprofiling”) and pH planar
optodes (Cai and Reimers, 2000; Stahl et al., 2006; Fan et al., 2011).
Both require highly specialized equipment and skilled personnel
to operate them, and are generally more costly than indirect tech-
niques (Table 1). Although pH glass electrodes can provide single
point high-resolution (<100 �m)  sediment microprofiles of good
quality, both ex situ and in situ (Revsbech and Jørgensen, 1986;
Cai and Reimers, 1993), these sensors are typically very fragile and
prone to breakage during profiling due to their very fine tip diam-
eter (typically 20–100 �m).  This is particularly problematic when
profiling in coarse sediments and/or in sediments containing a lot
of shell fragments. The latter aspect also hampers the ability to
profile at depths greater than a few cm into the sediment without
risking sensor breakage, which can be a specific limitation for CCS
related studies, where the point of impact could take place consid-
erably deeper down in the sediment. These characteristics limit the
applicability of microprofiling in experimental designs that include
extensive replication and that require fast data acquisition. Alter-
natively, optical sensors offer a rugged and more stable alternative

to these electrochemical microsensors. pH planar optodes, based
on pH-sensitive fluorescence indicators (Stahl et al., 2006; Zhu
et al., 2006), have the advantage of producing 2D images of the pH
distribution in sediments at high spatial (∼100 �m) and tempo-
ral resolution (minutes) but typically require expensive and highly
specialized/customized experimental setups (Table 1). Larsen et al.
(2011a,b) have suggested a less expensive alternative that is now
commercialized, but that is still significantly more costly than indi-
rect methods, and more complex to use. Planar technology can be
perceived to be the ideal solution to acquire highly resolved sedi-
mentary pH data in 2-D, but the high initial cost of acquisition, and
the complexity of setup are key limiting factors for most research
groups. All factors suggest that a more affordable and user-friendly
pH profiling method is needed where temporal resolution of data,
replication and profiling depth are essential requirements of the
experimental design.

In this paper, we describe a user-friendly application for pH
profiling using existing off-the-shelf phase-domain Dual Lifetime
Referencing (DLR) optical sensor technology (Huber et al., 2000) to
acquire sedimentary pH profiles in laboratory setups. This technol-
ogy has existed for some time and been successfully implemented
in other areas of research and industry (e.g. Kensy et al., 2005;
Puskeiler et al., 2005; Scheidle et al., 2007), having been used
for sediment profiling (Blossfeld et al., 2010). However, despite
its potential and ease-of-use, it has not been implemented in the
context of marine sedimentary pH profile acquisition. The appli-
cation described here was developed in the context of assessing
changes in pore-water pH profiles at a scale that is relevant to the
burrowing behaviour of macrofauna (i.e. mm to cm scale). As a case-
study, we measure 1-D pH profiles in sediments exposed to acute
acidification, in the context of a Carbon Capture and Storage leak-
age impact study. We  validate this application by comparing pH
profiles produced using this optical sensor application with high
spatial resolution 1D profiles acquired simultaneously by liquid
membrane pH microelectrodes in those experiments, in two  dis-
tinct sediment types (fine-sand and sandy-mud). This study firstly
aims to demonstrate the potential of this application in supporting
CCS and OA monitoring and research. Secondly this study investi-
gates the role of sedimentary habitat type in mediating the impact
of seawater CO2 disturbances, as those that may occur through the
propagation of a high CO2 plume leaking from a CCS pipeline across
the water column (Blackford et al., 2013; Dewar et al., 2013) near
the sediment–water interface, and specifically, impacting sedimen-
tary pH profiles. We  hypothesized that the pattern and impact and
recovery from a high CO2 plume would cause greater disturbance
to sedimentary pH in finer, less permeable sediments, because the
rates of molecular and physical transport are slower there than in
coarse sediments (Huettel and Webster, 2001).

2. Materials and methods

2.1. Sediment collection and husbandry conditions

Sediment cores were collected in Plymouth Sound (SW Eng-
land, UK) at Cawsand Bay (50◦19.81 N; 4◦11.50 W,  depth ≈ 10 m)
and Jennycliff (50◦20.91 N; 4◦07.71 W,  depth ≈ 10 m)  in November
and December 2011. These sites are sheltered, sub-tidal, fine-
sand (Cawsand) and sandy-mud (Jennycliff) beds, with a typical
water depth of 11 m,  and average salinity of 34.80 ± 2.24 psu
(mean ± sd overall May  2011–January 2012; bottom salinity was
35.20 ± 0.04 psu). Sediments containing natural macrofauna com-
munities were sampled on board the RV Sepia (Marine Biological
Association) using a 0.1 m2 US-NL box-corer. The sediment and
overlying water of each box-core was immediately and gently sub-
sampled into clear acrylic aquaria using a rectangular 0.014 m2 PVC
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Table 1
Comparison of sedimentary pH assessment methods. Microelectrodes, planar optodes and mini-sensor optode discs provide direct measurements. All direct methods can be adapted to be implemented in situ, except planar
optodes.  Dialysis equilibrators and slicing and centrifugation are methods of acquiring pore-water samples from which pH can then be read, i.e. indirect methods.

Method Reference Resolution Manufacturing Price Robustness Speed Invasiveness Ease of use Repeated
measures

Depth

Microprofiling Cai and
Reimers
(1993);
Cai et al. (2000)

�m Commercial
Specialized
staff

££££ Limited by
sediment type,
prone to
breakage

Live-stream,
limited by need
of frequent
calibration,
electrode
stabilization
after
movement,
electrode
replacement

Minimally
invasive (i.e.
non-
destructive)

2 Not feasible in
the exact same
location

Typically
<10 cm

Planar  optodes Liebsch et al.
(2001); Stahl
et al. (2006);
Larsen et al.
(2011a,b)

�m Custom/commercial
Specialized
staff

££££ Robust to
sediment type

Live-stream Non-invasive 1 Yes Typically
10–20 cm

Dialysis/DET equilibrators Hesslein (1976) cm/mm  Commercial ££ Robust to
sediment type

Limited by
need to
retrieve and
process
samples

Invasive
Requires
physical
retrieval of kit

3 Not feasible 10–20 cm

Slicing  and centrifugation Janke (1990) cm N/A £ Robust to
sediment type

Limited by
need to
retrieve and
process
samples

Destructive 4 Not feasible Unlimited

Mini-sensor optode discs Klimant
(2003);
Blossfeld et al.
(2010)

mm Commercial £££ (initial);
then ££

Robust to
sediment type

Live-stream Non-invasive 3 Yes Unlimited

dx.doi.org/10.1016/j.ijggc.2014.10.018
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corer (internal area) that fit tightly into these aquaria, preserv-
ing sediment structure. Each aquarium had been equipped with
the new optical system (as described in Section 2.3), and four of
these housed the sediment cores (two from each site) through-
out the experiment. The aquaria were immediately and gently
filled with local, unfiltered, aerated sea-water; covered with a
loose black PVC cover; and left to set in a cool, shaded area of the
ship during transport to the Plymouth Marine Laboratory meso-
cosm lab. The mesocosm consists of a large temperature controlled
room, within which the air temperature is regulated to follow
the monthly variability of temperature in Plymouth Sound. Trans-
port took approximately 1 h. Each aquarium thus contained natural
sediment to a depth of approximately 22 cm,  overlaid by approxi-
mately 2.6 l of seawater. The temperature of the water overlaying
the sediment cores on arrival to the laboratory was  typically within
1 ◦C of local temperature at collection. On arrival, all aquaria were
immediately placed in a re-circulating, gentle flow-through system
of filtered seawater (10 �m and 1 �m hydrex block carbon filters),
that helped regulate the temperature of the cores, throughout the
experimental incubations. The seawater provided to the aquaria
was collected on a weekly basis from Plymouth Sound and stored
in large reservoirs (16 m3) which are used to continuously sup-
ply the mesocosm. Seawater supplied to header tanks was  bubbled
with air by use of aquarium stones, and this water was  supplied
to each aquarium at a rate of 50.0 ml  min−1 without causing sedi-
ment re-suspension. This water supply is henceforth referred to as
the “control treatment”.

The sediment cores were allowed to settle for 24 h (experimen-
tal day 1). After this time, the water supply to one core from each
site was switched to a header tank containing the same seawater
as the control treatment, but within which pCO2 was  manipulated
to simulate the effects of CO2 leakage, representing a pH decrease
of 1.5 units in relation to the control treatment levels (pH = 6.5 c.f.
8.0, Fig. 1). This water supply is henceforth referred to as the “high
CO2 treatment”. pCO2 was manipulated by bubbling of CO2 gas in
the corresponding header tank (Fig. 1). The level of CO2 released
into the header tank was regulated by a Walchem Webmaster-GI
controller via a pH electrode (S650CD), calibrated using pH buffer
solutions 4, 7 and 9.2 (AVS Titrinorm). One core from each site was
allocated to this treatment for 72 h, while the other was  maintained
in control conditions. Hence, the experimental setup accounted
for one control and one high CO2 treatment, and two different
sediment types. At the end of the 72 h CO2 exposure, the water
supply of the cores exposed to high CO2 was switched back to the
control treatment, and sediments allowed to recover for another
5 days. Sediment pH profiles during impact and recovery were
acquired on a daily basis, using the new optical pH system appli-
cation (see Section 2.3). Setup temperature was allowed to follow
ambient fluctuations in the mesocosm laboratory, and header tank
water temperature was logged using HOBO® temperature loggers
at 30 min  intervals. Salinity in the header tanks was  monitored daily
using a hand held probe (L197, WTW).  Seawater pH was  monitored
within each individual system on a daily basis using a hand-held
glass pH macro-probe (Solitrode, Metrhom, IUPAC scale, Dickson,
2010). This was calibrated daily using pH buffer solutions 4, 7 and
9.2 (AVS Titrinorm), according to manufacturer recommendations.
The entire protocol was repeated during three separate experimen-
tal runs, carried out between November and December 2011.

2.2. Optical pH sensor system

The present work describes a novel application of existing opti-
cal pH sensors, commercialized by the company PreSens GmbH
(http://www.presens.de; World Precision Instruments Ltd, UK) in
the form of sensor spots (pH OpticaTM-mini-sensor discs; here-
after “sensor discs”). The sensor discs use a patented version of

sensor chemistry for phase-domain Dual Lifetime Referencing
(DLR) (Klimant, 1997, 2003; Klimant et al., 2001). The optical DLR
method uses two luminescent dyes (fluorophores) that are excited
by light and measured together while emitting at two  significantly
different decay times: one pH sensitive fluorescent nano-second
decaying and strongly pH-dependent signal amplitude changing
indicator dye; and a phosphorescent micro-second decaying ref-
erence dye that is pH insensitive. pH is calculated based on the
measurement of the phase shift (i.e. phase angle) recorded at the
comparatively low modulation frequency optimized for the micro-
second decaying reference (i.e. modulation frequencies in the lower
kHz band). The precise properties of the fluorophores used in these
sensors are protected by a commercial patent, but are based on the
same principle as the optical method for the measurement of sea-
water salinity published by Huber et al. (2000). The fluorophore
couple is co-immobilized in 5 mm  diameter sensor discs composed
of a gas impermeable membrane. These can be fixed to the inside
of a transparent vessel/aquarium containing the sample to acquire
readings, but in the current application, a different setup is used
and is described in Section 2.3. Readings are acquired using a 2 mm
diameter fibre-optic cable that delivers the excitation light (LED
�max = 470 nm)  to each disc, from the outside wall of the transparent
sample holding tank/aquarium. The fibre optic cable is connected to
a small light transmitter and photomultiplier (pH Optica), which in
turn is connected to a PC via a RS-232 cable (Fig. 1), and the signal is
controlled using the manufacturer’s software for modulation of the
excitation light input, reception of emission light, data logging and
visualization (pH1-View, PreSens). A potentiometric temperature
sensor with a resolution of 0.1 ◦C (PT1000) is used for tempera-
ture compensation of pH readings, and should be immersed in the
sample (Fig. 1).

The pH-sensor used has a dynamic pH range of 5.50–8.50, has
a resolution 0.01 units and a response time (T90) of <120 s (as per
manufacturer notes). The thickness of the sensor discs is homoge-
nous within each batch. Gas impermeability avoids quenching of
the luminophores by oxygen gas and reduces the potential for
photo-decomposition of the discs when measurements are not
being carried out. Further protection against light must otherwise
be assured depending on the characteristics of each specific exper-
imental setup (see below).

2.3. Novel Marine Optical pH Profiler (MOPP)

In this study, the sensor discs were mounted on strips of trans-
parent acetate film (15 mm  (w) × 140 mm (l) × 0.1 mm (d)) using
SG-1 silicon grease (Fig. 1). Each acetate film strip contained seven
sensor discs: six at a centroid distance of 10 mm,  and the seventh
sensor at a centroid distance of 20 mm of the first sensor in the
group of six. Each film strip (or MOPP), bearing an array of 7 sen-
sor discs, was gently placed in a vertical position on to the inside
wall of transparent acrylic aquarium prior to sediment collection,
using a few ml of ambient seawater for adhesion. A protective sheet
of acetate was overlaid on to each MOPP to protect the sensor
discs during sediment sampling. Using this application, the discs
are therefore not held in a fixed position within the aquarium, and
their position can be adjusted in relation to the sediment water
interface. This provides an advantage in relation to fixing the discs
to the inside of the aquarium holding the sediment core, as it allows
for an adjustment to be made during sampling so that the MOPP
is always optimally positioned in relation to the sediment water
interface (Fig. 1).

Each MOPP was placed in a vertical position so the array of discs
could be used to obtain a 1D vertical pH profile of the sediment
core and overlying water. Each of the four sediment cores was
transferred intact at collection into an individual aquarium bear-
ing a MOPP, where it was  housed throughout the experiment. After

dx.doi.org/10.1016/j.ijggc.2014.10.018
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Fig. 1. Schematic diagram of experimental system and Marine Optical pH Profiler application (MOPP, not to scale). (a) Sediment cores housed in aquaria bearing individual
sensor disc arrays. (b) Sensor disc array (MOPP). (c) Fibre-optic cable reading sensor disc at sediment–water interface; (d) temperature sensor; (e) RS-232 cable; (f) PC system.

transference of cores, the protective acetate sheet was  carefully
removed, and each MOPP re-adjusted, so that the second disc in
each was still in line with the sediment–water interface (Fig. 1). The
first sensor disc was thus located 2 cm above the sediment–water
interface, in the overlying water, while the remaining five were
located down to a depth of 50 mm within the core, at 10 mm inter-
vals. The MOPP were kept in the dark at all times by use of a thick
black PVC ‘jacket’, except during readings.

The ‘jacket’ covered the MOPPs, side walls of each aquarium
(and their tops, but not the surface of each sediment core), limiting
the potential for sensor photo-bleaching. The surface of the sedi-
ment was exposed to the daily photoperiod in the mesocosm, which
replicated monthly average light and dark hours in the Plymouth
Sound.

Calibration of each MOPP was carried out prior to each set of
readings, using the disc positioned 2 cm above the sediment–water
interface. Calibration data were provided by a hand-held glass pH
macro-probe (Solitrode, Metrhom, IUPAC scale, Dickson, 2010).
Individual sensor disc calibration used the manufacturer’s one-
point calibration software routine. As such, the same calibration
curve is applied to all discs in the same MOPP, which need to be
sourced from the same production batch of sensor discs, as batch
homogeneity is confirmed by the manufacturer. The hand-held
probe was calibrated daily, using pH buffer solutions 4, 7 and 9.2
(AVS Titrinorm). The seawater overlying each sediment core was
used as the calibration medium. This procedure took approximately
1 min. All readings were temperature compensated.

Each MOPP was read daily, to generate sediment pH profiles.
We used an adaptor and two O-rings to firmly secure the fibre optic
cable in direct alignment with the centre of each sensor disc dur-
ing readings, from the outside of each holding tank (Fig. 2). This
adaptor could be slid along the outside of each aquaria, and re-
positioned optimally in relation to the centre of each sensor disc,
during MOPP readings. Hereafter, “reading” refers to the average
pH across a 2 mm circle at the centre of the 5 mm disc, measured
at a 10 Hz signal frequency over 3 min  (18 readings per disc, at
10 s intervals). Logging files were formatted and compiled using

custom-built scripts for R (R Foundation for Statistical Analysis,
Vienna, Austria).

2.4. MOPP validation using pH microelectrode profiling (MP)

The novel marine optical pH profiler (MOPP) application was
validated from pH microelectrode profiles (MPs) measured dur-
ing the first run of the experimental procedure, carried out in
November 2011. MPs  were taken at a hap-hazardly located points
within each of the four sediment cores, during this experimental
run, using pH liquid ion-exchange membrane (LIX) microelec-
trodes. These microelectrodes were manufactured at the Scottish
Association for Marine Science, using the methods described by
de Beer et al. (1997), as follows. Using a heated coil, glass tubes
were pulled such that the tube diameter was  reduced to form a
tapered microcapillary at one end. The end was  clipped to give a
tip diameter of approximately 10 �m.  The capillaries were silanised
overnight using N,N-dimethyltrimethylsilylamine. The electrodes
were part filled with electrolyte which was a mixture of 300 mM
KCl and 30 mM NaH2PO4. The LIX membrane was drawn into the
capillary to form two contiguous parts, the inner membrane and
outer membrane. The inner membrane: LIX solution was drawn
into the capillary to a length no greater than 400 �m.  The LIX solu-
tion was made up from 2 mg  Hydrogen Ionophore III (C37H77N),
0.6 mg  Sodium Tetraphenyl Borate (C24H2OBNa) in 190 �l of 2-
nitrophenyl octyl ether (C14H21NO3). The outer membrane: a
mixture of LIX and PVC solution was drawn into the capillary to
a length no greater than 400 �m.  The PVC solution was made up
from of 10 mg  PVC (C2H3Cl) in 300 �l of tetrahydrofuran (C4H8O).
Three parts of PVC solution were mixed with one part LIX solution
to make the LIX and PVC solution. A part chlorinated silver wire
was inserted into the electrolyte of the electrode and ultraviolet
glue was used to seal in the contact wire and electrolyte to prevent
electrolyte loss and water ingress, prolonging the storage time of
the microelectrode (Zhao and Cai, 1999).

For exact positioning within the sediment cores during profiling,
the pH microelectrode was suspended above the sediment from a
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Fig. 2. Monitoring data illustrating overlying water conditions during the experiments: (a) pH; and (b) temperature. Blue: control system; black: acidified system. Please
refer  to Section 2.1 (Sediment collection and husbandry conditions) for methods.

motorized micromanipulator system (Märzhäuser Wetzlar GmbH)
fixed to a heavy stand. The MP  was acquired typically within 10 mm
of the MOPP. Once positioned above the sediment, automated high
resolution vertical profiling (up to 100 �m)  was enabled by a com-
puter controlled motorized system (Encoder MikeTM, Oriel Corp.)
on the micromanipulator, which was connected to a computer. The
LIX microelectrode was attached to a high impedance mV  metre
(Jenco pH/mV metre, model 601A) with a measurement range of
+1 to −1 V. This was in turn connected to an analogue digital con-
verter (ADC-216, Pyro Science GmbH) and the data output fed into
the same Profix software as used to control the micromanipula-
tor. A reference electrode was also connected to the mV  metre and
placed in the water overlying the sediment that was  being pro-
filed in order to complete the voltaic circuit. The microelectrodes
were calibrated using WTW  Technical Buffers, TEP Trace 10 and 7,
with the signal output of up to 54 mV  per pH unit. Microelectrodes
were calibrated immediately prior to each individual profile. The
profiling parameters were set to profile over a 42.5 mm range (the
maximum range possible with the equipment) with a vertical res-
olution of 500 �m per measurement. The profiler was  allowed to
rest for 10 s to allow the voltage output to stabilize between each
consecutive measurement.

Readings using the two methods (MOPP and MP) were taken
in all cores, as closely together within the day as possible, at the
end of the high CO2 exposure (72 h after the beginning of acid-
ification). Repeated measurements were then acquired from the
control treatments after an additional 24 h in the fine-sand core
(time = 96 h), and 48 h in the sandy-mud core (time = 120 h).

3. Results

Fig. 2 illustrates experimental conditions measured in the sea-
water overlying the sediment cores, averaged between the three
experimental runs. Temperature was 14.25 ± 0.33 ◦C in the con-
trol treatment (mean ± sd), and 13.78 ± 0.22 ◦C in the high CO2
treatment. pH was 7.93 ± 1.11 in the control treatment. pH was
7.30 ± 0.63 in the high CO2 treatment, and was minimum at day 3

(6.56 ± 0.11), after 48 h of exposure to acidification. Salinity was  at
34.75 ± 0.07 psu overall.

3.1. Validation of MOPP with microprofiling (MP)

Fig. 3 shows an example log plot of the signal amplitude (blue),
pH (red) and temperature (green) obtained with the MOPP appli-
cation using the pH-OpticaTM and pH1-View software (PreSens,
GmbH). The measurements were collected in one of the sandy-mud
sediment cores, in control conditions. Each new plateau in the blue
and red lines indicates readings in one sensor disc, with interrup-
tions to the lines illustrating transition between discs, positioned at
separate sediment depth intervals. Speed of data acquisition is illus-
trated by the pH line, reproducing readings taken at a frequency of
10 Hz (every 10 s) for approximately 3 min  per disc, with low vari-
ation of readings illustrating sensor stability. Overall reading time
was 21 min.

The stability of the optical sensor discs is also apparent in the
narrow standard deviation bars of the pH profiles acquired using
MOPP’s in Fig. 4, in relation to the dispersion of values calculated
between two  MP,  when more than one profile could be mea-
sured with MP in the same core (Fig. 4c, d and f). The difference
between the control and high CO2 treatments is apparent in the
measurements above the sediment water interface in Fig. 4, with
pH reaching around 6.5 in the latter, and being more stable in
the controls. There was  no obvious effect of the sediment type
or experimental treatment in the quality of the correspondence of
measurements between the two profiling methods. The matching
between MOPP and MP  was generally good, and variability between
the two, in the same sediment core, was smaller than between
replicate MP  in the same core, at the same time point, when multi-
ple MPs  were possible (e.g. Fig. 4c, d and f). In the latter cases, the
mean pH profile estimated between the replicate MP  was generally
close to the values measured with the MOPP. MP measurements
varied more in the fine-sand cores (Fig. 4a, c and e) than in the
sandy-mud cores (Fig. 4b, d and f). The greatest disparity between
profiling methods was observed in measurements taken at the
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Fig. 3. Example of pH OpticaTM-mini logging plot, illustrating readings from a sandy-mud core in control conditions. Red line interruptions indicate transition between
consecutive discs along the array (null readings). Left to right: readings at 20 mm above the sediment–water interface, at sediment–water interface, and at 10 mm intervals
down  to 50 mm within the sediment. Speed of data acquisition is illustrated, as lines reproduce readings taken at a frequency of 10 Hz (every 10 s) for approximately 3 min
per  disc, with low variation of pH readings illustrating system stability.

sediment water interface. The MOPP profile in the sandy-mud con-
trol core exhibited some drift below 20 mm from 72 to 120 h (Fig. 4b
and d, respectively), but this was not apparent in the other cores.
The maximum sediment depth achieved neared 40 mm for micro-
profiles, and 50 mm with the optical system. While the former
reflects the length of the microelectrode that can be pushed in to
the sediment, the latter limit was set for comparison purposes only,
as no physical limitation exists for maximum reading depth when
using the MOPP application.

3.2. Response of sedimentary pH profiles to acute acidification
disturbance

The evolution of the pH profiles over time measured using the
MOPP application in the experimental treatments is summarized
in Fig. 5, where the mean values at each sediment depth have been
averaged across the three experimental runs. Both sediment types
exhibited some variability in pH profiles with depth. However, tem-
porally, the change in profiles in the control treatments is much
more dynamic in the coarser sediment (Fig. 5d) than in the finer
sediment (Fig. 5a, except at day 6). pH values near the sediment
water interface (depth = 0 cm)  were similar in the two  types of sed-
iment in control conditions, and lower pH was observed at depths
greater than 3 cm in the finer sediment (sandy-mud, Fig. 5a, c.f.
fine-sand, Fig. 5d). The difference between the two experimental
treatments (difference = mean (high CO2 pH profiles) − mean (con-
trol pH profiles)), within sediment type, is given in Fig. 5c for the
sandy-mud cores, and Fig. 5f for the fine-sand cores. The impact
of the simulated CCS leak, as highlighted by dark blue colours in
Fig. 5b and e, appeared in both cases, to be limited to the first cm
of the sediment (between depth 0 and −1 cm). However, there was
clear difference in the impact on profiles between sediment types.
The sandy-mud sediment appeared to have a better buffer capacity
against the pH decrease in the overlying water (Fig. 5b) compared
to the fine sand sediment, as a sharper decrease in pH below the
sediment water interface, was observed during the simulated leak
in the fine-sand cores (Fig. 5d, 1 c.f. less than 0.5 pH units). It is

noteworthy that after the disturbance, the pH profiles in the sandy-
mud  cores appeared to be more variable with depth, over time in
the high CO2 treatment than in the control cores (Fig. 5a and b),
even after cessation of the leak. This possible effect of the high CO2
disturbance (i.e. increased variability of pH profiles) was not appar-
ent in the coarser, fine-sand sediment (Fig. 5d and e) because those
cores had variable pH profiles in control conditions. In both sed-
iment types, recovery from the leak (after day 4) appeared to be
fast, and by day 5 the pH levels in the sediment were comparable
to those in the control treatments, despite some degree of temporal
variability in the finer, sandy-mud cores still being apparent at this
stage, in relation to the controls (Fig. 5b c.f. a). The variability of the
average control profile at day 6 in Fig. 5a reflects higher pH readings
on the first experimental run, on that day, that could not be related
to the experimental treatments imposed, and are thus interpreted
as natural variability, possibly associated with the fauna inhabiting
that particular core.

4. Discussion

This study is, to our knowledge, the first application of the
Optical phase-domain Dual Lifetime Referencing sensor as a MOPP
system to produce sedimentary pH profiles for OA and CCS research.
We tested this new application by direct comparison with pH
microelectrode profiles (MPs), and found that the MOPP system
can provide suitable data to investigate the impact of CO2 distur-
bances in marine sediments. The experimental results corroborate
the view that marine sedimentary pH varies naturally over space
and time, and that MOPP is thus an advantageous tool in impact
and recovery studies, by allowing tracking of exactly the same sedi-
ment region over time. These results also highlighted that sediment
type can markedly influence the patterns of impact and recovery of
marine sedimentary pH in relation to CO2 disturbances in the over-
lying water column, as those expected to occur from the dispersal
of a high CO2 plume across the water column and sediment–water
interface.
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Fig. 4. Validation of pH profiles in control and acidified cores. Blue circles and dotted
lines are the mean and corresponding standard deviation of pH measured using the
MOPP (n = 18 per sensor disc, measured over 3 min). Black open circles and solid
lines  are the mean and standard deviation, respectively, of pH calculated using two
microprofiles, when possible (c, d and f).

4.1. CCS impact on natural marine sedimentary pH

The findings presented here suggest that consideration for the
type of sedimentary habitat affected is paramount for understand-
ing the magnitude of impact of CO2 disturbances associated with
OA and CCS leakage scenarios, as suggested by others (Widdicombe
et al., 2009). We  found that both impact and recovery varied
between fine-sand and sandy-mud, and that these differences

could possibly be explained by differences in baseline pH variabil-
ity observed in control conditions, and by differences inherent to
sediments type. pH profiles in the finer sediment tested appeared
to be naturally stable both spatially (MP  and MOPP) and tempo-
rally (MOPP), decreasing in pH from the sediment water interface
into the deeper layers of the sediment. The range of pH observed
in control conditions was  in line with that expected for marine
sediments (Stahl et al., 2006; Zhu et al., 2006). Conversely, the pH
microprofiles in coarser sediment were naturally variable spatially
(MP  and MOPP) and temporally (MOPP), exhibiting a more uneven
progression of gradient with depth. The difference in pH profile pro-
gression with depth and time observed here is in line with expected
differences between advection and diffusion dominated systems,
dictated by sediment permeability. Accordingly, the first type (i.e.
fine-sand in this case) is possibly more prone to reflect the varia-
tion of biogeochemical parameters in the water column than the
second, due to potentially greater rates of bulk transport of fluid
and solutes (Huettel and Webster, 2001), driven by physical forcing
and biogenic mediation of benthic-pelagic coupling (Mermillod-
Blondin and Rosenberg, 2006). Contrastingly, in finer and more
organically rich diffusion dominated systems, changes in sedimen-
tary geochemical gradients would be expected to be slower and less
pronounced, because transport rates would also be slower. Because
of this potentially different natural baseline associated with per-
meability, the assessment of impact and recovery of pH profiles
from geochemical disturbance in an OA or CCS context requires the
ability to track the same position of the sediment over time (or
much replication). Otherwise, potential changes may be masked
and, likely, underestimated in coarse sediments. Although we did
not measure permeability directly in the present study, finer grain
size and higher organic content in the finer sediment tested here
(mean 74 �m and 1.33 ± 0.25%, mean ± sd for time of year of organic
carbon) in relation to the coarser (mean 91 �m and 0.37 ± 0.06%,
mean ± sd of organic carbon for time of year, Western Channel
Observatory, unpublished data), suggest that such differences may
indeed have been important.

In this study, a fairly conservative simulation of CCS leakage was
used, with the perturbation lasting only 3 days, and inducing a pH
drop of 1.5 units in relation to the background seawater pH (approx-
imately 6.5 c.f. 8). Nevertheless, impacts on sedimentary pH were
visible. In agreement with the assumed difference in the perme-
ability between the two  types of sediment, the magnitude of the
decrease in sedimentary pH that could be linked to the higher CO2 in
the overlying water was  greater in the coarser sediment (1 pH unit
c.f. less than 0.5), although the depth of sediment impacted by these
gradients appeared to be similar between sediments (∼1 cm). After
the cessation of the leak, the pH at the surface increased markedly in
both sediment types, rapidly becoming closer to control conditions
(∼24 h). This finding somewhat contrasts with recent findings in a
field CCS impact and recovery study, that found a longer recovery
time (Taylor et al., in this issue). However, that study investigated
a longer simulated leak, a different type of simulated disturbance
(percolation of CO2 through the sediment c.f. high CO2 plume in
the water column), and differences may  also be related to different
buffering capacity of the sediments analyzed. Indeed, the latter may
also partially explain the findings in this study, as a higher content
of particulate inorganic carbon in the finer sediment investigated
here may  have contributed to a higher buffering capacity against
the CO2 disturbance (2.63 ± 0.28% c.f. 2.23 ± 0.13%, mean for the
time of year, Western Channel Observatory data, unpublished data).
This observation is in line with findings by others (Blackford et al.,
2014).

Unexpectedly, it was observed here that in the finer, sandy-mud
cores, the pH profile below the surficial area of direct CO2 impact
became, on average more variable, effectively eliminating the gra-
dient observed in control conditions. This effect appeared to outlast
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Fig. 5. The evolution of mean pH profiles (colour) over time, acquired using MOPP, and averaged across the three experimental runs. Sediment position (cm) is defined in
the  plots as positive if it is above the sediment–water interface, and negative it is below. Sandy-mud sediment cores (Jennycliff) in the control and high CO2 treatments
are  summarized in a and b, respectively, with the difference between them given in (c). Fine-sand sediment cores (Cawsand) in the control and high CO2 treatments are
summarized in (d) and (e), respectively, with the difference between them given in (f). The CCS leak (acute acidification disturbance) is visible by a sharp drop in pH in the
overlying water column (first row) between days 2 and 4.

the cessation of the leak. This variability was caused by higher pH
than would be expected at that depth in the control cores, instead
of the expected drop in pH that could be associated with acidi-
fication of the water column. It is hypothesized that this finding
could reflect a short term effect of fauna moving away from the
sediment surface, and that this potentially less permeable sedi-
ment, with a higher buffering capacity, may  temporarily offer some
degree of refuge from the inhospitable sediment conditions near
the sediment water interface. Such behaviour (i.e. bioturbation)
could lead to a mixing of surficial sediments, with different compo-
sitions of particulate compounds, interstitial fluid and thus higher
pH, into the deeper regions of the sediment, potentially explaining
the temporary variability in profiles. This type of impact caused by
bioturbators has been documented by others, but had not yet been
contextualized in such a manner in CCS impact and recovery stud-
ies (Stahl et al., 2006; Zhu et al., 2006). Low molecular and physical
transport rates in this comparatively low permeability sediment
could potentially explain why this variability outlasted the cessa-
tion of the short, simulated leak in the sandy-mud cores. However,
in a longer lasting leak, it is likely that less tolerant burrowing
fauna would inevitably exhibit the more frequently observed sur-
facing behaviour associated with loss of fitness, and ultimately
death (Murray et al., 2013). The possibility that low permeability
combined with carbonated buffering offered by inorganic carbon
particulates in sediments may  generate temporary refuge for fauna
able to bury away from the sediment surface during short-lived
CO2 disturbances in the water column remains, however, a hypo-
thetical mechanisms of survival during acute disturbances. The

confirmation of this mechanism would have required the parallel
tracking of bioturbation activity, and deserves further investiga-
tion.

This pattern of pH profile recovery was not observed in the
coarser sediment investigated. Despite possible differences asso-
ciated with permeability and buffering capacity, this finding may
also be explained by the naturally high variability of pH profiles
observed in the coarse sediment in control conditions. These may
have obscured a possible difference between the two experimental
treatments. However, it may  be that while the impact during the
leak may  be greater in this potentially more permeable (and less
inorganic carbon rich) sediment, recovery as defined by a return
to the natural gradient and variability of the pH profiles, may  be
faster purely because of potential difference in rates of molecu-
lar transport. This observation has a bearing for the assessment
of potential impacts of CCS leakage in natural conditions. With-
out consideration of what the baseline variability and buffering
capacity are in each of the sediment types, we could not have
disentangled these potentially different trajectories of impact and
recovery.

Because the natural faunal community that inhabited the exper-
imental sediment cores has not been determined in this study,
doubt remains as to the potential degree of impact of the observed
pH profile disturbances. The data provided by the MOPP system
are averaged over the sensor surface exposed to the open end of
the 2 mm diameter fibre optic cable. As such, these measurements
provide a smooth profile that can be linked to macroscopic pro-
cesses, relevant e.g. for the analysis of impacts on macrofaunal
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communities. As discussed here and by others, infaunal animals
experience fast and localized pH gradients naturally, and so poten-
tial change in sedimentary pH associated with CCS need to be
considered proportionally. Our findings and hypothesized mecha-
nisms are in line with the findings of Widdicombe et al. (2009), who
investigated similar impacts and sediment types. Those authors
found significant negative impacts of a short-term (2 week) high
CO2 seawater disturbance (pH = 6.5) on macrofaunal diversity and
abundance in sandy sediment communities, but not on those of
mud  communities. Those findings lend support to our hypothe-
sis that sediment characteristics like permeability are important
mediators of the magnitude of impacts of disturbances of marine
sedimentary pH via high CO2 plumes, such as those expected to
occur in potential CCS leakage. Type of sedimentary habitat thus
needs to be adequately considered in CCS environmental impact
assessments.

4.2. Validation of MOPP in ocean acidification and CCS research
and monitoring

We  found a generally good agreement between profiles mea-
sured using MOPP and those acquired using MP.  The agreement
between the two methods did not appear to vary between the sed-
iment types tested, suggesting that MOPP could likely also be used
in different types of sediments. However, MOPP cannot be used to
acquire data with the same spatial resolution as MP  (i.e. mm vs
�m scale), being less useful for investigating processes operating
at sub-mm resolution, such as those occurring within the benthic
boundary layer, or those occurring within a microbial mat. MOPP
can, however, be useful for investigating higher level processes,
such as those mediated by benthic fauna, linked for instance to
nutrient cycling, hypoxia events and mortality. Specifically, key
attributes of this novel application have been identified that can
be particularly advantageous in OA and CCS research.

Firstly, the ability to track the same exact region of the sedi-
ment over time enabled the identification of temporal trends in pH
associated with impact and recovery that can be masked by the nat-
ural variability of pH in marine sediments. Marine sediments are
inhabited by living organisms that cause instantaneous and local-
ized effects on pH profiles (Stahl et al., 2006; Zhu et al., 2006) in
addition to the strong pH gradients imposed on benthic systems by
environmental forcing (Findlay et al., 2013). Accordingly, we  found
that MPs  taken in different regions of the same core, and at the
same time point, exhibited variability that was in the range of the
impact caused by the high CO2 perturbation (within one pH unit).
This is an important argument for the use of both planar optodes
and MOPP in OA and CCS research because without an understand-
ing of what the natural, baseline variability of the pH in sediments is
to begin with, it may  not be possible to adequately disentangle the
impact of CO2 perturbations on these. However, while operating
at a much higher resolution than MOPP and although the issue of
cost has, to an extent been resolved (Larsen et al., 2011a,b), planar
optodes carry difficulties associated with complexity of setups that
limit their applicability in replicated experiments, a much desired
attribute in OA and CCS research. In this sense, MOPP provides a
rugged, cheaper and more user friendly approach to track patterns
of variation in sedimentary pH profiles over time.

A second aspect required in replicate setups is speed of data
acquisition. We used a measurement frequency of 10 Hz and
measured each disc for 3 min, leading to a profiling time of approx-
imately 21 min  for seven discs. However, we found that sensor
disc readings are particularly stable (if manufacturer recommen-
dations are abided to) indicating that the amount of time required
for producing a sedimentary pH profile can be reduced to just a few
minutes. Once the MOPP is hydrated and placed correctly within
the core during sampling, very little additional logistic effort and

time is thus required to acquire measurements, even consider-
ing calibration time. The latter usually lasts a few minutes, if the
same calibration curve is applied to all sensor discs in an individual
MOPP film, which is adequate if all sensor discs in the array have
been produced in the same batch (as per manufacturer notes). This
contrasts greatly with MP,  which requires comparatively lengthier
procedures for calibration, setup and replacement, particularly if
profiling is carried out in coarser sediments. The time and effort
necessary to setup 2D planar optode systems is also more cum-
bersome and expensive, particularly in replicated experimental
systems.

Thirdly, a key advantage of MOPP is that any sensor disc array
length can be created. As such, sediment sampling depth is not lim-
ited, so long as adequate sediment coring facilities are available.
This contrasts greatly with the few cm sediment depth at which
MP  can be typically carried out, and that which can be feasibly
achieved with planar optodes. Limited sediment depth range may
be an important limitation in CCS research, where the focus may
be on deeper impacts within the sediment.

Finally, a key advantage of both MOPP (and planar optodes)
over MP  in OA and CCS research is the ability to profile in virtu-
ally any type of soft sediment. As seen here, the pattern of impact
of high CO2 disturbance can vary greatly between sediment types.
Therefore, a true understanding of OA and CCS impacts on marine
biogeochemistry will require a better grasp of these differences,
particularly in more permeable, coarser sediments: those typically
under-sampled by MP.

5. Conclusions

In summary, when investigating the effects of OA and CCS on
sedimentary pH, the choice of method could come to depend on:
(i) what spatial resolution is of relevance to the study; (ii) what tem-
poral resolution of data is required; (iii) what level of replication
is required; and (iv) what resources are available to the experi-
ment. The resources required for the use of MOPP described here
are typically available to most marine laboratories, including access
to computer facilities and basic pH calibration expertise. Albeit
at a lower spatial resolution than MP  and planar optodes, MOPP
offers online, fast data acquisition, sensor stability, non-destructive
measurements and robustness to sediment type. This ensemble of
characteristics and user friendliness provide an excellent basis for a
wider use of MOPP by the ocean acidification research community.
For in situ monitoring, it is likely that the off-the-shelf kit could
be adapted to produce a MOPP version that is suitable for use by
divers or by remote control, so long as the kit can be powered and
the facilities for communication with a PC are in place. In the par-
ticular context of CCS, recent studies suggest that the spatial impact
of percolating CO2 is indeed limited, and that the area of impact of
the high CO2 plume dispersing through the water column, above
the sediment, may  more extensive, depending on the magnitude
of the leak and local hydrodynamics (Blackford et al., 2013; Dewar
et al., 2013). Quantifying the impact of that plume on marine sedi-
ments will require monitoring methods that are cost effective, user
friendly, fast and robust to sediment type. MOPP could also help to
meet these needs.pH is by no means a sufficient descriptor of car-
bonate chemistry, but it is the most widely reported parameter in
OA research. With high variability of pH gradients in natural sedi-
ments and in marine environments in general, it is important that
OA experimentalists consider ways of overcoming the technical dif-
ficulties associated with measuring pH at adequate resolution and
replication levels, to statistically resolve potential impacts gener-
ated by experimental treatments. The new application described in
this study has the potential to make an important contribution in
that direction.
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a  b  s  t  r  a  c  t

The  response  of the benthic  microbial  community  to a  controlled  sub-seabed  CO2 leak was  assessed  using
quantitative  PCR  measurements  of benthic  bacterial,  archaeal  and  cyanobacteria/chloroplast  16S  rRNA
genes. Samples  were  taken from  four  zones  (epicentre;  25 m distant,  75 m  distant  and  450  m  distant)
during  6 time  points  (7 days  before  CO2 exposure,  after  14  and  36 days  of  CO2 release,  and  6,  20  and
90  days  after  the  CO2 release  had ended).  Changes  to the active  community  of  microphytobenthos  and
bacteria  were  also  assessed  before,  during  and  after  CO2 release.  Increases  in  the  abundance  of microbial
16S  rRNA  were  detected  after  14  days  of  CO2 release  and  at a distance  of 25  m  from  the  epicentre.  CO2

related  changes  to the relative  abundance  of  both  major  and minor  bacterial  taxa  were  detected:  most
notably  an  increase  in  the  relative  abundance  of  the  Planctomycetacia  after  14  days  of  CO2 release.  Also
evident  was  a  decrease  in  the  abundance  of  microbial  16S  rRNA  genes  at the  leak  epicentre  during  the
initial  recovery  phase:  this  coincided  with  the  highest  measurements  of DIC within  the  sediment,  but
may  be related  to the  release  of  potentially  toxic  metals  at this  time  point.

Crown  Copyright  ©  2014  Published  by  Elsevier  Ltd.  All rights  reserved.

1. Introduction

The geological storage of carbon dioxide (CO2), also known as
carbon dioxide capture and storage (CCS), captured from large
industries and power plants is expected to be an important com-
ponent of future global carbon emissions mitigation globally.
Alongside the need to understand the impacts of a CO2 leak on
the marine environment, there is an urgent need to develop pro-
tocols for monitoring for leakage detection from geological sites
or compromised pipes. In previous experiments, elevated CO2 has
been shown to be detrimental to some marine microbes that rely
on carbonate structures (Langer et al., 2009; Beaufort et al., 2011),
and impacts to the microbially-driven biogeochemical cycling of
nutrients have also been predicted to occur. For example, high CO2
levels have been shown to enhance N2 and CO2 fixation (Hutchins
et al., 2007), stimulate photosynthesis (Rau et al., 2001; Riebesell
et al., 2000; Riebesell et al., 2007; Iglesias-Rodriguez et al., 2008;
Fu et al., 2008) and a clear decrease in pelagic ammonia oxidation

∗ Corresponding author. Tel.: +44 0 1752 633100; fax: +44 0 1752 633101.
E-mail address: ktait@pml.ac.uk (K. Tait).

with decreasing pH has been demonstrated (Beman et al., 2011;
Kitidis et al., 2011).

Most of the current understanding has been based on studies of
pelagic microbes, with much less information on the impact of ele-
vated CO2 on benthic microbes. However, there is some evidence
to suggest that elevated levels of CO2 may  alter community com-
position (Nunoura et al., 2012; Tait et al., 2013; Yanagawa et al.,
2012; Kerfahi et al., 2014; Taylor et al., 2014), decrease diversity
(Yanagawa et al., 2012; Kerfahi et al., 2014; Taylor et al., 2014) and
increase abundance of benthic bacteria and archaea (Ishida et al.,
2005; Ishida et al., 2013). The possibility that a sub-seabed leak
of CO2 may  increase the abundance of microbes capable of CO2
fixation has also been considered (Håvelsrud et al., 2012, 2013).
There is also some indication that the degradation or organic matter
and the biogeochemical cycling of nutrients may be impacted. For
example, sulphate reduction and methanogenesis are key anerobic
processes for organic matter degradation within sediments. Using
benthic chambers Ishida et al. (2013) detected enhanced methane
production and sulphate reduction within chambers exposed to
5000 �atm CO2. Similarly, a study of the microbial communities
associated with the natural CO2 vents in the Yonaguni Knoll IV
hydrothermal field of the southern Okinawa Trough also detected
an increase to methane-fuelled sulphate reduction at the high CO2

http://dx.doi.org/10.1016/j.ijggc.2014.11.021
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sites (Yanagawa et al., 2012). Within coastal environments, the
biomineralisation activities of microbes can provide up to 80% of
the nitrogen needed to supply primary production (Dale and Prego,
2002), and this flux of N from the benthos is enhanced by the
activity of bioturbating macrofauna (Laverock et al., 2011). Meso-
cosm studies involving bioturbating macrofauna have indicated
elevated levels of CO2 alters nutrient fluxes, possibly as a result
of impacts on ammonia oxidation (Widdicombe and Needham,
2007; Widdicombe et al., 2009; Widdicombe et al., 2013). The
decreased ammonia oxidation rates within burrow wall sediments
are thought to be due to reduced bioirrigation activity of the
shrimp, and a corresponding decrease in the availability of sub-
strates for ammonia oxidation, at elevated CO2 concentrations
(Laverock et al., 2013). Together, these studies imply that elevated
CO2 levels associated with CCS leakage have the potential to alter
both the composition and function of benthic microbial communi-
ties, and could have major implications for the turnover of organic
matter and the benthic supply of nutrients to fuel pelagic primary
production.

The aim of this study was to determine the response of
the microbial community to a controlled sub-seabed CO2 leak
which took place in Ardmucknish Bay on the west coast of Scot-
land (Oban). This included quantitative polymerase chain reaction
(qPCR) measurements of both bacterial and archaeal 16S rRNA
(from cDNA) and 16S rRNA genes (from DNA) within surface sed-
iments at each of four zones (at the epicentre; 25 m distant, 75 m
distant and 450 m distant), before, during and after CO2 release. As
experimental work has shown that elevated CO2 may  enhance inor-
ganic uptake and growth for a number of phytoplankton groups,
including the cyanobacteria (Hutchins et al., 2007; Levitan et al.,
2010; Lomas et al., 2012), coccolithophores (Riebesell et al., 2000;
Riebesell et al., 2007; Iglesias-Rodriguez et al., 2008) and diatoms
(e.g. Tortell et al., 2008; Trimborn et al., 2009; Sun et al., 2011),
possible impacts on the abundance of benthic cyanobacteria and
algae (microphytobenthos) was determined by qPCR of cyanobac-
teria/chloroplast 16S rRNA and 16S rRNA genes. Also investigated
were possible changes to the active community of microphyto-
benthos and bacteria with the aim of identifying key indicator
taxa of a CO2 leak within coastal environments were identi-
fied.

2. Materials and methods

2.1. Sample collection and dates

A borehole was drilled from shore through the bedrock
and into unconsolidated sediments at a location 350 m offshore
(56◦29.517N; 05◦25.471W) in Ardmucknish Bay. The CO2 gas was
supplied through a stainless steel pipeline with a 5 m long gas dif-
fuser (wire mesh, 0.5 mm opening size) welded on at the end. The
screen was pushed at 6 m into unconsolidated sediments at 11 m
below the seabed, which was in turn 12 m below mean sea-level.
From 16th May  2012 until 22nd June 2012 (37 days), a total of
4.2 tonnes of CO2 were injected into the overlying unconsolidated
sediments, during which flow increased from 10 to 210 kg d−1 (see
Taylor et al., submitteda submitted for full details of experimental
design). Sediment samples were collected 7 days before the CO2
supply was turned on (day −7, DP), on day 14 (30th May, D14)
and day 36 (21st June, D36) during CO2 release, and after the CO2
release ended on days 42, 56 and 133 (28th June (R43), 10th July
(R55) and 27th September (R126), respectively) at each of four
zones (zone 1 = at epicentre; zone 2 (25 m distant), zone 3 (75 m
distant), and zone 4 (control, 450 m distant). At each zone, five repli-
cate sediment samples were manually collected by divers using five
50 ml  syringes with the end cut off. Each syringe was sealed with a

rubber bung and transported back to the lab were the top 1 cm was
sectioned and frozen at −80 ◦C.

2.2. Nucleic acid extraction and cDNA synthesis

RNA and DNA were extracted from 2 g sediment using the MoBio
RNA PowerSoil® Total RNA Isolation Kit with the DNA elution
accessory kit according to the manufacturer’s instructions. Nucleic
acids were quantified using a NanoDrop spectrophotometer (Nano-
Drop Technologies, Delaware). Typical yields were 10 �g RNA and
25 �g DNA g−1 sediment. RNA was  reverse transcribed using the
QuantiTect Reverse Transcription Kit (Qiagen) with 0.2 �g of RNA
and the supplied random primers. An ABI 7000 sequence detection
system (Applied Biosystems, Foster City, USA) and QuantiFast SYBR
Green PCR Kit (Qiagen) was used for all qPCR measurements.

2.3. qPCR and RT-qPCR

The abundance of bacterial, archaeal and cyanobacte-
rial/chloroplast 16S rRNA (from cDNA) and genes (from DNA)
in each sediment sample was determined. For bacterial 16S rRNA
and 16S rRNA genes, the 20 �l reaction mixture contained 10 �l of
Master Mix, 300 nM of primer Bact1369F (CGGTGAATACGTTCY-
CGG), 900 nM of primer Prok1492R (GGWTACCTTGTTACGACTT)
(Suzuki et al., 2000) and 50 ng DNA or 1 �l of cDNA. PCR conditions
were 5 min  at 95 ◦C followed by 40 cycles of 95 ◦C for 15 s and
58.5 ◦C for 1 min. For archaeal 16S rRNA and 16S rRNA genes,
the 20 �l reaction mixture contained 10 �l of Master Mix and
300 nM of primers Parch519F (CAGCCGCCGCGGTAA) and ARC915R
(GTGCTCCCCCGCCAATTCCT) (Coolen et al., 2007) and 50 ng DNA
or 1 �l of cDNA. PCR conditions were 5 min  at 95 ◦C followed
by 40 cycles of 95 ◦C for 15 s and 63 ◦C for 1 min. Cyanobacte-
ria/chloroplast 16S rRNA and 16S rRNA gene reactions contained
200 nM of primers CYA-359F (GGGGAATYTTCCGCAATGGG) and
CYA-781R (GACTACWGGGGTATCTAATCCCW) (Nübel et al., 1997)
and PCR conditions were 5 min  at 95 ◦C followed by 32 cycles of
95 ◦C for 15 s and 62 ◦C for 1 min. Assays contained a standard
curve containing 102 to 108 amplicons �l−1 cDNA or DNA. DNA
standard curves for each primer pair were constructed using
cloned sequences. For cDNA assays, standards were constructed
by in vitro transcription of cloned sequences using the Ampliscribe
T7 Flash kit (Epicentre) following methodologies described by
Smith et al. (2006). Gene and gene transcript numbers were
quantified via comparison to standard curves using the ABI
Prism 7000 detection software. Automatic analysis settings were
used to determine the threshold cycle (CT) values and baselines
settings. The no-template controls were below the threshold in
all experiments. For each standard curve, the slope, y intercept,
co-efficient of determination (r2) and the efficiency of amplifi-
cation was  determined as follows: archaea 16S rRNA (cDNA):
r2 = 0.987, y intercept = 31.95, E = 107.2%; archaea 16S rRNA genes
(DNA): r2 = 0.996, y intercept = 32.24, E = 103.6%; bacteria 16S rRNA
(cDNA) r2 = 0.997, y intercept = 37.13, E = 102.8%; bacteria 16S rRNA
genes (DNA) r2 = 0.995, y intercept = 38.11, E = 92.8%; cyanobacte-
ria/chloroplast 16S rRNA (cDNA): r2 = 0.991, y intercept = 36.72,
E = 105.35%. Cyanobacteria/chloroplast 16S rRNA genes (DNA):
r2 = 0.99, y intercept = 38.42, E = 101.5%.

2.4. Denaturing gradient gel electrophoresis (DGGE) of
cyanobacterial/chloroplast 16S rRNA

DGGE analysis of cyanobacterial 16S rRNA (cDNA) sequences
was performed with the INGENYphorU DGGE system (Ingeny, The
Netherlands). One microliter of RT-qPCR product was used in a sec-
ond 50 �l reaction volume PCR using 5 �l 10× PCR buffer, 3.0 mM
MgCl2, 0.1 mM dNTPs, 1 U Taq DNA Polymerase (Invitrogen) and

dx.doi.org/10.1016/j.ijggc.2014.11.021
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400 �M of CYA359F (containing a 40-base GC clamp to the 5′end)
and CYA-781R. PCR conditions were 5 min  at 95 ◦C followed by 8
cycles of 95 ◦C for 30 s, 60.5 ◦C for 30 s, 72 ◦C for 30 s, and a final
extension step of 72 ◦C for 5 min. Due to the limitations in the
number of samples that can be run on a single DGGE gel, at this
stage the five PCR products from each time/zone were pooled to
give a total of 24 samples for DGGE. The pooled PCR products
were run on polyacylamide gradient gels with denaturing gra-
dients of 30–60% denaturant. Gels were electrophoresed in 1×
TAE at a constant temperature of 60 ◦C for 16 h at 60 V. Gel Com-
par II software was used to analyse DGGE fingerprinting patterns
(Applied Maths, Netherlands) and the data imported into PRIMER
vs. 6.1 multivariate analysis software (Clarke and Gorley, 2006)
for statistical analysis. Individual DGGE bands were excised and
re-amplified using PCR primers without the GC clamp and the resul-
tant PCR product directly sequenced using the forward primer (DNA
Sequencing Services, Dundee, UK). All DGGE bands sequenced were
identified as either cyanobacteria or chloroplast 16S rRNA.

2.5. 16S rRNA 454 pyrosequencing and analysis

The relative abundance and composition of 16S rRNA (cDNA) in
the five replicate samples collected from zones 1 and zones 4 on
days −7, 14, 36 and 42 were determined using 16S rRNA tagged
pyrosequencing. cDNA was amplified with the V1-V3 region of 16S
rRNA using the PCR primers 27Fmod (AGRGTTTGATCMTGGCTCAG)
(Vergin et al., 1998) and 519Rmodbio (GTNTTACNGCGGCKGCTG)
(Andreotti et al., 2011). The 50 �l reaction volume contained 1 �l
cDNA, 10× PCR buffer (Invitrogen), 2.5 mM MgCl2, 0.1 mM dNTPs,
1 U of Taq DNA polymerase (Invitrogen) and 0.5 �M of forward and
reverse primers. PCRs were initially denatured for 3 min  at 94 ◦C,
followed by 25 cycles of 94 ◦C for 30 s; primer annealing at 57 ◦C
for 45 s, and elongation at 72 ◦C for 60 s. A final elongation step was
performed at 69 ◦C for 5 min. Each sediment sample was  amplified
in triplicate, the triplicates pooled, cleaned using the Agencourt
AMPure XP Purification System (Beckman Coulter, Bromley, UK)
and sent to Molecular Research (MR  DNA, Texas, USA) for 16S rRNA
tagged 454 pyrosequencing. PCR products were subjected to a fur-
ther five PCR cycles using primer sets modified with multiplexing
identifier (MID) adaptors for barcode tagging, thereby allowing
for post-sequencing separation of the samples. Following PCR, all
amplicon products from different samples were mixed in equal
concentrations and purified using Agencourt Ampure beads. Sam-
ples were sequenced utilizing Roche 454 FLX titanium instruments
and reagents and following manufacturer’s guidelines.

Molecular Research processed data as follows: sequences were
de-multiplexed, depleted of barcodes and primers, sequences
<150 bp or with ambiguous base calls and with homopolymer runs
exceeding 6 bp removed, denoised, operational taxonomic units
(OTUs) generated (at 97% similarity) and chimeras removed. OTUs
were then taxonomically classified using BLASTn against the Silva
database version 108 (Pruesse et al., 2007) using the Quantita-
tive Insights into Molecular Ecology (QIIME) pipeline (Caporaso
et al., 2010). This resulted in a total of 130794 sequences (vary-
ing between 1307 and 5549 sequenced per sample) and 20682
operational taxonomic units (OTUs) (varying between 634 and
2448 OTUs per sample). To focus solely on bacterial sequences,
all chloroplast sequences were removed and to allow compari-
son between samples, all samples were sub-sampled to the lowest
value: 999. Sequence data has been archived at the European
Nucleotide Archive, accession number PRJEB7642.

2.6. Statistics

Analysis was performed using PRIMER v6 (Clarke and Gorley,
2006) with the PERMANOVA+ add on (Anderson et al., 2008).

Two-way PERMANOVA using site and month as fixed factors in
a crossed design were used to compare the effect of the proxim-
ity to the CO2 release site and seasonality on (a) the abundance of
16S rRNA (from RNA) and 16S rRNA genes (DNA), (b) DGGE band-
ing patterns and (c) the composition of the active community. For
the DGGE banding patterns, resemblances between samples were
generated using the Bray–Curtis coefficient and non-metric multi-
dimensional scaling (MDS) ordinations were used to visualise the
configuration of the different samples on a 2D scaling plot. For
sequence data, resemblances between samples were also gener-
ated using the Bray–Curtis coefficient, calculated using both the
abundance and the presence and absence of OTUs. The BIO-ENV
routine (Clarke and Ainsworth, 1993) within PRIMER was used
to determine the environmental variables that best explained the
variation in the composition of the active community.

3. Results

3.1. qPCR measurements of 16S rRNA gene (DNA) and 16S rRNA
(RNA) abundance

As a proxy for surface sediment microbe abundance, copies
of bacterial, archaeal and cyanobacterial/chloroplast 16S rRNA
genes g−1 surface sediment (top 1 cm)  were quantified using qPCR
(Fig. 1). The abundance of bacterial, archaeal and cyanobacte-
rial/chloroplast 16S rRNA followed similar patterns at zones 2, 3
and 4 (Fig. 1A, B and C, and Table 1). There was a strong seasonal
signature to the abundance of all three 16S rRNA genes (Fig. 1A–C,
and Table 1). Bacterial 16S rRNA gene abundance was higher in late
June through to September, and archaeal 16S rRNA and cyanobac-
terial/chloroplast 16S rRNA peaked in abundance during late June
and July, respectively.

Following the termination of gas release, a significant decrease
in bacterial and archaeal 16S rRNA gene copies g−1 sediment were
evident at zone 1: this trend was apparent on R43 and R55 (post CO2
release) but there were no significant differences between zones
on R126 (Fig. 1Aand B). A similar decrease to the abundance of
cyanobacteria/chloroplast 16S rRNA gene copies g−1 sediment at
zone 1 was  also detected on R43 and R55, and also during the latter
stages of CO2 release (D36) (Fig. 1C). Similar to the bacterial and
archaeal 16S rRNA gene abundance measurements, there were no
differences between zones on R127 (Fig. 1C and Table 1).

RT-qPCR measurements of 16S rRNA abundance indicated that
there were changes to the activities of bacteria, archaea and
cyanobacteria/chloroplast both seasonally, and at the different
zones (Fig. 1D–F, and Table 1). At zones 3 and 4, bacterial 16S rRNA
abundance was highest during the pre-exposure measurements in
early May  and in September (Fig. 1D). Other than on R55, where
there was  an unexplained peak in bacterial 16S rRNA abundance at
zone 3, there were no differences in abundance between the two
zones (Fig. 1D). At zones 3 and 4, archaeal 16S rRNA abundance was
highest in July (Fig. 1E) and cyanobacteria/chloroplast 16S rRNA
abundance peaked in late June (D42) (Fig. 1F), but there were no
significant differences between these zones (Table 1).

At zones 1 and 2, marked increases in the abundance of bac-
terial, archaeal and cyanobacterial/chloroplast 16S rRNA were
evident during CO2 release (Fig. 1 and Table 1). Once CO2 release
ended, there were no differences in the abundance of archaeal
and bacterial 16S rRNA at each zone (Fig. 1D and E). However,
higher abundance of cyanobacteria/chloroplast 16S rRNA contin-
ued on to R55 after CO2 release ended (Fig. 1E). These peaks in
cyanobacterial/chloroplast activity also coincided with higher PAR
measurements within Ardmucknish Bay (Fig. 2): there was a cor-
relation between cyanobacterial/chloroplast 16S RNA abundance
and PAR measurements at zone 1 (� = 0.858; p = 0.029) and zone 2
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Fig. 1. Effect of time and proximity to the CO2 release site on the abundance g−1 surface sediment (top 1 cm)  of (A) bacterial 16S rRNA genes (from DNA), (B) archaeal 16S
rRNA  genes, (C) cyanobacterial/chloroplast 16S rRNA genes, (D) bacterial 16S rRNA (from RNA) (E) archaeal 16S rRNA and (F) cyanobacterial/chloroplast. Zone 1 =�; zone

2  =�; zone 3 =� and zone 4 = . CO2 release ended on day 37 of the experiment. Error bars are standard deviation (n = 5) and statistical differences between all treatments
are  indicated by *** for p ≤ 0.001, ** for p ≤ 0.01 and * for p ≤ 0.05 *.

(� = 0.93; p = 0.007), but not zone 3 (� = 0.319; p = 0.537) or zone 4
(� = 0.478; p = 0.338).

3.2. DGGE of cyanobacteria/chloroplast 16S rRNA

The impact of seasonality and CO2 exposure on the composi-
tion of the active primary producer community were investigated
using PCR-DGGE of cyanobacterial/chloroplast 16S rRNA. Fig. 3A
indicates that the community was very similar at all sites

throughout the period studied, but there were some minor differ-
ences to the brightness of bands (e.g. bands 1, 5, 6, 8 and 10) and a
new band appeared from day 14 onwards (band 5) and during the
latter stages of CO2 release at zones 3 and 4 (band 7). Resemblances
between samples were generated using the Bray–Curtis coefficient
and non-metric multidimensional scaling (MDS) ordinations were
used to visualise the configuration of the different samples on a
2D scaling plot (Fig. 3B). PERMANOVA tests using date and zone as
fixed factors in a crossed design indicated temporal changes to the
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Table  1
Effect of time and proximity to the CO2 release site on the abundance of bacterial, archaeal and cyanobacterial/chloroplast 16S rRNA genes and 16S rRNA g−1 sediment
determined using 2-way ANOVA analyses. Highlighted in bold are significant results (p < 0.05).

Two-way ANOVA Pairwise comparisons

Factor F p Zones t p

Bacteria 16S rRNA genes Time 4.134 0.005 1,2
1,3
1,4
2,3
2,4
3,4

4.172
4.441
4.816
0.687
1.184
0.464

0.001
0.001
0.001
0.52
0.246
0.661

Zone 11.744 0.001
Ti  × Zo 1.3122 0.204

Archaea 16S rRNA genes Time 7.592 0.001 1,2
1,3
1,4
2,3
2,4
3,4

2.713
2.324
1.945
0.282
0.963
0.627

0.006
0.031
0.096
0.794
0.347
0.504

Zone 3.009 0.038
Ti  × Zo 2.069 0.019

Cyanobacteria/chloroplasts
16S rRNA genes

Time 9.858 0.001 1,2
1,3
1,4
2,3
2,4
3,4

2.604
3.709
5.643
0.389
2.038
2.065

0.015
0.001
0.001
0.694
0.06
0.053

Zone 8.996 0.001
Ti  × Zo 1.305 0.217

Bacteria 16S rRNA Time 17.6 0.001 1,2
1,3
1,4
2,3
2,4
3,4

1.218
0.244
2.663
0.832
3.682
2.478

0.231
0.805
0.013
0.423
0.002
0.024

Zone 4.281 0.007
Ti × Zo 6.375 0.001

Archaea 16S rRNA Time 21.119 0.001 1,2
1,3
1,4
2,3
2,4
3,4

1.259
1.635
2.64
3.166
4.081
1.198

0.218
0.104
0.011
0.003
0.002
0.229

Zone 6.447 0.001
Ti  × Zo 4.145 0.001

Cyanobacteria/chloroplasts
16S  rRNA

Time 10.94 0.001 1,2
1,3
1,4
2,3
2,4
3,4

0.532
2.012
2.704
1.419
1.928
0.231

0.573
0.046
0.011
0.169
0.063
0.795

Zone 2.677 0.005
Ti  × Zo 4.309 0.007

community occurred (Pseudo-F = 2.644; p = 0.001), but no differ-
ences between zones (Pseudo-F = 1.717; p = 0.074). Sequencing of
DGGE bands indicated a range of diatoms (predominantly benthic)
and cyanobacteria were present through-out the year (Table 2).

3.3. Analysis of changes to composition of the active bacterial
community

Initial analysis to determine changes to the active bacterial com-
munity using terminal restriction fragment length polymorphism
(T-RFLP) indicated significant changes occurred at zones 1 and 2,
and these changes could be detected as early as 14 days after CO2
release began (Taylor et al., submitteda to this special issue). To

identify key changes to the bacterial taxa occurring within the
initial stages of CO2 release in more detail the active bacterial
community was  compared at zones 1 and 4 before, during and
immediately after CO2 release using 16S rRNA tagged 454 pyrose-
quencing.

Analysis of sequence data indicated the communities in the sed-
iments analysed were primarily comprised of low abundance OTUs.
However, measurements of alpha diversity were slightly lower
at zone 1 than at zone 2. Following CO2 release, the number of
OTUs (Fig. 4A; PERMANOVA F = 4.41; p = 0.046), Shannon diversity
(Fig. 4B; PERMANOVA F = 5.734; p = 0.029) and measurements of
evenness (Fig. 4C; PERMANOVA F = 5.046; p = 0.024) decreased at
zone 1.

Table 2
Phylogenetic identification of excised DGGE bands. Bands were cloned prior to sequencing. Shown are the percentage nucleotide similarities to strains in the GenBank
database with their accession numbers. (D) Indicates diatom species and (C) indicates cyanobacterial species. Also indicated are the characteristics of the excised band on
the  gel (i.e. date present and at which zone).

DGGE band Closest match Characteristics on gel

Name Accession number % Identity

1 Fragilaria spp. (D) FJ002188 99 Present throughout
2  Navicula spp. (D) FJ002222 99 Present throughout
3  Skeletonema spp. (D) FJ002182 99 Present throughout
4  Chaetoceros spp. (D) FJ159135 99 Present throughout
5  Un. Cyanobacterium (C) JX255870 93 Appeared on day 14, then present in remaining samples
6  Phormidium spp. (C) AM398788 97 Brightest on day 54 at zone 1
7  Anabaena spp. (C) KF857228 97 Present only on day 36 at zones 3 and 4
8  Nitzschia spp. (D) FJ002221 99 Brightest at zone 1 on day 42 and at all zones on day 54
9  Un. Phaeodactylum spp. (D) GQ183296 88 Present throughout

10  Un. Cyanobacterium (D) JX255870 97 Brightest on day 133 at zone 1
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Fig. 2. Measurements of solar irradiance (�) (taken by the SAMS weather station,
Dunstaffnage) and PAR (�) (taken from the bottom of the water column). Solar
irradiance measurements taken from 10.00 am to 16.00 pm were averaged for each
week during the course of the experiment.

PERMANOVA tests performed on Bray Curtis resemblance
matrices derived from the sequence abundance data indicated that
although the composition of the active community changed over
time, there was no significant difference between zones 1 and 4
(Table 3). However the significant interaction between time and
zone (Table 3), suggests that the temporal changes to the compo-
sition of the active community differed between zone 1 and zone
4. BIO-ENV analyses indicated that these changes were driven by a
combination of the freshening of bottom water during a period of

Table 3
Effect of time and proximity to the CO2 release site on community composition
as  determined using 2-way PERMANOVA. Compared are the effect on the untrans-
formed sequence data set and the presence/absence data set. Data is also shown
for  the major taxonomic groups found within the sediment samples. Highlighted in
bold  are significant results (p < 0.05).

Phylogenetic group Zone Time Zone × time

F p F p F p

Untransformed
All data 1.051 0.182 1.243 0.001 1.127 0.002
Gammaproteobacteria 0.946 0.815 1.184 0.001 1.114 0.005
Deltaproteobacteria 1.107 0.1 1.235 0.001 1.159 0.003
Planctomycetes 1.37 0.004 1.256 0.001 1.074 0.116
Bacteroidetes 0.936 0.746 1.11 0.032 0.988 0.577
Alphaproteobacteria 1.051 0.345 1.075 0.161 1.062 0.18
Betaproteobacteria 0.969 0.506 1.448 0.012 1.123 0.056

Presence/absence
All  data 1.034 0.222 1.251 0.001 1.134 0.001
Gammaproteobacteria 0.945 0.769 1.209 0.001 1.136 0.001
Deltaproteobacteria 1.072 0.193 1.239 0.001 1.154 0.004
Planctomycetes 1.366 0.003 1.25 0.001 1.068 0.12
Bacteroidetes 0.914 0.743 1.158 0.023 0.991 0.545
Alphaproteobacteria 1.101 0.232 1.07 0.211 1.07 0.2
Betaproteobacteria 0.977 0.496 1.38 0.006 1.118 0.173

heavy rainfall around the second sampling point, and also changes
to pH and the associated peaks in the abundance of cyanobacte-
ria/chloroplast 16S rRNA during the latter stages of CO2 release
and the increased dissolution of minerals during the recovery phase
(Lichtschlag et al., submitted) (� = 0.604; p = 0.004). Similar results
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Fig. 3. The effect of time and proximity to CO2 release site on the composition of the cyanobacterial/micro-algae community as assessed using PCR-DGGE of cyanobacte-
rial/chloroplast 16S rRNA fragments. (A) Gel image. Labels on gel refer to bands excised and sequenced. Five replicate cores were taken at each time-point, PCR-amplified
and  the resultant PCR products pooled prior to loading onto the DGGE gel. (B) Two-dimensional MDS  plots of cyanobacterial/chloroplast 16S rRNA fragments DGGE banding
patterns. Numbers indicate zones and symbols refer to the dates sampled treatments (day −7 =♦; day 14 = �; day 35 = �; day 42 = �; day 54 =© and day 133 =�).
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Fig. 4. Comparison of measurements of alpha diversity at zone 1 (�) and zone 2 (�).
(A) Number of OTUs in the re-sampled sequence data set; (B) Shannon diversity;
(C) Simpson evenness. CO2 release ended on day 37 of the experiment. Error bars
are standard deviation (n = 5) and statistical differences between all treatments are
indicated by *** for p ≤ 0.001, ** for p ≤ 0.01 and * for p ≤ 0.05 *.

were obtained when the data was transformed to presence/absence
(Table 2), suggesting that the temporal changes to the occurrence
of OTUs also differed at zones 1 and 4.

3.4. Identification of key bacterial taxa responding to the CO2
release

Together, the phyla Planctomycetes and Bacteroidetes and
the classes Gammaproteobacteria,  Deltaproteobacteria, Alphapro-
teobacteria and Betaproteobacteria represented over 85% of the
community at both zone 1 and zone 4 (Fig. 5). PERMANOVA
tests of both the untransformed and presence/absence sequence
data for these dominant groups indicated that with the excep-
tion of the Alphaproteobacteria, the composition of the active
community of all major groups differed through time (Table 3).
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Fig. 5. Relative abundance of major classes within each sample. Classes included in
this  Fig. had relative abundance values consistently greater than 1%.

Both the abundance and presence/absence of members of the
Planctomycetes differed between zones 1 and 4: this was  the
only major group to exhibit differences between zones (Table 3).
An average of 9.4% (±0.08% S.D.) of all sequences within the
data set was  affiliated with the Planctomycetacia,  predominantly
Blastopirellula, Rhodopirellula,  Pirellula and other uncultured rep-
resentatives of the family Planctomycetaceae. Tests for differences
between zones at each time point indicated differences occurred
during the initial stages of CO2 release (PERMANONVA Pseudo-
F = 1.262; p = 0.018). This was  predominantly due to an increase
in the relative abundance of the Planctomycetacia during the
initial stages of CO2 release (Fig. 6A). The significant interac-
tion between time and zone for the Gammaproteobacteria and
Deltaproteobacteria (Table 3) indicates that temporal changes to
the active communities affiliated to these groups differed at
zones 1 and 4. Differences between zones occurred during CO2
release (D14) for the Gammaproteobacteria (PERMANOVA Pseudo-
F = 1.175; p = 0.008) and during the initial recovery phase (R43) for
the Deltaproteobacteria (PERMANOVA Pseudo-F = 1.247; p = 0.014).
For the Gammaproteobacteria,  this could be traced to a decrease
in the relative abundance of members of the order Chromatiales
(Fig. 6B), and for the Deltaproteobacteria, an increase to the relative
abundance of members of the Desulfobacterales and the Desul-
furomonadales (Fig. 6C). Examination of the less dominant taxa
also revealed significant interactions between sampling time and
zone for the relative sequence abundance of members of the Bac-
teroidetes classes Cytophaga (PERMANOVA F = 3.545; p = 0.012) and
Flavobacteria (PERMANOVA F = 3.705; p = 0.006) (Fig. 6D), and also
the Lentisphaerae (PERMANOVA F = 4.934; p = 0.001) (Fig. 6E) and
the Fibrobacteres (PERMANOVA F = 2.573; p = 0.025) (Fig. 6F). Dif-
ferences in relative abundance occurred either during the latter
stages of CO2 release (D35) (for the Cytophaga,  Flavobacteria and
Lentisphaerae) or during the initial stages of the recovery phase
(R43) (Flavobacteria, Lentisphaerae and Fibrobacteres).

4. Discussion

This study has demonstrated that surface sediment dwelling
microbes responded rapidly to the sub-seabed release of CO2.
Increases in the abundance of microbial 16S rRNA per gram sed-
iment could be detected after 14 days of gas release, and this was
accompanied by changes to the activity of major and minor bacte-
rial taxa. Changes to the abundance of 16S rRNA were also detected
at 25 m from the epicentre. No CO2 impact was recorded on other
biological components away from the injection site at any stage,
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Fig. 6. Taxa either showing significant interaction between time and zone as assessed using 2-way ANOVA. (A) class Planctomycetacia (zone 1 = � and zone 4 = �). (B) Order
Chromatiales of the Gammaproteobacteria (zone 1 = � and zone 4 = �) (C) Order Desulfobacterales (zone 1 = � and zone 4 = �) and Desulfuromonadales (zone 1 = � and zone
4  = �) of the Deltaproteobacteria. (D) Class Cytophaga (zone 1 = � and zone 4 = �) and Flavobacteria (zone 1 = � and zone 4 = �) of the Bacteroidetes. (E) Phylum Lentisphaerae
(zone  1 = � and zone 4 = �) and (F) Phylum Fibrobacteres (zone 1 = � and zone 4 = �). CO2 release ended on day 37 of the experiment. Error bars are standard deviation (n = 5)
and  statistical differences between all treatments are indicated by *** for p ≤ 0.001, ** for p ≤ 0.01 and * for p ≤ 0.05 *.

such as macrofauna (Widdicombe et al., submitted) and meio-
fauna (Ingels, personal communication) community composition
or changes in the transcription of key genes coding for ionic and
CO2 regulatory proteins in mussels and scallops (Pratt et al., 2014).
This suggests that relative to other potential biological indicators,
microbes may  respond rapidly and with high sensitivity to a sub-
seabed CO2 leak. The majority of CO2 injected via the sub-seabed
pipe was retained within the sediments and only ∼15% of the total
CO2 injected was estimated to have been emitted from the seabed
in a gaseous phase (Blackford et al., 2014). The bubbles of CO2
entering the water column rapidly dissolved with measurements
of pCO2 in bottom water at the injection site being in the region
of 380 to 1500 �atm, depending on injection rate and tidal state
(Atamanchuk et al., submitted). However, there was evidence that
the high CO2 plume in the water column was advected to Zone 2 due
to tidal circulation (Atamanchuk et al., submitted). The increased
abundance of microbial 16S rRNA per gram sediment shown in this
study at zone 2may also be due to this advected CO2 plume. T-RFLP
analysis of the active bacterial community also indicated a rapid
shift in the composition of the active bacterial community at zones
1 and 2. Temporal changes to the communities at zone 1 were mir-
rored at zone 2; similarly, the temporal changes at zone 3 and 4
were identical (Blackford et al., 2014).

Also evident was a decrease in the abundance of bacterial,
archaeal and cyanobacteria/chloroplast 16S rRNA genes per gram
sediment at the epicentre. This coincided with the highest concen-
trations of dissolved inorganic carbon (DIC) and total alkalinity (TA)
at 20 cm depth in the sediment at the epicentre on R43 (Blackford
et al., 2014). This disruption to the carbonate chemistry was  caused
by a drop in pH, of as much as 0.85 pH units at the epicentre com-
pared to zone 4 (Taylor et al., submittedb), which was  subsequently

buffered by calcium carbonate dissolution and the co-release of
potentially toxic metals detected on R43 (Blackford et al., 2014;
Lichtschlag et al., submitted).

Similar to studies of phytoplankton groups, this study has
shown that microphytobenthos may  be susceptible to elevated
CO2. Increases in the abundance of cyanobacteria/chloroplast 16S
rRNA were detected at zones 1 and 2 both during CO2 release and
during the initial recovery phase but not at zones 3 and 4 (Fig. 1F).
Visual inspection of the sediment surface through-out the experi-
mental period indicated an increase in the coverage of dark brown
mats between D21 and R57 (Kita et al., submitted). In addition,
elevated levels of silica were also found at zone 1 and 2 com-
pared at zones 3 and 4 at these time points (Lichtschlag et al.,
submitted). However, the CO2 release coincided with a prolonged
periods of sunny weather. It is possible that the higher levels of
irradiance (Supplementary Fig. 1) in combination with higher con-
centrations of CO2 at the sediment surface, observed during the end
of release (day 36) and beginning of recovery (day 42), resulted in
increased activity of benthic cyanobacteria and algae. More studies
are required to understand the combined impacts of elevated CO2
and light levels on benthic algae. From studies of phytoplankton,
the impact of combined CO2 and increased irradiance on primary
producers is known to be complex. The response is dependent on
the type of phytoplankton studied: for example, the growth of Emil-
iana huxleyi was greatly accelerated by a combination of increased
irradiance and pCO2, but not by pCO2 alone (Feng et al., 2008),
whereas high levels of PAR and pCO2 decreased the growth rate
and photochemical efficiency of Phaeocystis globasa (Chen and Gao,
2011). The levels of harmful ultraviolet radiation (UVR) are an addi-
tional factor. In another study of the impact of elevated CO2 and
irradiance on E. huxleyi,  exposure to high levels of UVR resulted
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in an inhibition of both photosynthesis and calcification, and this
was further exacerbated with increasing pCO2 concentrations (Gao
et al., 2009). In this study, there was no evidence of a corresponding
increase to the abundance of cyanobacterial/chloroplast 16S rRNA
genes g−1 sediment at zone 1 (Fig. 1C). The higher ratio of cyanobac-
teria/chloroplast 16S RNA:DNA, and indeed the ratios of bacteria
and archaea 16S RNA:DNA, at zone 1 could be interpreted as an
indication of a stressed population. This was not evident at zone
2. Although the influence of tide resulted in pulsing of pCO2 con-
centrations, the decreases in pCO2 in surface sediments at zone 2
were likely transient when compared to zone 1 (Atamanchuk et al.,
submitted).

The key carbon fixing enzyme of photosynthetic organisms,
RubisCO (ribulose-1,5-bisphosphate carboxylase/oxygenase), has
a notoriously inefficient catalytic efficiency with low affinity for
CO2, a slow catalytic turnover rate and several oxygen sensitive
steps. Consequently, many phytoplankton species have evolved
carbon capture mechanisms (CCMs) to elevate the concentra-
tion of CO2 at the site of fixation by RubisCO, but at an energy
cost (reviewed by Reinfeilder, 2011). It has been suggested that
phytoplankton that rely on diffusive entry of CO2 or those that
are able to suppress their CCMs may  have a selective advantage
under elevated CO2 conditions (Raven, 1991). A study of the inter-
tidal epilithic cyanobacterial community along a CO2 gradient at
the natural CO2 vent site at Levante Bay indicated differences
in cyanobacterial community composition at sites exposed to
different levels of CO2 (Taylor et al., 2014). In this study, the
PCR-DGGE analyses of cyanobacterial/chloroplast 16S rRNA indi-
cated that the active community was very similar at each zone
and also throughout the period examined (Fig. 3A and Table 2),
but there was some evidence of changes to the brightness of
DGGE bands at zone 1 (e.g. most closely related to Phormidium
spp. and Nitzschia spp.). This may  be an indication of changes
to the levels of activity in key members of the consortia; how-
ever it must also be acknowledged that this may  also be due
to PCR bias (Acinas et al., 2005). Further work is required to
determine the impact of elevated pCO2 on the composition of
microphytobenthos communities, and the underlying physiolog-
ical mechanisms.

By detailed comparison of the composition of the active bacte-
rial communities at zones 1 and 4, this study aimed to determine
specific bacterial groups that responded rapidly to the CO2 release.
There was a small but significant decrease in measurements of
species richness, evenness and Shannon diversity at zone 1 (Fig. 4).
This is similar to findings for biofilms exposed to low light con-
ditions (Lidbury et al., 2012), intertidal epilithic biofilms (Taylor
et al., 2014) and also sediments at natural CO2 vent sites (Yanagawa
et al., 2012; Kerfahi et al., 2014). All reported a decrease in mea-
surements of alpha diversity with increasing pCO2 concentrations.
This suggests that benthic microbial communities within surface
sediments at zone 1 became more dominated by a few species.
However, similar to detailed studies of the impact of elevated
pCO2 on both pelagic (Roy et al., 2012; Oliver et al., 2014) and
benthic communities (Kerfahi et al., 2014), the majority of bac-
terial taxa were unaffected. The predominant response of the
active community was temporal: clear differences occurred over
time for many of the major taxonomic groups (Table 3). Only
the composition of the Planctomycetes differed at zones 1 and 4
(Table 3). This was due to an increase in the relative abundance of
the class Planctomycetacia during the initial stages of CO2 release
(Fig. 6A). These were primarily members of the Blastopirellula,
Rhodopirellula,  Pirellula and other uncultured representatives of
the family Planctomycetaceae.  Members of this group have been
detected in detrital material, micro-algae and seaweeds (Morris
et al., 2006; Longford et al., 2007; Bengtsson and Ovreås, 2010)
where they are thought to be specialised degraders of sulphated

polysaccharides produced by algae (Glöckner et al., 2003). Planc-
tomycete OTU richness and diversity increased as pH decreased
in a study of Perialpine lake communities (Pollet et al., 2011),
and pH was  also associated with variations in the Planctomycetes
communities within soils (Buckley et al., 2006). Interestingly, the
relative abundance of this family was also found to increase with
increasing pCO2 concentration in a study of the impact of ocean
acidification on the microbial communities associated with Arctic
sediments (Tait et al., 2013). As changes to this group were detected
during the first measurement taken after CO2 release, this sug-
gests that the Planctomycetacia may  respond rapidly to changing
pH conditions and highlights the possibility of using this group
as a sensitive indicator of CO2 seepage from underground stor-
age.

Also of note was  the response of the Deltaproteobacteria and
Gammaproteobacteria: seasonal changes to the composition of the
active communities differed at zones 1 and 4 (Table 3). The activ-
ity of members of the Desulfobacterales and Desulfuromonadales
increased during the initial recovery phase, and this corresponded
to a reduction in the relative abundance of 16S rRNA affiliated
to members of the Cytophaga,  Flavobacteria, Lentisphaeria and
Fibrobacteria (Fig. 6).

Although these changes to activity occurred during maximum
CO2 release, with significant increases in pore water DIC and TA
due to the CO2-induced dissolution of calcium carbonate (Blackford
et al., 2014) and with decreases in surface sediment pH (Taylor
et al., submitteda), it also coincided with an increase in the dis-
solution of cations at this time-point (e.g. Mn,  Fe, As, Al, Ba, Cu
and Co), including metals known to inhibit microbial activities
in high concentration (Sandrin and Maier, 2003). Members of the
Desulfobacterales and Desulfuromonadales are known to be less sus-
ceptible to heavy metals (Chang et al., 2001; Jin et al., 2007), with
members of the Desulfuromonadales also able utilise a variety of
compounds as electron acceptors, including S, Mn,  Fe, NO3

− and Co
(Garrity et al., 2005). This may  also be associated with the reduc-
tion in the abundance of 16S rRNA genes at zone 1 on R42 and
R56 (Fig. 1). Changes to the activity of the Gammaproteobacteria
were traced to a decrease in the relative abundance of members
of the Chromatiales during the initial CO2 release (Fig. 6B). The
majority of this group are purple sulphur bacteria, using reduced
sulphur, iron or organic compounds to fuel photosynthesis. As this
group tends to be anaerobic or microphilic (Imhoff et al. 2005)
the decrease in abundance may  be related to the increase in the
activity of cyanobacteria and micro-algae detected at zone 1 at
this time point (Fig. 1C). The increase in the Bacteroidetes groups
Cytophaga and Flavobacteria during the initial on D35 could also be
related to the increased activity of cyanobacteria and micro-algae.
Members of the Bacteroidetes have been found in high abundance
within phytoplankton blooms (Fandino et al., 2005; Alonso-Sáez
et al., 2007; Gómez-Pereira et al., 2010; Teeling et al., 2012) and
also in coarse grain sediments receiving heat-killed cyanobacterial
cells (Gihring et al., 2009), where they are thought to be specialist
degraders of high molecular weight organic material produced by
dying or decaying phytoplankton or microphytobenthos (Teeling
et al., 2012; Williams et al., 2013). The impacts of CO2 exposure on
sediment biogeochemistry are complex, and the microbial commu-
nities may  be responding to a multiple factors.

We  have very little evidence that these changes to the activity of
the microbial community influenced functionality. Measurements
of the flux of dissolved inorganic carbon, oxygen and nutrients from
the sediment to the overlying water did not differ between zones
1 and 4 (Taylor et al., submittedb). However, an increase in mea-
surements of potential nitrification rates were detected after 37
days of CO2 release which was linked to an increase in ammo-
nia availability as a result of mineral dissolution (Watanabe et al.,
submitted).
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5. Conclusions

Although the predominant microbial response detected was
seasonal, changes to the activity of surface sediment microbes
were detected 14 days after CO2 release began, and measurable
differences were evident as far as 25 m from the epicentre. The
CO2 had multiple impacts on sediment biogeochemistry, including
increased dissolution of minerals, including toxic metals. Work-
ing in combination, these factors have had a temporary impact
on both the abundance and activity of specific microbial groups at
the impact site. This indicates that benthic microbes may  be very
responsive to CO2 seepage events and monitoring of changes to the
microbial activities may  provide a useful indicator of CO2 leaks. At
sites receiving sufficient light for microphytobenthos growth, mon-
itoring of cyanobacterial and micro-algal populations may  prove to
be a useful indicator.
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a  b  s  t  r  a  c  t

The  impact  of a  sub-seabed  CO2 leak  from  geological  sequestration  on  the  microbial  process  of  ammonia
oxidation  was  investigated  in  the  field.  Sediment  samples  were  taken  before,  during  and  after  a controlled
sub-seabed  CO2 leak  at four zones  differing  in  proximity  to  the  CO2 source  (epicentre,  and  25  m,  75  m,
and  450  m  distant).  The  impact  of  CO2 release  on benthic  microbial  ATP  levels  was  compared  to ammonia
oxidation  rates  and  the abundance  of  bacterial  and  archaeal  ammonia  amoA  genes  and  transcripts,  and
also  to the  abundance  of nitrite  oxidizer  (nirS)  and anammox  hydrazine  oxidoreductase  (hzo)  genes
and  transcripts.  The  major  factor  influencing  measurements  was  seasonal:  only  minor  differences  were
detected  at  the  zones  impacted  by CO2 (epicentre  and  25  m  distant).  This  included  a small  increase  to
ammonia  oxidation  after  37  days  of CO2 release  which  was linked  to  an  increase  in  ammonia  availability
as  a result  of  mineral  dissolution.  A  CO2 leak on the  scale  used  within  this  study  (<1  tonne  day−1) would
have  very  little  impact  to ammonia  oxidation  within  coastal  sediments.  However,  seawater  containing
5%  CO2 did  reduce  rates  of  ammonia  oxidation.  This  was  linked  to the  buffering  capacity  of the sediment,
suggesting  that  the  impact  of  a sub-seabed  leak  of stored  CO2 on  ammonia  oxidation  would  be  dependent
on both  the  scale  of  the CO2 release  and sediment  type.

© 2014  Elsevier  Ltd. All  rights  reserved.

1. Introduction

CCS technology has the potential to reduce CO2 emissions from
fossil fuel power stations by 80–90% (Holloway, 2007) and the IPCC
recognize that effective CCS could play a substantial role in miti-
gation, potentially reducing CO2 emissions by 45% by 2050 (Metz
et al., 2005). However, concerns over the environmental impact
of CO2 leakage from sub-seabed storage are hindering the devel-
opment of CCS technologies. Assessments of the impact of CO2
leakage from sub-seabed storage sites within the marine environ-
ment are essential, both to aid our understanding of the potential
risks involved and to allow the development of novel technologies

∗ Corresponding author. Tel.: +81 774 75 2309; fax: +81 774 75 2316.
E-mail address: ywata@rite.or.jp (Y. Watanabe).

useful for monitoring CO2 leaks. If CO2 leakage occurs from geolog-
ical storage or due to pipeline failure, it has the potential to create
considerable localized reductions in seawater pH (Blackford et al.,
2008; Blackford et al., 2009). Studies of the impact of elevated CO2
have demonstrated several negative impacts of elevated CO2 on
marine organisms, including changes in metabolic activity, fertility,
growth and survival, particularly for calcifying species (Gattuso and
Hansson, 2011). Impacts to the microbially-driven biogeochemical
cycling of nutrients have also been predicted to occur (Gehlen et al.,
2011), in particular the nitrogen cycle (Hutchins et al., 2009).

Elevated CO2 has been shown to result in a clear decrease in the
first step in nitrification, ammonia oxidation, within open ocean
waters (Huesemann et al., 2002; Beman et al., 2011; Kitidis et al.,
2011). Ammonia oxidation in the open sea was  inhibited by low-
ering pH by 0.05–0.5 units (Huesemann et al., 2002; Beman et al.,
2011; Kitidis et al., 2011). This is thought to be related to the effect

http://dx.doi.org/10.1016/j.ijggc.2014.11.013
1750-5836/© 2014 Elsevier Ltd. All rights reserved.
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of pH on the balance of ammonia (NH3) to ammonium (NH4
+): a

decrease in pH favours the formation of ammonium (Bell et al.,
2007; 2008, Wyatt et al., 2010). As ammonia oxidizers are thought
to use ammonia rather than ammonium (Suzuki et al., 1974; Stein
et al., 1997), this is expected to impact nitrification at decreased
pH. In contrast, elevated levels of CO2 have been shown to enhance
rates of both carbon and nitrogen fixation for some diazotrophs
(Hutchins et al., 2007; Fu et al., 2008). Together, this may  shift the
balance of N available for oceanic phytoplankton, favouring those
more able to uptake NH4

+ (Beman et al., 2011). However, nitrifica-
tion rates were highest at low pH at an estuarine site suggesting
that the negative impacts of elevated CO2 on pelagic nitrification
may  be restricted to open ocean waters (Fulweiler et al., 2011).

The impact of elevated levels of CO2 and reduced pH on ben-
thic nitrification is also known to be complex (Kitidis et al., 2011;
Laverock et al., 2013), with elevated CO2 possibly impacting the
bioirrigating behaviour of bioturbating macrofauna species, and
reducing the concentration of ammonia and oxygen available for
nitrification (Laverock et al., 2013), or altering the balance of ammo-
nia oxidizing microbes (Tait et al., 2014a). Similarly, a series of
mesocosm studies on the impact of elevated CO2 on sediment-
water nutrient fluxes within sediment mesocosms containing
bioturbating macrofauna have also indicated possible impacts to
nitrification (Widdicombe and Needham, 2007; Widdicombe et al.,
2009). However, Kitidis et al. (2011) showed that the benthic
ammonia oxidation within the surface of a range of sediments was
not impacted by CO2 concentration. One possible explanation was
thought to be the high pH buffering capacity of sediments. Alterna-
tively, pH in sediments is known to fluctuate due to the supply and
nature of organic matter, the action of bioturbating fauna and also
transport processes such as solute diffusion or advection (Kitidis
et al., 2011; Zhu et al., 2006). It may  be that the ammonia oxi-
dizing microbes residing within sediments are already adapted
to the low, fluctuating pH conditions within sediments. A third
possibility is that a change in the composition of the ammonia
oxidizing community might allow nitrification to continue under
lower pH conditions (Tait et al., 2014a). Nitrification is carried
out by ammonia oxidizing bacteria (AOB) and ammonia oxidiz-
ing archaea (AOA). Cultured representative of ammonia oxidizing
archaea have a much greater substrate affinity for ammonia than
bacteria (Martens-Habbena et al., 2009), and may  therefore have
a competitive advantage over bacteria under lower pH conditions.
For example, the abundance of AOA ammonia monooxygenase sub-
unit A (amoA)  transcripts increased with decreasing pH within an
Arctic benthic mesocosm, whereas the abundance of both AOB
amoA transcripts and genes decreased (Tait et al., 2014a). Within
many soils, AOA have also been shown to be more dominant than
AOB (Leininger et al., 2006; Nicol et al., 2008; Yao et al., 2011) and
were more important for ammonia oxidation in strongly acidic soil
(Zhang et al., 2012). It is possible that a CO2 related pH change may
be an important influence on the ratio of AOA to AOB (Bouskill et al.,
2012; Bowen et al., 2013; Tait et al., 2014a).

Within coastal sediments, much of the nitrite and nitrate used
by denitrifying bacteria is derived from nitrification (Joye and
Andersen, 2008). However, in a study of the impact of elevated
pCO2 on the N cycling community in an Arctic sediment there was
a decrease in the abundance of nirS transcripts with increasing
pCO2 (Tait et al., 2014a) and although there was a possible trend
of decreasing denitrification with increasing pH, the high degree of
variability amongst replicate cores resulted in the conclusion that
there was no difference to denitrification rates between pCO2 treat-
ments (Gazeau et al., 2014). The study of Tait et al. (2014a) also
reported an increase in the abundance of Planctomycetes-specific
16S rRNA most closely related to known the anammox genus Scalin-
dua, and this was linked to a decrease in the flux of nitrite at pH 7.2
(Gazeau et al., 2014). In addition, the benthic mesocosm study of

Widdicombe and Needham (2007) recorded a decreased release of
nitrite within sediment cores incubated at elevated levels of CO2
which may  have been linked to an increase in annamox activity.
Together, these studies imply the process of anammox may  also be
impacted by elevated levels of CO2.

Within the present study, we assessed the effects of discharged
CO2 from the sea bed in Ardmucknish Bay (west coast of Scotland)
on benthic ammonia oxidation through measurements of potential
ammonia oxidation activity. These measurements were compared
with the abundances of genes and their transcripts of archaeal and
bacterial amoA,  nitrite reductase (nirS) and hydrazine oxidoreduc-
tase (hzo), a key enzyme in the anammox process, catalyzing the
oxidation of the intermediate hydrazine (N2H4) to dinitrogen (N2).

2. Materials and methods

2.1. CO2 leakage experiment

Our experiment constituted part of the artificial CO2 leakage
experiment from the sub-seafloor in Ardmucknish Bay located on
the west coast of Scotland (Blackford et al., 2014). A horizontal bore-
hole was  drilled from the shore to unconsolidated sediments 250 m
offshore, and carbon dioxide injected through a pipe to 11 m below
the seabed in 12 m of water. Gas release began on the 16th May and
ended on the 22nd June: a total of 4.2 tonnes of CO2 was  injected
into the overlying sediments. Full details of the experimental design
can be found at Taylor et al. (2014). Samples were collected prior to
the start of CO2 release (DP), on days 14 and 36 during CO2 release
(30th May  and 21st June, D14 and D36) and after injection ceased
on 28th June, 10th July and 19th September (R43, R55, and R126,
respectively). Samples were collected from four zones (zone 1: epi-
centre, zone 2: 25 m distant, zone 3: 75 m distant, and zone 4: 450 m
distant). These were chosen due to their similarities in bathymetry
and ecological conditions (e.g. similar sediment types, water depths
and water column nutrient concentrations, temperature, oxygen,
and salinity).

Measurements of overlying water physico-chemical parameters
can be found in Lichtschlag et al. (2014). Briefly, bottom tem-
perature rose from 9 ◦C to 13 ◦C throughout the course of the
experiment. Salinity varied between 29 and 34 due to mixing of
lower salinity waters from Loch Etive and higher salinity water
transported into Ardmucknish Bay by tidal currents (Taylor et al.,
2014). Seasonal variations in concentrations of dissolved oxygen,
phosphate, silicon, ammonia and nitrate/nitrite were apparent.
There was also some evidence of the release of silicon and ammo-
nium at zone 1 during the latter stages of CO2 release and early
recovery phase: this was associated with an overall increase in
the dissolution of minerals at these time-points, including poten-
tially toxic metals (Lichtschlag et al., 2014). Bottom water nutrient
concentrations can be found in Supplementary Table 1.

2.2. Microbial ATP level as a background measure of microbial
activity

ATP determination was carried on the five replicate sediment
samples collected at each zone. ATP content was measured using
an ATP Biomass Kit HS (Biothema) according to the manufacturer’s
instructions. Briefly, approximately 1 g sediment was  added to
a weighed 7 ml  bijou tube containing 4 ml  sterilised water, and
reweighed. Samples were then shaken by hand, placed in a son-
icating water bath (2 min, 40% intensity) and the sediment allowed
to settle. Fifty microlitre supernatant was added to a cuvette, fol-
lowed by 50 �l Extractant B/S and finally 400 �l reconstituted ATP
reagent HS. The cuvette was inserted into a Deltatox® instrument
and the light emission recorded as relative light units (RLU). This

dx.doi.org/10.1016/j.ijggc.2014.11.013
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was adjusted according to the weight of sediment added to the
bijou and the data were reported in relative light units (RLU) per
gram of wet sediment.

2.3. Nitrification rate measurement

2.3.1. Field potential
The materials for the analysis were collected from the oxidized

layer, as nitrification is an aerobic activity. The oxygen penetra-
tion depth into the sediment in Ardmucknish Bay was measured
by a Clark-type microelectrode (Taylor and Stahl, in review). Val-
ues ranged from 0.2 to 0.4 cm at depth throughout the experiment,
confirming that nitrification was occurring in the surface of the
sediment.

Sediment samples were manually collected by divers using two
acrylic cores (50 mm in diameter). At the same time, bottom water
was also collected with a Niskin sampler at each zone. Each core
was sealed with rubber plugs and transported back to the labo-
ratory. The top 10 mm sediment was sectioned and used as the
material for the assay of the ammonia oxidation rate. Two gram
sediment was put into a 225 ml  glass vial. The vial was  filled with
219 ml  bottom water, 1 ml  of 20 mM 15N labelled NH4Cl solution
added to give a final concentration of 90 �M 15NH4Cl, and plugged
with butyl rubber and sealed with an aluminium cap. The tripli-
cate sealed vials were incubated for 40–48 h at 10 ◦C under dark
condition. Samples were taken at 0, 12, 20–24, and 40–48 h. The
suspensions were centrifuged at 4000 rpm for 10 min  at 10 ◦C, the
supernatant was filtered (Millipore Millex, pore size 0.22 �m),  and
the filtrates frozen at −20 ◦C.

The concentration of NH4
+-N, NO2

−-N, and NO3
−-N in the fil-

trate samples were measured using an auto-analyzer AACS-2 (BL
tech Co. Ltd., Japan). Nitrogen stable isotope ratio of nitrite and
nitrate within each sample was measured following the method of
Isobe et al. (2011), except that the nitrate was reduced with a Cd–Cu
column to nitrite. Thereafter, the generated NO2 was reduced to
N2O using the azide method of Mcllvin and Altabet (2005). The con-
centration and 15N atom% and 14N atom% of produced N2O were
measure with the gas chromatograph equipped with a quadrupole
mass spectrometer (GC/MS-QP2010 Plus, Shimadzu, Kyoto, Japan)
with a CP-PoralPLOT Q-HT column (25 m × 0.32 mm,  Varian, USA).
Ammonia oxidation rate was calculated with the formula (Beman
et al., 2011; see Supplementary Materials) and standardized as per
dry sediment weight.

The above manipulation was carried out four times (DP, D14,
D36, and R126); however the protocol was slightly modified for
the DP and R126 samples. For the pre-CO2 release (DP) samples,
sectioned sediments suspended with the bottom seawater were
aerated with air just before the assay to standardize the oxygen
concentration at each station. Twenty millilitre of suspended sam-
ple was put into a 225 ml  vial and the vial was filled with the aerated
bottom water from each zone and 1 ml  of 20 mM 15NH4Cl solution.
For R126 samples, sediment cores were collected from zone 1 and
zone 4 only.

2.3.2. Verification of inhibitory effect of CO2 (CO2 exposure in
laboratory)

To verify that a high concentration of CO2 had an inhibitory
effect on ammonia oxidation within Ardmucknish Bay sediments,
the top 1 cm sediment was collected from zone 1 and mixed with
bottom water. The sediment was allowed to settle and the sus-
pended fraction divided in to three glass bottles of 500 ml.  Vials
were exposed to high CO2 concentrations (5% and 20% of CO2) for
48 h at 10 ◦C by bubbling the controlled gas mixtures at 100 ml  per
min, or air. After the pre-incubation, 20 ml  of the sample was  placed
into a 225 ml  vial and the vial filled with the bottom seawater, pre-
viously exposed with same gas as the sediment, and 1 ml  of 20 mM

15NH4Cl added to each vial. The incubation was carried out for 48 h
at 10 ◦C in the dark, and nitrification rates measured as described
above.

2.4. Archaeal and bacterial amoA abundance

2.4.1. Nucleic Acid extraction and cDNA synthesis
At each zone, five replicate sediment samples were manually

collected by divers using five 50 ml  syringes with the end cut off.
Each syringe was sealed with a rubber bung and transported back
to the lab were the top 1 cm was  sectioned and frozen at −80 ◦C.
RNA and DNA were extracted from 2 g sediment using the MoBio
RNA PowerSoil Total RNA Isolation Kit with the DNA elution acces-
sory kit according to the manufacturer’s instructions. Nucleic acids
were quantified using a NanoDrop spectrophotometer (NanoDrop
Technologies, Delaware). Typical yields were 10 �g RNA and 25 �g
DNA g−1 sediment. The RNA was reverse transcribed using the
QuantiTect Reverse Transcription Kit (Qiagen) with 0.2 �g of RNA
and the supplied random primers.

2.4.2. qPCR and RT-qPCR
An ABI 7000 sequence detection system (Applied Biosystems,

Foster City, USA) and QuantiFast SYBR Green PCR Kit (Qiagen)
was used for all qPCR and RT qPCR experiments. For each sedi-
ment sample, the abundance of Thaumarchaeal and bacterial amoA
transcripts, nitrite reducer (nirS) and hydrazine oxidoreductase
(hzo) genes and transcripts was determined using the follow-
ing primers: archaeal amoA: Arc-amoA-for and Arch-amoA-rev
(Wuchter et al., 2006); bacterial amoA: amoAF1 (Rotthauwe et al.,
1997) and amoAR2 (Hornek et al., 2006); nirS: NirS1F and NirS3R
(Braker et al., 1998); hzo: HzoF1 (Li et al., 2010) and hzocl1R2
(Schmid et al., 2008). Reaction mixtures contained either 50 ng DNA
or 1 �L cDNA. The primer concentrations, annealing temperatures
and cycle conditions are listed in Supplementary Table 2. Assays
contained a standard curve containing 102 to 108 amplicons �l−1

cDNA or DNA. DNA standard curves for each primer pair were con-
structed using cloned sequences. For RT qPCR, standard curves were
produced from cDNA following prior in vitro transcription of cloned
sequences using the Ampliscribe T7 Flash kit (Epicentre) following
methodologies described by Smith et al. (2006). Gene and transcript
numbers were quantified via comparison to standard curves using
the ABI Prism 7000 detection software. Automatic analysis settings
were used to determine the threshold cycle (CT) values and base-
lines settings. Each assay was preformed twice with similar results
each time. The no-template controls were below the threshold in
all experiments. For each standard curve, the slope, y intercept, co-
efficient of determination (r2) and the efficiency of amplification
were determined as follows:

archaeal amoA genes: r2 = 0.999, y intercept = 34.28, E = 100%;
bacterial amoA genes: r2 = 0.999, y intercept = 36.19, E = 92.4%;
nirS genes: r2 = 0.999, y intercept = 33.98, E = 107.7%;
hzo genes r2 = 0.999, y intercept = 32.7, E = 103.1%;
archaeal amoA transcripts: r2 = 0.998, y intercept = 33.29,
E = 103.5%;
bacterial amoA transcripts: r2 = 0.999, y intercept = 34.79,
E = 97.2%;
nirS transcripts: r2 = 0.992, y intercept = 34.3, E = 105.81%;
hzo transcripts r2 = 0.995, y intercept = 33.03, E = 100.1%.

Here, E shows the amplification efficiency.

2.5. Statistics

The impact of proximity to the CO2 release site and time,
and interactions between the two on measurements of ATP

dx.doi.org/10.1016/j.ijggc.2014.11.013
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Fig. 1. Median ATP contents in the sediment of four sites (zone 1 = epicentre; zone 2 = 25 m distant, zone 3 = 75 m distant and zone 4 = control, 450 m distant) during the
experiment. An asterisk and markings indicate where a significant difference was  observed between two zones within samples collected on the same day (p < 0.05 PERMANOVA
pair-wise comparisons).

abundance, potential nitrification rates and from log(x + 1)-
transformed abundance gene and transcript abundance data was
determined using PERMANOVA (Anderson et al., 2008). This non-
parametric approach was  chosen as the data did not meet the
normal distribution required in parametric testing. Significant
terms were investigated further using pairwise comparisons with
999 permutations (Anderson et al., 2008) for the gene and tran-
script abundance data. Due to the lower number of replicates used
for assays of nitrification rate measurements (n = 3), significant
differences between zones at specific time points was investi-
gated using Tukey–Krammer honest significant difference (HSD)
or Wilcoxon rank sum tests. Pearsons rank correlations were used
to investigate possible relationships between the abundance of
bacterial but not archaeal amoA genes and transcripts per gram
sediment and seasonal changes to bottom water ammonium con-
centrations.

3. Results

3.1. ATP content

Seasonal differences in ATP abundances were evident (PER-
MANOVA Pseudo-F = 7.86; p = 0.001) (Fig. 1); measurements were
lower on D14 (end of May) and on R126 (mid-September).
There was also evidence of differences between zones (PER-
MANOVA Pseudo-F = 2.91; p = 0.005). There was a trend for a
decrease in ATP content from zone 1 to 3 at this field site
throughout the experiment, although the difference was only
statistically significant between zone 1 and 3 at DP and D14
(PERMANOVA pairwise tests p = 0.045 and p = 0.015, respectively).
The range of ATP concentrations throughout the experiment was
18,410–88,073 RLU g−1 at zone 1, 13,370–73,798 RLU g−1 at zone
2, and 14,248–297,800 RLU g−1 at zone 3. The ATP concentration in
reference zone 4 (16,521–41,395 RLU g−1) typically lay within this
range of data observed at zone 1–3. The only other significant differ-
ence in ATP concentration was at zone 2 on D36 (273,798 RLU g−1),
which was higher than the reference zone 4 at this time-point
(37,682 RLU g−1 p = 0.02). It should be noted that there was  con-
siderable variability between replicate cores at each site which is
why, for example, the apparently large difference between zone 3
and all other zones at R43 is not significant.

3.2. Nitrification rate

3.2.1. Field potential
The potential activity of ammonia oxidation was measured at

each zone before, during and after CO2 release. Ammonia oxida-
tion rates at zone 1 were relatively stable during the experiment
period, averaging 0.044 �mol  g−1 dry sediment h−1 (Fig. 2). The
ammonia oxidation rate at zone 4 on DP (0.081 �mol  g−1 dry sed-
iment h−1) was  the highest rate recorded, but rates decreased
through time (Fig. 2). Statistical differences among the stations
were apparent on DP (PERMANOVA Pseudo-F = 5.31; p = 0.023), D14
(Pseudo-F = 16.47; p = 0.013) and D36 (Pseudo-F = 28.38; p = 0.001).
The activity at zone 2 on DP (0.021 �mol  g−1 dry sediment h−1) was
lower than that at zone 1 (Turky–Krammer HSD p = 0.025) but that
at zone 4 on DP was  higher than zone 1(p  = 0.021). On D14, ammonia
oxidation rates at zone 2 and zone 3 were similar to zone 1. Activi-
ties at zone 1 were significantly higher than those at zones 2 and 3
on D36 (p = 0.01 and p < 0.001, respectively). However, the activity
at zone 4 was not significantly different from that at zone 1 on D36
(p = 0.09). The activity at zone 4 decreased with time elapsed and
that on R126 was lower than that of zone 1 (Wilcoxon rank sum
test, �2 = 3.857, p < 0.05).
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Fig. 2. The potential ammonia oxidation rates at the pre-injection (DP), 14 days
after  the injection starting (D14), the end of the injection (D36), and the end of
the  recovery period (R126). Numbers in parentheses show the day of year. Error
bars are standard deviations. Assays of zone 2 and zone 3 were not examined at
R126. Significant differences from zone1 at specific time-points are indicated by *

p < 0.05, ** p < 0.01 (PERMANOVA Turkey–Krammer HSD analysis or Wilcoxon rank
sum tests).
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Fig. 3. The potential ammonia oxidation rates of zone 1 exposed artificially to high
concentration CO2 (5% and 20%) in the laboratory at R126. Significant differences
from zone1 at specific time-points are indicated by * p < 0.05, ** p < 0.01 (Wilcoxon
rank sum tests).

3.2.2. Verification of inhibitory potential of CO2 on nitrification
The pH in NBS scale of the pre-incubation samples exposed

with 5% and 20% CO2 was 6.1 and 5.5, respectively. Although
the potential ammonia oxidation rates of the control was  main-
tained at 0.044 �mol  g−1 dry sediment h−1, rates in the sediments
exposed with 5% and 20% CO2 were significantly reduced (ca.
0.001 �mol  g−1 dry sediment h−1) (Fig. 3).

3.3. Archaeal and bacterial amoA abundance

3.3.1. Abundance of N cycling genes and transcripts
The abundance of archaeal and bacterial ammonia oxidizing

(amoA),  bacterial nitrite reductase (nirS), and anammox hydrazine
oxidoreductase (hzo) genes and transcripts were measured before,
during and after CO2 release (Fig. 4). Bacterial amoA gene
abundance was higher than archaeal amoA gene abundance, aver-
aging 4.09 × 105 copies g−1 sediment for bacterial amoA genes and
4.84 × 104 copies g−1sediment for archaeal amoA genes. For both
archaeal and bacterial amoA genes, differences in abundance are
evident through time (two-way PERMANOVA for archaea: Pseudo-
F = 5.76; p = 0.001 and for bacteria: Pseudo-F = 4.73; p = 0.001). For
bacteria, peaks in abundance were apparent during pre-exposure
(10th May) (Fig. 4a) and for archaea (Fig. 4b), in samples taken at the
end of the exposure period (19th September). However, there were
no differences between zones for either archaeal (Pseudo-F = 2.38;
p = 0.051) or bacterial (Pseudo-F = 1.26; p = 0.259) amoA gene abun-
dance.

Comparing amoA gene relative abundances with 16S rRNA abun-
dances (Tait et al., 2014c) also indicated the ratio of bacterial and
archaeal amoA:16S rRNA genes varied seasonally, with bacteria
peaking during pre-exposure (Fig. 4c: Pseudo-F = 7.67; p = 0.001)
and archaea peaking on the 21st June (D36) (Fig. 4d; Pseudo-
F = 3.66; p = 0.002). Weakly significant differences in the ratio of
archeal amoA:16S rRNA genes between zones (Pseudo-F = 2.41;
p = 0.038) were due to a lower ratio on D36 at zone 1 compared
to zone 4).

RT-qPCR measurements of archaeal and bacterial amoA trans-
cripts also indicated higher abundances of bacterial amoA trans-
cripts (averaging 2.46 × 105 copies g−1 sediment) than archaeal
amoA transcripts (averaging 6.63 × 104 copies g−1 sediment).
Again, seasonal changes to the abundance of amoA transcripts
occurred for both bacteria (Pseudo-F = 14.73; p = 0.001) (Fig. 4e)
and archaea (Pseudo-F = 15.62; p = 0.001) (Fig. 4f), with decreased
expression apparent at the end of June/July for bacteria, and

increased expression for archaea in July and September. There
were no differences in the abundance of bacterial amoA transcripts
between zones (Pseudo-F = 1.46; p = 0.14), but differences were
detected for archaeal amoA transcripts (Pseudo-F = 3.21; p = 0.008).
This was due to a decrease in abundance at zone 1 on R43 and R55.
The abundance of bacterial but not archaeal amoA genes and trans-
cripts g−1 sediment correlated with seasonal changes to bottom
water ammonium concentration (Supplementary Table 1) (genes:
� = 0.878; p = 0.001 and transcripts: � = 0.855; p = 0.001).

The abundance of nirS genes also differed through time, with
a peak in abundance occurring in late June (Pseudo-F = 3.72;
p = 0.003). There was also a decrease in abundance at zone 1
on D36 and R43 (Fig. 4g; Pseudo-F = 6.1; p = 0.002). However,
although there were also temporal changes to the abundance of nirS
transcripts (Pseudo-F = 19.03; p = 0.001) there were no differences
between zones (Pseudo-F = 0.74; p = 0.521) (Fig. 4h).

Again the abundance of hzo genes varied seasonally (Pseudo-
F = 4.61; p = 0.001) but differences between zones were not detected
(Pseudo-F = 1.2; p = 0.298) (Fig. 4i). However, the abundance of both
hzo transcripts varied both seasonally (Pseudo-F = 11.28; p = 0.001)
and with proximity to the CO2 exposure site (Pseudo-F = 2.64;
p = 0.036): this was  due to an increase in abundance at zone 2 during
the later stages of CO2 release (D36) (Fig. 4j).

4. Discussion

Gas bubble plumes were observed at the seafloor within hours of
commencing CO2 injection. The CO2 bubbles dissolved in the water
column and resulted in a reduction in CO2 partial pressure in bot-
tom water, varying from 380 to 1500 �atm depending on injection
rate and tidal effects (Blackford et al., 2014). Maximum reduction of
pH on the surface sediment was  0.84 at zone 1 compared with zone
4 (Taylor and Stahl, in review). There was also evidence that this
high CO2 plume in the water column was  advected to zone 2 due to
tidal circulation (Atamanchuk et al., 2014). Along with the bubbling
of CO2 into the water column, there was also evidence that CO2
diffused up through the sediment. However, CO2-induced chemi-
cal changes in the upper 25 cm of sediment pore waters were not
observed until the last week of the CO2 injection period (Blackford
et al., 2014). Such chemical changes in pore water persisted for two
weeks after CO2 release ended. This included an increase in dis-
solved inorganic carbon (DIC), pore water alkalinity and calcium
ions but an increase in pore water acidity during D36 and R43.
pH fell from 7.7 to 7.5 and then increased again just before CO2
released ended (Blackford et al., 2014). Together this suggested that
the elevated levels of CO2 resulted in rapid dissolution of calcium
carbonate present within the sediments. At the same time, there
was co-release of cations including Ca, Sr, Li, Fe, and Mn, and con-
centrations of the nutrient elements including dissolved silicon and
ammonium increased (Lichtschlag et al., 2014).

The ammonia oxidation rates measured within this study are
within the ranges measured at other coastal sites (Mortimer et al.,
2004; Magalhães et al., 2005; Caffrey et al., 2007; Tait et al.,
2014b). A previous study using a range of different sediment types
demonstrated elevated levels of CO2 had no impact on rates of
benthic ammonia oxidation (Kitidis et al., 2011). We  have also
demonstrated that both benthic nitrification and the abundance
of archaeal and bacterial amoA genes and transcripts per gram sed-
iment were predominantly unaffected by the sub-seabed release
of CO2. The main response detected for all measurements were
either seasonal in nature, possibly due to sediment heterogeneity or
differences in the physico-chemical parameters between the four
different sites selected for study. A dominance of seasonal effects on
microbial abundance and activity over CO2 effects has previously
been observed in a terrestrial CO2 release experiment (Morales and
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Fig. 4. The abundance g−1 sediment of (A) bacterial amoA genes, (B) archaeal amoA genes, (C) bacterial amoA:16S rRNA genes, (D) archaeal amoA:16S rRNA genes, (E) bacterial
amoA  transcripts, (F) archaeal amoA transcripts, (G) nirS genes, (H) nirS transcripts (I) hzo genes, and (J) hzo transcripts measured using qPCR and RT-qPCR, before, during,
and  after CO2 exposure at each of four zones. Five separate cores were collected from each zone at each time point. Error bars are 95% confidence intervals and significant
differences from zone 1 at specific time-points are indicated by * p < 0.05, ** p < 0.01(PERMANOVA pair-wise comparisons).
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Holben, 2013). However, there was evidence of increased dissolu-
tion of ammonium at zone 1 during the latter stages of CO2 release.
At zone 1, ammonia concentration on D35 reached an average of
178 (±68) �mol  L−1, whereas concentrations at zone 4 throughout
the period studied averaged 89 (±31) �mol  L−1 (Lichtschlag et al.,
2014). Interestingly, this coincides with a slight increase in ammo-
nia oxidation rates at zone 1 at this time-point (Fig. 2). Ammonia
oxidation increased slightly (by 30–59%) at zone 1 when compared
to zones 2 and 3, suggesting that increased availability of substrate
may  have resulted in increased ammonia oxidation regardless of
CO2 concentration.

The ability of benthic ammonia oxidizers to withstand elevated
levels of CO2 and reduced pH is thought to be associated with the
high pH buffering capacity of marine sediments. This was appar-
ent in the deeper Ardmucknish Bay sediments where, despite the
high level of CO2 detected at depth, pH increased to 7.8 on R43 as
the rise in DIC was buffered by the dissolution of sediment cal-
cium carbonate (Lichtschlag et al., 2014). Thus, it would appear
that the pH buffering ability of the sediments at Ardmucknish Bay
neutralized the reduced pH of the pore water. The greatest impact
detected within the top 25 cm examined occurred at the bottom of
this layer. Although these impacts were not as prominent within
surface sediments (Lichtschlag et al., 2014), buffering of pH changes
may  also have occurred within the top 1 cm sediment examined
within this study. However, the particulate inorganic carbon con-
tent of the surface sediments was within the range of 0.102–0.168%
(Supplementary Table 3). It is not known how long the sediments
in Ardmucknish Bay would be expected to buffer the increased
levels of CO2. When the sediment collected from zone 1 on R126
was exposed with high concentration CO2 (5% and 20% which cor-
respond to pH 6.2 and 5.5), ammonia oxidation activities almost
disappeared (Fig. 3). Thus, the nitrifying microbes were sensitive to
higher concentrations of CO2 (5% CO2, pH 6.2). Such high concen-
trations (30 mmol  kg−1) of DIC were actually observed at 15–20 cm
below the surface at R43 on zone 1 (Blackford et al., 2014). If such a
concentration of DIC rose to the surface, or if a higher concentration
of CO2 was leaked from sub-seabed storage, reduction to benthic
ammonia oxidation may  become apparent.

We  speculated that benthic ammonia oxidizers may  respond to
elevated levels of CO2 and reduced pH by a shift in the balance
of archaeal and bacterial ammonia oxidizers to favour the former.
This was detected in an Arctic benthic mesocosm experiment (Tait
et al., 2014a) and was thought to be linked to the finding that
archaea have a higher substrate affinity for ammonia than bacteria
(Martens-Habbena et al., 2009). However, the abundance of bac-
terial amoA genes and transcripts and the abundance of archaeal
amoA genes did not differ with proximity to the CO2 release site.
Only minor differences to the abundance of archaeal amoA trans-
cripts during the initial recovery phase (R43) were detected at the
CO2 release site which may  be linked to the high dissolution of
minerals at this time point, including several heavy metals at this
time point (Lichtschlag et al., 2014). Tait et al. (2014a) also showed
a shift in the composition of the active AOB community occurred
within sediment cores adjusted to pH 7.8 and 7.7. Unfortunately, we
do not have any data to determine whether a change in archaeal
or bacterial ammonia oxidizing community occurred as a result
of CO2 exposure, and so this possibility cannot be ruled out. T-
RFLP analysis of 16S rRNA PCR products indicated a rapid shift
in the composition of the active community at both zone 1 and
2 (Blackford et al., 2014).

Several studies have now shown AOA to be much more abun-
dant than AOB, and that AOA are the dominant ammonia oxidizers
in pelagic systems, (Coolen et al., 2007; Beman and Francis, 2006;
Wuchter et al., 2006; Mincer et al., 2007; Bouskill et al., 2012; Horak
et al., 2013). However, the dominance of AOA over AOB within sed-
iments is less clear with some studies reporting higher abundances

of archaea (Caffrey et al., 2007; Bernhard et al., 2010; Abell et al.,
2010; Tait et al., 2014b), whereas others have reported higher inci-
dence of bacteria, as observed in this study (Caffrey et al., 2007;
Mosier and Francis, 2008; Wankel et al., 2011; Zheng et al., 2014).
The relative contribution of AOA and AOB to ammonia oxidation
was also not clear: neither the abundance of bacterial or archaeal
amoA genes nor their transcripts correlated with the ammonia
oxidation rates. However, it is interesting to note that the abun-
dance of bacterial but not archaeal amoA genes and transcripts per
gram sediment correlated with seasonal changes to bottom water
ammonium concentration, suggesting that this group responded to
changing substrate concentrations.

As much of the nitrate and nitrite required for denitrification in
coastal sediments is provided by nitrification (Joye and Andersen,
2008), a reduction in nitrification could therefore be expected to
also impact denitrification. A study modelling the impact of ocean
acidification within the North Sea also suggested that a reduction in
nitrification would lead to a reduction in denitrification (Blackford
and Gilbert, 2007). This has the potential to lead to eutrophication,
but as noted by Blackford and Gilbert (2007), this may be negli-
gible in already eutrophic waters. In this study, measurements of
nirS genes and transcripts indicated a significant drop in the abun-
dance of nirS genes per gram sediment during the latter stages
of CO2 release and the initial recovery phase (Fig. 4g). This pat-
tern is identical to measurements of bacterial 16S rRNA genes per
gram sediment at zone 1 at these time points (Pearson correlation:
� = 0.644, p = 0.001; Tait et al., 2014c), suggesting that the decrease
in abundance may  be due to an overall decrease in bacterial num-
bers rather than a direct impact on nitrite reducers. This decrease
was thought to be associated with the increased dissolution of min-
erals, including several toxic metal species, at these time points
(Lichtschlag et al., 2014).

Previous mesocosm experiments have suggested the decreased
efflux of nitrite at low pH may  be due to an increase in anam-
mox  activity (Widdicombe and Needham, 2007; Widdicombe
et al., 2009), and there was also an increase in the abundance of
Planctomycetes-specific 16S rRNA, the majority of which grouped
with known anammox bacteria, in sediments exposed to elevated
levels of CO2 (Tait et al., 2014a). In this study, the increase in the
abundance of hydrazine oxidoreductase (hzo) transcripts at zone 2
during the latter stages of CO2 exposure, also suggest an increase
in anammox activity (Fig. 4j). Zone 2 was at a distance of 25 m from
zone 1 and was  intermittently exposed to high CO2 seawater due
to tidal circulation (Atamanchuk et al., 2014). This site may  have
benefited from the more moderate increased CO2 concentrations
without the associated release of toxic metals measured at zone 1.
However, the numbers of transcripts were low in abundance, and
we do not know if this would have impacted anammox activity or
the flux of ammonium and nitrite from the sediments. More stud-
ies are required to determine the response of anammox bacteria to
the sub-seabed release of CO2.

Adenosine triphosphate is known as the intracellular trans-
fer of energy and is often used as an index of microbial biomass
(Jenkinson et al., 1979; Karjalainen et al., 2001) or as an index
of biological activity. Interestingly, on DP and D13 there was  a
decreasing trend in ATP abundance from zone 1 to zone 3, indicat-
ing metabolic activity was possibly higher nearer the release site
at these time-points. However, when pCO2 concentrations of the
sediments were at their highest, only a slight increase in ATP abun-
dance was  detected during the latter stages of CO2 release (D35) at
25 m from the release site at zone 2 (Fig. 1), similar to the increase
in hzo transcript abundance described above. Previous work carried
out at a terrestrial CO2 vent found that ATP increased at moderately
elevated CO2 concentrations but not at the highest CO2 concentra-
tions near the vent (Beaubien et al., 2008). Again this may  be due to
a combination of a moderate increase in CO2 concentration with the
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absence of toxic metal release. Alternatively, this may  be indicative
of increased organic matter availability at this time-point. Using
benthic chambers, Ishida et al. (2013) detected increased ATP abun-
dance in fjord sediment following exposure to 5000 �atm pCO2,
and this was thought to be due to the growth of microorganisms
adapted to the high pCO2 conditions, possibly due to a decline of
the predation pressure from meiobenthos (Ishida et al., 2013). How-
ever, no CO2 impact was recorded on other biological components
away from the injection site at any stage, including to the abun-
dance or community composition of macrofauna (Widdicombe et
al., 2014) and meiofauna (Jeroen Ingels, personal communication).

Also apparent in this study were differences between the zones
used to examine the potential extent of the effects of the CO2
release. For example, surface sediment ATP content fluctuated
seasonally, but there were very little significant change detected
between zones (Fig. 1). This may  have been due in part to the high
degree in variability between replicate samples at each site, proba-
bly reflecting a patchy distribution of organisms in these sediments.
In addition, the potential ammonia oxidation rate at zone 4 was
higher than that at zone 1 on DP and D14 (Fig. 3), although there
were no significant differences among the abundances of bacterial
and archaeal amoA transcripts at all zones on DP and D14 (Fig. 2).
Although we measured similar levels of ammonium and oxygen
at all four sites, the variability may  have been due to lower quan-
tities of organic matter at zone 4. High sediment organic matter
content has been shown to suppress rates of ammonia oxidation in
lakes (Strauss and Lamberti, 2000). Alternatively, the higher ammo-
nia oxidation rates may  be due to differences in the community
structure of ammonia oxidation microbes at zone 4 and zone 1.

A full scale assessment of potential monitoring sites is required
prior to CO2 storage to compare sediment types and identify local-
ized differences in physico-chemical parameters.

5. Conclusion

Previous experiments have shown elevated levels of CO2 impact
pelagic but not benthic ammonia oxidation (Huesemann et al.,
2002; Beman et al., 2011; Kitidis et al., 2011). This CO2 release
experiment shows only moderate impact on benthic ammonia
oxidation within a coastal sediment. Contrary to previous experi-
ments, we have indicated that sub-seabed release of CO2 may  result
in the release of ammonia from sediments resulting in an increase
in ammonia oxidation. In addition, only moderate impacts to the
abundance of N cycling genes and transcripts were detected: sea-
sonal and site variations on the abundance and activity were the
main signature in the shallow coast. We  can conclude that a leak
of CO2 on the scale used within this study (<1 tonne day−1) would
have very little impact to ammonia oxidation within coastal sed-
iments. However, impact would be dependent on both the scale
of the CO2 release and the type of sediment: we have shown that
seawater containing 5% CO2 did reduce rates of ammonia oxida-
tion, and this was linked to the buffering capacity of the sediment.
It remains to be tested if this would also be the case in sedi-
ments within deeper waters: if oxygen is available, a tipping point,
dependent on sediment type and a major release of CO2, thus
exceeding the buffering capacity of the sediment, would have to
occur before benthic nitrification is impacted.
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a  b  s  t  r  a  c  t

A  sub-seabed  release  of  carbon  dioxide  (CO2)  was  conducted  to  assess  the potential  impacts  of  leakage
from sub-seabed  geological  CO2 Capture  and Storage  CCS)  on  benthic  macrofauna.  CO2 gas  was  released
12 m  below  the seabed  for 37  days,  causing  significant  disruption  to  sediment  carbonate  chemistry.
Regular  macrofauna  samples  were  collected  from  within  the  area  of active  CO2 leakage  (Zone  1)  and  in
three  additional  reference  areas,  25 m, 75  m and 450  m from  the  centre  of the leakage  (Zones  2,  3  and
4  respectively).  Macrofaunal  community  structure  changed  significantly  in all  zones  during  the  study
period.  However,  only  the  changes  in  Zone  1  were  driven  by  the CO2 leakage  with the  changes  in reference
zones  appearing  to  reflect  natural  seasonal  succession  and  stochastic  weather  events.  The impacts  in
Zone  1  occurred  rapidly  (within  a  few  days),  increased  in  severity  through  the  duration  of  the  leak,  and
continued  to worsen  after  the  leak had  stopped.  Considerable  macrofaunal  recovery  was  seen  18  days
after  the CO2 gas injection  had stopped.  In summary,  small  short-term  CCS leakage  events  are  likely  to
cause  highly  localised  impacts  on  macrofaunal  communities  and there  is the  potential  for  rapid  recovery
to  occur,  depending  on  the  characteristics  of  the  communities  and  habitats  impacted.

© 2015  Elsevier  Ltd. All  rights  reserved.

1. Introduction

There is now both a societal and political acceptance that human
activities are driving the observed rapid rise in atmospheric CO2
levels and that this is causing or contributing to changes in clima-
tologic and marine environmental conditions; such as warming,
ocean acidification, hypoxia, storminess and eutrophication (IPCC
2014). This acceptance has led to the recognition that anthro-
pogenic CO2 emissions need to be significantly reduced if long-term
negative impacts on ecosystems are to be prevented or minimised.
Technical and political factors make the achievement of this reduc-
tion through increased energy efficiency and reduced carbon-based
energy generation alone, highly unlikely. Consequently, a number
of additional, engineering based mitigation techniques are being
considered (Blackstock and Long, 2009).

One such mitigation technique is geological CO2 capture and
storage (geological CCS). This involves the capturing of waste CO2
at source (mainly from large industries such as coal and natural

∗ Corresponding author. Tel.: +44 0 1752 633411.
E-mail address: swi@pml.ac.uk (S. Widdicombe).

gas fired power plants), followed by its transport and injection
into deep geological formations, such as depleted oil and gas fields,
unmineable coal seams or deep saline aquifers (Gibbins et al., 2006;
Holloway, 2007). With many nations still heavily reliant and eco-
nomically locked into fossil fuel based power generation, and likely
to be so for many years to come, this type of emissions reduc-
tion strategy is extremely attractive. In addition, the technology
required to inject CO2 into geological formations is well estab-
lished and has been used at industrial scales for decades as part of
the Enhanced Oil Recovery (EOR) process (Alvarado and Manrique,
2010). However, injecting CO2 solely for the purposes of permanent
storage is in its infancy, with a number of key areas still needing to
be more fully considered.

One significant consideration for the future implementation of
industrial CCS projects is the need to secure scientific and public
acceptance that the geological storage of CO2 poses no significant
risks to either humans or the environment (Van Noorden, 2010;
Monastersky, 2013). Much of the current concern appears to focus
on what would happen if CO2 were to leak from these geologi-
cal reservoirs and re-enter the environment (Mabon et al., 2014).
Whilst it has been argued that the likelihood of leakage is very small,
the possibility of leaks cannot be ruled out (Bachu and Watson,
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2009). Consequently, to assure both the public and environmental
legislators that the implementation of geological CCS will not cause
more environmental problems than it solves, and to guide appro-
priate environmental regulation, a more complete assessment of
potential leakage impacts must be sought.

In many countries, future implementation of geological CCS
will primarily occur offshore and will most likely be located on
the continental shelf, situated largely below areas of unconsoli-
dated sediments ranging from corse sand to fine mud  (Widdicombe
et al., 2013). These sediments contain highly productive inverte-
brate communities, which are biologically diverse in terms of both
taxonomic and functional diversity (Widdicombe and Somerfield,
2012). Consequently, there is a concern that before industrial
CO2 storage can be implemented, the potential risks to ben-
thic organisms and communities should be considered. In recent
years, mainly due to the growing issue of ocean acidification,
a large number of studies have been published which describe
the various impacts of elevated CO2 on marine organisms and
ecosystems. From this it is clear that when CO2 gas enters the
marine realm it rapidly dissolves causing changes in the major
carbon chemistry components, such as pH, Dissolved Inorganic
Carbon (DIC), carbonate saturation states and alkalinity, which in
turn effect fundamental biological processes such as homeosta-
sis, growth, reproduction, health and, ultimately, survival (Kroeker
et al., 2013; Harvey et al., 2013). In addition, the few mesocosm
studies conducted on infaunal sediment communities have shown
the potential for extreme acidification of overlying water to reduce
benthic diversity, abundance and biomass, and to modify ecosys-
tem processes (Widdicombe et al., 2009; Dashfield et al., 2008,
Queirós et al., 2014c).

Much of the existing information on the potential biological
impacts of CCS leakage has been generated from small-scale lab-
oratory based experiments in which organisms were exposed to
CO2 enriched seawater. These types of experiments have been
extremely useful in identifying the physiological and ecological
mechanisms by which leakage could impact upon marine species
and ecosystems. However, the data from such studies has not been
generated under fully natural conditions and, consequently, will
need to be contextualised under more realistic conditions where
the full suite of other environmental and ecological processes can
affect the responses observed (Widdicombe et al., 2013). In addi-
tion, much of the existing evidence has been generated on the basis
of the assessment of impacts of CO2 enriched seawater. Whilst this
may  be a suitable replica for the effects of a dense CO2 rich seawa-
ter plume flowing over the seafloor (Blackford et al., 2014), it does
not replicate the likely effects of CO2 percolating through the sedi-
ment, from below. This situation is somewhat replicated at natural
CO2 vent sites, such as those at Ischia and Panarea, where volcanic
CO2 flows up through the seabed and into the overlying water (e.g.
Hall-Spencer et al., 2008). However, even there, the relatively long
time over which these vents have operated mean that local species
and communities have become acclimated or adapted to these con-
ditions, and that their use as analogues for the assessment of the
impacts of CCS leakage is thus limited.

The importance of experiments that simulate the upward
migration of CO2 through the sediment is demonstrated when
considering the natural biogeochemical conditions that exist
within all marine sediments. The microbial mineralization of
organic matter involves a number of redox reactions, all of which,
with the exception of methanogenesis, produce CO2, causing local-
ized reductions in pH (Widdicombe et al., 2011). In addition, many
sediment microbial processes consume or produce ions that are
also involved in acid-base equilibria and these ions will have an
additional effect on sediment pH (Soetaert et al., 2007). Conse-
quently, marine sediments are characterised by strong geochemical
gradients, with high heterogeneity both vertically and horizontally

and the pH of pore waters may  be as much as 1 pH unit lower than in
the overlying water (Fenchel and Riedl, 1970; Pischedda et al., 2008;
Stahl et al., 2006; Zhu et al., 2006). In addition, the biological activity
of macro-organisms causes localized changes in pH that can be in
excess of 1 pH unit within a few cm, in any direction within the sed-
iment (Aller, 1982; Stahl et al., 2006; Zhu et al., 2006). In response to
these environmental conditions benthic communities are strongly
heterogeneously distributed, with different species and functional
groups characteristically occupying different sediment fractions
according to local pH conditions, reflecting also gradual variabil-
ity in redox environments with sediment depth (Aller et al., 2001;
Pearson and Rosenberg, 1978; Painting et al., 2010). The uppermost
oxygen-rich surface sediment layer is the most densely inhabited
region, containing the majority of taxa. Only organisms capable
of oxygenating their immediate environment via bio-irrigation of
tubes and burrows, or those with high tolerance of challenging
environmental conditions, such as low oxygen and low pH, are able
to dwell below the redox discontinuity depth (Kristensen, 2001;
Pischedda et al., 2008; Pearson and Rosenberg, 1978). The presence
of these spatial niches means that although benthic communities
as a whole are already naturally subject to relatively large ranges
in pH, the community structure is likely to change in response
to such perturbations, according to individual species character-
istics, but this remains to be investigated. The migration of CO2 gas
through the sediment caused by CCS leakage can reach the intersti-
tial spaces between sediment grains in the surficial sediment, and
thus impact upon the health and survival of many benthic inver-
tebrate species. Interstitial spaces are predominantly filled with
seawater into which much of the CO2 would dissolve, with only a
fraction of the gas actually escaping from the sediment surface still
in gaseous form (Cevatoglu et al., 2014). As the CO2 dissolves, it dis-
rupts the normal sediment geochemical depth profiles for a number
of key parameters, specifically pH, DIC, alkalinity and carbonate sat-
uration states (Lichtschlag et al., 2014). Such changes in carbonate
chemistry could impact less tolerant benthic invertebrates, and so
the most extreme impacts of CCS leakage on benthic communi-
ties are likely to be seen within the sediments through which the
CO2 percolates upwards. Impacts of a downstream CO2 rich plume
of overlying seawater, while reaching a far more extensive area
(Blackford et al., 2014), are likely to be more superficially restricted
within sediment, and to cause short lived impacts (Queirós et al.,
2014a).

The current study investigated the impact of a controlled, sub-
seabed release of CO2 (Taylor et al., 2014a) to simulate the impacts
of small, but realistic, leakage from a geological CCS reservoir on
an invertebrate infaunal community, typical of shallow, coastal
muddy sand sediments in NW Europe. As well as assessing the
immediate impacts of leakage, the study also examines community
recovery after the release of CO2 is stopped. Finally, non-impacted
reference sites are used to compare the impacts due to leakage with
natural, seasonally driven changes in benthic community structure
and diversity.

2. Materials and method

2.1. Controlled sub-seabed release of CO2 gas

A full description of the controlled CO2 sub-seabed release
experiment is provided in Blackford and Kita (2013), Blackford et al.
(2014) and Taylor et al. (2014a), and a summary is presented here.
In April 2012, a borehole was  drilled from the shore at Ardmuck-
nish Bay (Scottish west coast), to a point 350 m offshore. The pipe
terminated in a porous diffuser positioned within the sediment
overburden approximately 11 m below the seafloor. The water
depth at this site varied between 10 m at low tide and 12 m at
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high tide. Between 18th May  and 23rd June 2012, this pipe was
used to deliver a controlled release of CO2 gas into the sub-seabed
sediment. A total of 4.2 t of CO2 was injected into the overlying
unconsolidated sediments, over a 37-day period, with the injection
rate increasing from 10 to 210 kg d−1 over the course of the release.
The gas migrated quickly up through the sediment overburden and
into the overlying water (Blackford et al., 2014; Cevatoglu et al.,
2014). As the gas passed through the sediment, it reacted with the
resident pore waters, significantly altering the carbonate chemistry
within the sediment (see Section 2.2 below and Lichtschlag et al.,
2014). However, the impacts of CO2 leakage (bubbles and carbonate
chemistry disruption) were restricted to a small area located 10 m
to the west of the porous diffuser. This area was  termed Zone 1
and measured approximately 20 m across (Cevatoglu et al., 2014).
No evidence of CO2 transport or of impact on sediment or water
carbonate chemistry was observed outside of this area, although
sampling of water columns parameters may  not have been optimal
(see Lichtschlag et al., 2014). After the injection of CO2 was stopped
(23rd June 2012) the release of bubbles from the seafloor stopped
immediately. Sediment carbonate chemistry quickly returned to
normal conditions and within three weeks after the termination of
CO2 release, it was considered to have fully recovered to the pre-
release conditions (Blackford et al., 2014). To quantify the impacts
of CO2 release at Zone 1, three additional reference zones were
identified; Zones 2, 3 and 4. These zones were located 25 m,  75 m
and 450 m east of Zone 1. All four zones had the same depth of over-
lying water and were of similar muddy sand sediments (see Taylor
et al., 2014a).

2.2. Physical and chemical impact of CO2 leakage

All observed environmental changes driven by the sub-seabed
release of CO2 were restricted to Zone 1. These changes are
summarised here, but a detailed description of the physical and
chemical impacts is presented in Blackford et al. (2014), Lichtschlag
et al. (2014), and Cevatoglu et al. (2014). Within a few hours of start-
ing CO2 injection, small gas bubble plumes were observed at the
seafloor. Seismic reflection surveys showed that during the first 13
days of release, with the CO2 injection between 10 and 80 kg d−1,
most of the CO2 was confined to a vertical gas ‘chimney’ in the
lower laminated mud. The increased injection rate (210 kg d−1)
applied during the second half of the release period experiment led
the gas to fracture the silty-sand layer and permeate through the
seabed’s coarse sand and gravels. At this point the sub-surface flow
became more spatially focussed. CO2 induced chemical changes in
the upper 25 cm of sediment pore waters were not observed until
the last week of the CO2 injection period, and only persisted for a
maximum of two weeks after the release was stopped. During this
period, DIC increased by a factor of 10 (from 2.6 to 29.3 mmol  kg−1)
approximately 20 cm below the sediment surface. In addition to
increased concentrations of pore water alkalinity and calcium ions
(Ca2+) this indicated that the released CO2 rapidly dissolved the
calcium carbonate (CaCO3) naturally present in the sediments. This
buffering meant that pore water pH in uppermost 30 cm of the sed-
iment fell from 7.7 to 7.5, and then increased to 7.8 just after the
injection was stopped, with the strongest changes seen between 5
and 15 cm below the surface (Blackford et al., 2014). All pore water
carbonate chemistry parameters returned to background values
within 17 days of stopping the CO2 injection.

2.3. Macrofaunal sampling and analysis

On 10th May  2012, six days before the release of CO2 began,
five 10 cm diameter (0.008 m2), 15 cm deep cores were collected
from each of the four study zones. Cores were collected from
randomly selected points within each of the zones, and collected

using divers who  gently pushed PVC corers into the sediment, to a
depth of approximately 20 cm.  These cores are relatively small com-
pared to traditional macrofauna sampling methods, which would
usually sample a sediment surface area of around 0.1 m2. However,
due to the restricted size of the sampling zones it was  consid-
ered prudent in this instance to use these small sampling cores
so as to prevent any undue impact of physical disturbance on the
sediment fauna arising from the actual sampling activities. Conse-
quently, the macrofauna collected may  have been biased towards
the smaller bodied fauna and that larger, more spatially isolated
fauna may  have been under-sampled. The large mobile epifauna
were observed non-destructively using video sampling for another
study (Kita et al., 2014). The cores were immediately sealed with
rubber caps and transported back to the local laboratory (the Scot-
tish Association for Marine Sciences), for immediate processing.
On arrival, all cores were sieved over a 0.5 mm squared mesh to
retain macrofauna, and fixed in 10% buffered formaldehyde solu-
tion. All preserved samples were then returned to Plymouth Marine
Laboratory where they were rinsed with seawater and preserved
in 70% industrial methylated spirit, prior to examination under
binocular microscopes. All fauna were extracted and identified
to the lowest possible taxonomic level, with species abundances
and biomasses per sample recorded. In addition, each species was
allocated to a category corresponding to the specific activity trait
displayed by that species. The trait chosen was sediment rework-
ing functional type (Fti) as defined by Queirós et al. (2013). Fti
descriptions consider several attributes of organism behaviour that
could be directly relevant to CCS leakage (e.g. position in sediment
and general levels of mobility). Finally, two measures of biomass
were determined. Firstly total wet  weight biomass, then, all cal-
cium carbonate was  removed using 10% formic acid solution. At
this point, all the organisms were again weighed to determine
decalcified wet  weight. These two  biomass values were then used
to calculate the total mass of calcium carbonate present (CaCO3
mass) and the % of total biomass that was made up of CaCO3
(%CaCO3).

This sampling routine was  repeated a further six times dur-
ing the experiment. Two sets of samples were taken during the
CO2 release period, the first (30th May) after 14 days (D14) of
release and the second (20th June) after 35 days (D35 of release).
The release of CO2 ended on 21st June and three sampling points
followed on 28th June, 9th July and 20th September. These samp-
ling points represent 7, 18 and 90 days of recovery following the
end of the CO2 release period and were labelled R7, R18 and
R90. The final sampling point was  9th May  2013 and represents
a full year of recovery from the start of the CO2 release period
(R365).

2.4. Statistical analysis

Main and interactive effects of sampling position (Zone) and
sampling time (Day) on measures of community abundance (num-
ber of individuals per sample), diversity (number of species per
sample) and biomass (wet weight, decalcified wet weight, CaCO3
mass, %CaCO3) were determined using the PERMANOVA+ routines
(beta version; Anderson et al., 2008; Anderson, 2001), which are an
‘add-in’ to the PRIMER 6 software. This non-parametric approach
was chosen, as data did not meet the normal distribution assump-
tion required in parametric testing. Number of species, number of
individuals and %CaCO3 were shown to be homoscedastic (Bartlett’s
test), whereas wet weight biomass, decalcified biomass and CaCO3
mass required transformation before meeting the assumption of
equal variance.

In addition, to investigate whether the sub-seabed release
of CO2 caused changes in macrofaunal community structure,
multivariate analyses (Clarke, 1993) were performed using PRIMER
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6 (Clarke and Gorley, 2006). Similarity values (Bray–Curtis) were
calculated between pairs of samples and analyses were conducted
on both untransformed and fourth root (

√√
) transformed data.

Analyses using untransformed data identify changes in the rela-
tive abundances of the few numerically dominant species, while
the use of

√√
data increases the contribution of less abundant

species and thereby provides a broader reflection of whole com-
munity responses (Clarke and Green, 1988). As such, the heavily
transformed data are more indicative of potential changes in
species diversity. The PERMANOVA models were built using two
crossed, fixed factors: Zone (four sites) and Sampling Time (seven
sampling periods) and testing carried out on main effects and
one-way interactions using the PERMANOVA+ routines (beta ver-
sion; Anderson et al., 2008; Anderson, 2001), and PRIMER 6. The
presence of significant interactions between main effects neces-
sitates the more piecemeal treatment of the different Zones.
The RELATE routine was thus used to conduct pairwise com-
parisons of community structure though time, between the four
zones.

3. Results

3.1. Impact of CO2 release on community diversity, abundance
and biomass

The macrofaunal communities in all of the four sampling
zones were typical of those communities that inhabit shallow
coastal fine sand sediments in northern temperate regions (e.g.
Kendall and Widdicombe, 1999). Several species of polychaetes
dominated the fauna numerically, particularly Exogone hebes,
Prionospio fallax, Chaetozone christei, Tharyx killariensis and Eucly-
mene oerstedii. In addition, high numbers of the bivalve mollusc
Thyasira flexuosa and the crustacean Tanaopsis graciloides were
also observed. A total of 203 species were identified from across
the study. Prior to the start of the CO2 release, average levels
of sample diversity and abundance were similar across all zones
(Fig. 1).

Throughout the course of the experiment, both diversity and
abundance changed significantly with time, and the nature of these
changes differed between the four sampling zones (Fig. 1, Table 1).
In Zone 1, at the epicentre of the leak, there appeared to be a strong
negative response to the CO2 release, with both diversity and abun-
dance exhibiting marked reductions through the release period
and for a short period afterwards, followed by a steady recovery
once the CO2 gas release was stopped at D35/R0, (Fig. 1). All of the
other three zones showed a different pattern to Zone 1 but were
highly similar to each other; after an initial increase in both diver-
sity and abundance there are two time points (R7 and R90) which
show distinct reductions in the number of species and individuals.
This would indicate that something other than the CO2 release had
affected these zones at these time points.

Total biomass also exhibited differences in the temporal pat-
terns between zones (Fig. 2, Table 1). As was seen for diversity and
abundance, biomass exhibited a decline in Zone 1 during the CO2
release, followed by a steady recovery. The pattern of change in
biomass in the other zones showed more variability but, generally,
no clear response to the CO2 release was observed (Fig. 2). Whilst
both decalcified biomass and the total mass of CaCO3 varied in sim-
ilar ways to each other and to total biomass in each of the zones,
there was no obvious trend seen in the % of total biomass made up
of CaCO3 (Fig. 2). This would indicate that the changes observed
during this study, both those induced by the CO2 release and those
driven by other factors, were not limited solely to calcifying orga-
nisms.
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Fig. 1. Changes in community diversity and abundance before, during and after the
sub-seabed CO2 release, indicated by number of species and individuals per sample
at  each sampling time point (mean ± 95% CI). The shaded area marks the period of
active CO2 release.

3.2. Impact of CO2 release on macrofaunal community structure

PERMANOVA analysis conducted on the whole, untransformed
species abundance dataset showed significant effects of both zone
(Pseudo F = 4.9275, P(perm) = 0.001) and sampling date (Pseudo
F = 7.0376, P(perm) = 0.001), as well as a weaker yet significant
interaction between the two  (Pseudo F = 1.8303, P(perm) = 0.001).
This would indicate that the numerically dominant species within
the macrobenthic communities changed significantly between
sampling points and that these changes were different depend-
ing upon which zone was being sampled. When the data were
heavily (

√√
) transformed, thus increasing the influence of less

abundant species, the results were similar with both Zone (Pseudo
F = 4.5011, P(perm) = 0.001) and sampling date (Pseudo F = 6.732,
P(perm) = 0.001) showing significant effects. Again there was a
weaker yet significant interaction between to two  main factors
(Pseudo F = 1.5813, P(perm) = 0.001).

The nMDS plots (Fig. 3) corroborate the PERMANOVA results,
illustrating that the macrofauna community structure across all
four sampling zones exhibited strong temporal patterns, with evi-
dence that these patterns also differed between the zones. The
macrofauna at time points R7 and R90 were noticeably different
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Table  1
Main and interactive effects of sampling position (Zone) and sampling time (Day) on indices of macrobenthic community abundance, diversity and biomass. Significant
PERMANOVA Pseudo-F values (P(perm) < 0.05) are highlighted in bold.

Number of species Number of individuals Wet  weight Decalcified wet weight CaCO3 mass %CaCO3

Data transformation None None Square root Square root 4th root None
Zone  4.7172 5.153 9.1522 11.634 5.7386 5.9809
Day  26.851 24.767 2.3116 3.6507 2.0456 2.9594
Zone*Day 4.72 4.7025 2.774 2.8426 2.2579 1.1167
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Fig. 2. Changes in community biomass before, during and after the sub-seabed CO2 release as shown by the average (± 95%CI) total wet weight biomass, decalcified wet
weight  biomass, mass of CaCO3 and the % contribution of CaCO3 mass to the total wet weight biomass per sample at each sampling time point. The shaded area marks the
period  of active CO2 release.

to the other samples in Zones 2, 3 and 4 (Fig. 3). Whilst in Zone 1
the most noticeably different samples occur at time points which
coincide with the end of the CO2 release period. These community
level results are in agreement with the responses seen in diver-
sity, abundance and biomass. The nMDS plots also suggest that the
communities follow strong serial patterns of change and that over
a yearly cycle these patterns are cyclical in all zones except Zone 1.
This is confirmed by the use of the RELATE function (Table 2).

These serial and cyclical temporal patterns are likely to be
largely driven by seasonal changes, this would indicate that the
changes in community patterns occurring at Zone 1 are likely to

be caused by something other than the normal seasonal responses.
To explore this possibility, pairwise comparisons between zones
were conducted (Table 3). These analyses confirmed that that each
zone had a characteristic pattern of change over the study period
(Table 3).

However, the inclusion of data from one year after the experi-
ment started may  have exerted a disproportionately large seasonal
effect over the data and therefore masked any shorter term
responses to the CO2 leakage. To assess this, data from 9th May
2013 (R365) were removed and the pair-wise comparisons of com-
munity response were again compared using RELATE (Table 4). The

Table 2
Values of Rho (significant levels in parentheses) for assessments of seriation and cyclicity in community changes through time at each of the four Zones using RELATE.
Analyses conducted on both untransformed and double square root transformed species abundance data. Bold values indicate where the change in community structure did
not  follow a serial or cyclical pattern.

Untransformed
√√

transformed

Seriation Cyclicity Seriation Cyclicity

Zone 1 0.064 (0.5%) 0.221 (0.1%) −0.026 (12%) 0.161 (0.1%)
Zone  2 0.043 (0.9%) 0.144 (0.1%) 0.055 (0.9%) 0.164 (0.1%)
Zone  3 0.002 (5.4%) 0.119 (0.1%) 0.039 (1.5%) 0.119 (0.1%)
Zone  4 0.118 (0.1%) 0.156 (0.1%) 0.067 (0.1%) 0.081 (0.1%)
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Fig. 3. Non-linear Multi-Dimensional Scaling (nMDS) ordinations illustrate the overall changes in community structure across the whole study area (large plots) as well as
for  each of the four Zones separately (small plots). Plots are presented from analyses on untransformed (left) and

√√
transformed data. Each data point represents the pooled

replicate samples for each zone/time point combination. Arrows in subplots connect consecutive time-points, illustrating the passage of time in relation to Bray–Curtis
similarity between points (distance).

Table 3
Values of Rho (significant levels in parentheses) for pairwise comparisons of com-
munity structure changes with time between each of the four zones using RELATE.
Analyses conducted on both untransformed and double square root transformed
species abundance data. Bold values indicate where community patterns are not
significantly similar.

Untransformed Zone 1 Zone 2 Zone 3

Zone 2 0.086 (1.7%)
Zone 3 0.098 (1.1%) 0.345 (0.1%)
Zone 4 0.117 (0.3%) 0.080 (1.8%) 0.211 (0.1%)

Transformed Zone 1 Zone 2 Zone 3
Zone 2 0.061 (3.9%)
Zone 3 0.072 (5.9%) 0.387 (0.1%)
Zone 4 0.074 (3.6%) 0.192 (0.1%) 0.402 (0.1%)

removal of R365 data did little to alter the results when considering
the numerically dominant species (untransformed data). However,
when the effects on the less abundant species were given more
weight (4th root transformed data) it was clear that the pattern of

Table 4
Values of Rho for pairwise comparisons of community structure changes with time
between each of the four zones using RELATE. Data for 9th May 2013 (R365) have
been removed from the analysis. Analyses conducted on both untransformed and
double square root transformed species abundance data. Bold values indicate where
community patterns are significantly different.

Untransformed Zone 1 Zone 2 Zone 3

Zone 2 0.064
Zone 3 0.108 0.276
Zone 4 0.109 0.085 0.277
4th  root Transformed Zone 1 Zone 2 Zone 3
Zone 2 0.035
Zone 3 0.048 0.311
Zone 4 0.007 0.161 0.428

community change in Zone 1 was significantly different to each of
the other three zones over the period more corresponding to the
release of CO2 and the immediate, subsequent recovery period.

Analysis on
√√

transformed abundance data was  used to deter-
mine which species were most responsible for the large differences
(average dissimilarity = 71.18%) in community structure seen in
Zone 1 between samples taken prior to the release of CO2 (DP)
and those take after 35 days of CO2 release (D35). The species with
the single largest contribution to the dissimilarity between these
sampling times was a polycheate (Chaetozone christei). However,
even this species only contributed 3.65% of the total dissimilarity,
with a further 53 taxa required to make up 90% of the dissimilarity.
This indicates that the changes in community structure seen in Zone
1 between the sampling times DP and D35 are caused by reduced
abundances in almost all of the species present. This would sug-
gest that the leakage induced acidification occurring within Zone
1 after 35 days was sufficiently severe to negatively impact upon
organisms that are traditionally considered to be fairly tolerant to
elevated levels of CO2 (such as annelids) as well as species more
commonly considered as sensitive to high CO2 (such as echino-
derms and molluscs).

3.3. Impact of CO2 leakage on different sediment reworking
functional types (Fti)

All of the different functional types showed strong temporal
variability in abundance during the study period with additional
spatial variability seen between zones (Fig. 4). Despite this vari-
ability, the impact of the CO2 leakage can still be observed in
Zone 1 with a reduction in the abundances of biodiffusers, surficial
modifyers and upward conveyers during the release period. These
functional types follow the general patterns observed between the
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Fig. 4. Changes in the abundance (average number of individuals per core ± 95%CI) of different sediment reworking functional types (Fti) before, during and after the
sub-seabed CO2 release. The shaded area marks the period of active CO2 release.

zones displayed by overall macrofauna abundance (Fig. 1). How-
ever, no apparent impact in Zone 1 is observed for the downward
conveyer species, with perhaps only weak evidence of impact in
species that convey particles both upwards and downwards.

4. Discussion

The controlled sub-seabed leakage of CO2 in this experiment had
a significant negative impact on the structure and diversity of the
resident macrofauna community in the immediate vicinity of the
leak (Zone1). This negative impact consisted of an overall reduc-
tion in species diversity, abundance and biomass. It was evident
that the impact was experienced by the majority of macrobenthic
organisms and not restricted to only calcified taxa, although some
functional types (downward conveyers) appeared less effected

than others. However, the impact was highly localised and com-
munity recovery, after the CO2 release was  stopped, was  rapid. In
the reference sites, strong temporal changes were observed in all
community attributes that were at least as large as those induced
by the CO2 leakage.

4.1. The potential extent and severity of the CCS leakage impact
on sediment macrofauna

In this study, the impacts of released CO2 on the res-
ident macroinfauna were significant but extremely localised,
with impacts being only observed within the area of active
bubble release. This is perhaps unsurprising given that no
physico–chemical effects were detected outside of Zone 1 within
the sediment or in the overlying water (Lichtschlag et al., 2014;
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Atamanchuk et al., 2014). Although no plume of acidified bottom
water was seen outside Zone 1 in the current study, exposure to a
CO2 rich plume have been mimicked in previous mesocosm studies,
and the impacts on sedimentary chemistry and sediment commu-
nities have been evaluated. These studies, have observed significant
reductions in community diversity and abundance (Widdicombe
et al., 2009) as well as changes in pore water chemistry (Queirós
et al., 2014a,c). However, these laboratory experiments suggest that
significant impacts may  not be seen until the pH of the seawater
has dropped below 7, and then only after a few weeks of continu-
ous exposure. In the current study, where pH did not drop below
this level in any of the zones, it was difficult to identify a specific
threshold at which impacts were observed, as no designated “treat-
ment” level could be determined. Although a comprehensive suite
of carbonate chemistry measurements were taken in and around
the leakage site (see Lichtschlag et al., 2014; Atamanchuk et al.,
2014; Taylor et al., 2014b), natural processes such as carbonate
buffering and sediment permeability, can reduce impacts on car-
bon chemistry and thereby under. However, based on the current
study, it would be safe to assume that in an area of active CO2 leak-
age, significant negative impact on macro-infaunal communities
could be expected. In addition, leaks larger than the one created
here would be needed to impact fauna outside of the active bubble
zone.

The advantage of field experiments over laboratory-based stud-
ies is that they provide opportunity to study biological processes
within a more realistic context. As part of this, it is possible to assess
large-scale ecological processes not testable in laboratories, such as
benthic community recovery. This is an extremely important con-
sideration for any impact related activity as it has a direct bearing
on the perceived environmental risk associated with that activity.
For example, if an impact is large but recovery from that impact
is rapid, the overall effect is less than would be if the impact had a
much longer legacy. For example, the spillage of oil or heavy metals
is rightly considered as having both a large immediate environ-
mental impact whilst also having a sustained legacy of toxic effects
due to the long time these substances will remain in the environ-
ment (Rogowska and Namiesnik, 2010). The current experiment
has shown that the chemical effects of CO2 leakage are not long
lasting, and that in the area of active leakage, all sediment- and
bottom-water chemistry parameters are back to normal within a
few weeks after the CO2 release is ended (see Lichtschlag et al.,
2014; Atamanchuk et al., 2014, Taylor et al., 2014b). The conse-
quences of this can be seen in the macrofauna data presented,
where a combination of a non-contaminated environment and a
relatively small area of impact resulted in a fairly rapid faunal
recovery. It appears likely that, in contrast to the effects of toxic
substances, the long-term consequences of CCS leakage are more
akin to defaunation events associated with periods of anoxia or
from the physical disturbance associated with trawling, which can
be reversed through re-colonization processes. The time taken for
this recovery may  however depend on the sedimentary habitat
type within which leakage occurs, depending on interplay between
the propagation of impacts though the sediment (Cevatoglu et al.,
2014), sediment type, and the inherent sensitivity of the species
inhabiting the sediment (Queirós et al., 2014a,c). The latter can for
instance have significant impacts on the recovery process, and com-
munities less adapted to disturbance may  be less able to recover
fully from defaunation events, as has been long established in the
fishing literature (Queirós et al., 2006; Hiddink et al., 2006). In
addition, the speed and nature of any recovery will be strongly
influenced by the rate of potential recruitment to the impacted area.

It should also be remembered that it is not always necessary for
communities to recover fully in terms of species diversity before
ecosystem function is completely restored. If the communities
which have been impacted contain a high degree of functional

redundancy or resilience, ecosystem function may  be retained
longer and recover quicker than in areas dependant on a few
specific species to perform particular functions e.g. bioturbation,
secondary production. Therefore, previously non-impacted areas
may  have greater functional resilience to leakage than areas where
diversity is already reduced due to other impacts such as demersal
trawling. Therefore, when considering the likely impact of leakage
in any given area, consideration must be given to the underlying
health and function of the resident community and whether exist-
ing environmental stressors could exacerbate to the impact of a
leak.

Given the current paucity of data on CCS leakage impacts and
recovery, in the short term, it may  be plausible to use data from
other relevant impact types to provide an estimate of the poten-
tial severity and longevity of effects (e.g. Kaiser et al., 2006).
While such studies provide information about recovery processes
in natural communities (e.g. lateral migration and re-colonisation),
different stressors lead different sorting of species to take place dur-
ing impact, according to sensitivity to each making comparisons
not entirely easy. In addition, existing well-established models of
faunal community recovery after disturbance (e.g. Pearson and
Rosenberg, 1978) may  also be applicable to a CCS leak scenario.
Of course, the caveat to this assumption is that firstly the CCS leak-
age will at some point be stopped, thereby allowing recovery to
start and that the transport of CO2 through the sediment has not
liberated any additional toxicants.

4.2. Macrofaunal impact was not restricted to calcifying species

In the current study, the impact of leakage was seen across
almost the entire macrobenthic community, with little evidence
that non-calcifying species were fairing any better than those
species which relied heavily on calcification. This is somewhat sur-
prising given that for many years it has been widely assumed that
that organisms which rely heavily on calcification, would be the
most negatively affected by CO2 induced seawater acidification pri-
marily due to the reduction in the saturation states of calcite or
aragonite (Fabry et al., 2008). Indeed, calcifying organisms need
to actively elevate the pH (by removal of H+) around the sites at
which biogenic calcification takes place, so that if surrounded by
seawater of reduced pH, this process should become energetically
more demanding. Consequently, to maintain calcification rates in
the long-term organisms have to allocate more energy to this ion
removal process at the expense of other important physiological
processes (such as growth, reproduction, immune function), thus
reducing their likely survival (Pörtner, 2008; Wood et al., 2008).
However, non-calcifying organisms are also affected by changes in
seawater acidity, as many need to regulate the acid-base balance of
internal fluids to maintain a number of key pH sensitive physiolog-
ical processes (Kroeker et al., 2013). Indeed, long-term exposure to
acidification can, in addition to other stressors, modify important
aspects of species ecology unrelated to calcification, that hamper
their survival in the long run (Queirós et al., 2014b), and these can be
triggered in non-calcifying organisms. It may  however be that in the
current study, as the active leak only persisted for a few weeks, the
high CO2 conditions did not persist for long enough to effectively
disadvantage calcifying over non-calcifying species. If this is the
case, it could be that any biological indicators of leakage which rely
on aspects of calcification e.g. the ratio of calcified to non-calcified
species or the percentage of the total community biomass made up
of calcium carbonate (as tested here), may  be more suited to detec-
ting long-term (several months) leakage rather than as a rapid leak
detection tool. However, in this study, noticeable temporal changes
were observed in community biomass, CaCO3 mass and %CaCO3
within the three reference sites, which were considered unrelated
to the CO2 disturbance. This finding provides further evidence that
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the potential use of bio-indicators for assessing leakage requires a
good understanding of the natural temporal variability observed in
real ecosystems.

Although there was no obvious difference in impact between
calcifying and non-calcifying species, there was evidence that other
biological traits could influence an organism’s sensitivity to CCS
leakage. The current study has illustrated that organisms which
transport material from the sediment surface downward into the
sediment (downward conveyers) were less impacted by the CO2
release than other sediment mixing functional types (Fig. 4). One
explanation could be that because the majority of the CO2 impact
seen in the current study was within the sediment, with little
evidence of acidification in the overlying water, organisms which
maintained a strong exchange with the water column would be
less affected than organisms with a stronger interaction with the
surrounding pore waters (e.g. biodiffusers and upward conveyers).
By understanding the physical and chemical nature of leaks more
clearly, it may  be possible to predict biological impacts more accu-
rately by considering not only an organism’s physiology but also its
functional and behavioural traits.

4.3. Using macrofaunal community structure as part of an
effective environmental baseline and monitoring programme

Although often used interchangeably, the terms baselines and
monitoring actually refer to two specific, distinct activities, with
well-defined objectives. Here, baseline surveys are considered to
be those activities intended to provide the information needed to
assess the natural undisturbed condition in any area of interest,
and should include an appreciation of natural (spatial and tem-
poral) variability. It is against these natural, yet variable, baseline
conditions that any impact can be determined. In the current paper
the term monitoring refers to any regular environmental samp-
ling which is intended initially to detect the presence of a leak, or
any associated impact. Once a leak has been identified, additional
sampling can be employed to determine and quantify the scale and
consequences of that leak.

Measures of macrofaunal community diversity and structure
have long been used by industry and regulators as effective envi-
ronmental monitoring tools for a variety of potential stressors in the
marine environment. By observing significant and rapid impacts on
the macrofauna around the leak site (Zone 1), the current study has
demonstrated a potential for these tools to also be applied in mon-
itoring for the impacts associated with sub-seabed leakage of CO2.
However, the current study also highlights a number of key issues
that need to be considered when aiming to design an effective
monitoring programme.

Firstly, the spatial extent of impact in this experiment was
extremely small, with few discernable effects in Zone 2; only 25 m
from the epicentre of the leak. The leakage flux created in this
experiment was at the lower end of hypothesised leakage rates for
testing scenarios (equivalent to a hypothetical leakage via a well
bore) and other, larger leakage scenarios have been proposed (IEA,
2008). However, this study illustrates the point that leakage impact
can be highly localised and that it is important not to rely solely
on macrofaunal sampling as a primary leak detection tool. Instead,
macrofaunal monitoring is best targeted in defined areas, or around
structures, where a greater risk of leakage has been predicted; e.g.
old wells or active platforms, or in areas of particular ecological
value or sensitivity. For larger areas there are other methods of
identifying leaks (Blackford et al., 2015) such as passive acoustics
(Leighton and White, 2012, Berges et al., 2014), chemical detection
(Lichtschlag et al., 2014) or other biological tools e.g. changes in the
distributions of large megafauna or the presence of microbial mats
(Kita et al., 2014; Tait et al., 2014). Once a leak has been detected,

Fig. 5. Wind speed data from the SAMS weather station for the period of the release
experiment.

macrofauna sampling could then be employed to determine the
spatial extent and the environmental severity of that leak.

Secondly, the current study highlighted the potential for natu-
ral environmental variability to influence the interpretation of what
constitutes an un-natural change in community structure. This was
demonstrated firstly by the large amount of variability between
sampling time points in the three reference areas (Zones 2, 3 and
4) and secondly by the large, sudden reductions in macrofaunal
abundance and diversity (Fig. 1) and changes in community struc-
ture (Fig. 3) seen in the reference zones on R7 and R90. By looking at
weather data provided by the Scottish Association for Marine Sci-
ences (Fig. 5) it seems possible that these “natural” impacts could
have been influenced by storms, which occurred in the area dur-
ing the course of the QICS experiment. However, the correlation
between the storms and the faunal responses are not perfect and
highlight the fact that natural biological change will be driven by
a multitude of environmental factors. For example, in Zones 3 and
4 highest diversity and abundance was seen around D35 and this
is likely to have been driven by a natural benthic response to the
annual spring phytoplankton bloom (e.g. Zhang et al., in press).

Clearly then, marine ecosystems, and the organisms they con-
tain, can be strongly influenced by processes that exhibit strong
temporal cycles. The frequency over which these cycles can operate
can vary from daily (e.g. day/night; high/low tide) to decadal (e.g.
NAO) effects, with weekly (e.g. spring/neap tides) and monthly or
seasonal (e.g. reproductive seasons, summer/winter, phytoplank-
ton blooms) effects nested within. Added to these cycles can be
large stochastic events, such as storms, which further add to the
“noise” of a natural, healthy marine ecosystem. This is further com-
plicated by not knowing when or where a leakage or impact may
occur. In such a situation simply identifying whether the commu-
nity has changed between two time points will not be sufficient to
demonstrate that no impact has occurred, leaving open the possi-
bility for natural changes in the ecosystem to be wrongly attributed
to anthropogenic drivers. Consequently, to support the application
of macrofauna community sampling as an effecting CCS environ-
mental monitoring tool it is essential that, in the area of study,
there is a strong understanding of what constitutes normal and
non-normal observations. There are potentially several ways to
achieve this understanding. The first would be to conduct a com-
prehensive baseline study for many years in advance of storage
which catalogues the natural variability within each of the habi-
tats within the area potentially affected by the CCS activity. This
activity would need to be repeated at regular intervals over the
full course of the storage project. It may  then be possible that,
for key ecosystem and environmental parameters (such as tem-
perature, production, biomass, nutrient concentrations etc) data
gaps between active sampling periods could be filled using existing
ecosystem models (e.g. ERSEM, the European Regional Seas Ecosys-
tem Model). Obviously this approach would be extremely costly so
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a possible alternative approach could be to identify some measures
of community health that are not affected by seasonal cycles. Over
the years several such indices have been proposed, for example ABC
curves (Warwick, 1986) and subsequently, significant progress has
been made in this area with novel indices based on community
abundance data, such as the AMBI (Borja et al., 2000; Muxika et al.,
2005), as well as measures of biodiversity such as Average Tax-
onomic Distinctness (Clarke and Warwick, 1998) which has been
shown capable of detecting an impacted sample without the need
for direct comparisons with an un-impacted reference site. How-
ever, the application of these indices and measures to CCS impact
has yet to be tested.

4.4. Conclusions

In summary, this study highlighted that even small CO2 leakage
in natural environments may  cause significant change to natural
macrofaunal communities. However, these effects were restricted
primarily to a small area near the point source of gas release.
While both sedimentary and community recovery was quick in the
present analysis, other studies have shown that impact and recov-
ery patterns can depend on a delicate interplay between habitats
and the composition of the natural communities. As such, while
the current study is a significant step forward in the assessment
of in situ risks associated with CCS implementation, a more com-
plete impact assessment will require that similar studies are carried
out in different types of habitats, inhabited by different species.
Until then, it appears that the natural variability observed in nat-
ural communities is at least comparable to the effects of small
localized leaks, as that simulated in the current study. This find-
ing provides some hope that CCS may  be a viable climate change
mitigation strategy, which may  bring reduced risks to the marine
environment, if leaks are small, rapidly detected and occurring in
more resilient habitats. Meeting these criteria will require adequate
baseline surveying of injection sites, and suitable environmental
monitoring programs.
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