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Abstract

Carbon capture and storage (CCS) has been proposed as a key method to limit carbon
dioxide emissions to the atmosphere whilst enabling the continued use of fossil fuel reserves.
However a leakage of CO, from transport or storage could have environmental and safety
implications. Monitoring of CCS systems is a further challenge, both to assure the public and,
should leakage occur, to enable mitigation and verification. This chapter reviews the current
state of knowledge regarding both environmental sensitivities and environmental (as
opposed to geological) monitoring and outlines the challenges for research over the next few
years. The current hypothesis is that significantly large leaks would be required to cause
noticeable damage in the ecosystem. On land the primary concern is for undetected leaks to
concentrate in topographical or built structures leading to health hazards. Monitoring of a
geological leak in the marine system will be informed by the appropriate application of
dispersion models and an understanding of baseline variability as well as the development of
monitoring tools that can be efficiently deployed.
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1. Introduction

Carbon capture and storage (CCS) has the potential to remove a significant proportion of
anthropogenically generated CO, and mitigate against the ensuing environmental and
economic cost of climate change. At the same time concern about environmental and health
impacts of leakage from CCS have, at least in part, curtailed several ambitions to develop
CCS demonstration facilities, mainly in terrestrial settings. There is accordingly a need to
understand and communicate the risks associated with long term geological storage and the
potential impacts on the environment, economy and health and safety. This dialogue would
also benefit from a contextual understanding, for example what are the probable
consequences of not mitigating CO, emissions, how do potential CCS impacts compare with
everyday anthropogenic impacts and what are the options for fulfilling energy requirements
over the next several decades? Another essential requirement for the successful deployment
of CCS is effective and trusted methods and strategies by which to monitor containment or
leakage. This is likely to require not only development of specialised tools but an
understanding of natural variability in CO, and related substances.

Understanding risk and consequence is a multi-faceted challenge. The risk can be defined
partly as a geologic issue but must also factor in transport integrity and accident potential.
Consequence analysis requires an understanding of geological migration and dispersal in
soils, sediments, water and the atmosphere as well as comprehending the impacts on
natural systems. Similarly monitoring techniques can be geophysical or based on shallow or
surface physical, chemical and biological signals.



Several research projects are currently addressing many aspects of these challenges, but
are hampered by a lack of direct observations. In this chapter, as well as reviewing the state
of knowledge about impacts in both terrestrial and marine environments, and monitoring
technologies, we review the utility of natural seep systems to elucidate what could happen if
a leakage occurred and describe what future initiatives would facilitate further understanding
in this area.

2. A generic approach to risks and impacts

When considering risk and potential impacts it is helpful to consider the Features, Events and
Processes (FEPs) that could be significant. Analysing the system in this way helps to ensure
that modelling studies represent everything that could be important, and ensure that field
studies are designed to yield information where it is most needed. There are many slightly
different formal definitions of these terms but fundamentally:

* A ‘Feature’ is a physical component of a system (a ‘fault’ could be a feature of the terrestrial
system).

* An ‘Event’ is a process that influences the evolution of the system over a time period that is
short compared to the time frame being considered (an earthquake might be considered to
be a relevant ‘event’).

* A ‘Process’ is a dynamic interaction between ‘Features’, which may operate over any
particular time interval of interest (dissolution of CO, in a near-surface might be considered
be a relevant ‘process’).

An online generic FEP database (Maul et al. 2005; Walke et al., 2011) is freely accessible
from the International Energy Agency (IEA) website (www.ieaghg.org). The database is
generic, in that it is not specific to any particular storage concept or location. The FEPs
included have been chosen for their relevance to the long-term safety and performance of
the storage system after CO; injection has ceased, and the injection boreholes have been
sealed.

3. Impacts and risks relating to the marine system

In agueous media, CO, dissolves rapidly and dissociates into bicarbonate and hydrogen
ions, the latter decreasing pH and combining with carbonate ions to form more bicarbonate.
Hence any biological process that is dependent on bicarbonate or carbonate ions, or
impacted by pH, is vulnerable to changes in CO, concentration. In brief, excess CO; in
marine systems can enhance photosynthesis, inhibit the maintenance of carbonate based
structures (e.g. shells and corals) and undermine many physiological processes that are
sensitive to pH.

Dispersion of CO, plumes in seawater is a complex process. Initially highly buoyant gaseous
CO, dissolves rapidly, forming potentially dense plumes of high CO, water that will tend to
sink in the water column. Dispersal of plumes, especially in regions like the North Sea, will be
strongly influenced by tidal mixing as well as residual currents. Model based studies
(Blackford 2008; Chen et al 2005) indicate that dispersion can be relatively rapid so that only
the epicentre of a leak event would be strongly impacted. However, tides and currents will
combine to impart a complex dynamic in plume behaviour such that the CO, concentration
and pH is prone to oscillate at any given point in space. Clearly any leak event will be unique,
depending on flux rates, tidal state, currents and season.

Thus current evidence would suggest that if leaks were to occur they would tend to be
localised and therefore more likely to impact upon those organisms that are unable to move
away from the source of CO.. In this respect, organisms that are restricted to a specific
habitat or that have limited horizontal mobility are likely to receive the highest exposure. For
the most part this would mean that sessile, benthic organisms are more likely to be affected
by CO, leakage than mobile pelagic ones. In addition, it is predicted that rather than a rapid



stream of CO, passing through the seafloor, leaks could take the form of a slow dispersive
transport through the sediment. This would lead to an acidification of the sediment pore
waters and a strong impact on sediment dwelling (infaunal) organisms. The formation of
higher density plumes of CO, enriched seawater suggest that, in most types of potential leak,
benthic organisms will be most heavily exposed to elevated levels of CO,.

Unlike many other pollutants, CO, also occurs naturally, throughout the marine (and
terrestrial) environment. In sediment systems in particular, large gradients in CO, can occur
over very small spatial scales with marine organisms being exposed to changes in pH of over
1 unit (see Widdicombe et al., 2011, for a review). Consequently, controlling internal levels of
pH and CO, is an integral part of marine organism physiology (see Portner 2008; Portner et
al 2011) and many infaunal organisms have developed physiological and/or behavioural
mechanisms designed to cope with short-term variability in seawater carbonate chemistry
(e.g. acid-base buffering, metabolic depression or changes in respiratory behaviour).
However, these mechanisms are only effective within specific ranges of pH and CO, and the
largest changes in seawater chemistry predicted to occur in association with leakage events
could swamp these mechanisms, resulting in significant impacts on organism health, activity
and ultimately survival. In addition, the mechanisms used by many organisms to cope with
elevated CO; levels often come at a metabolic cost and need to be supported by either
increased feeding or by diverting energy away from other physiological processes (e.g.
growth or reproduction). This would mean that in situations where resources are limited,
even small changes in seawater chemistry, if maintained for long enough, could result in
negative effects on key ecological processes and a subsequent loss of either organism or
population fitness (Blackford et al, 2010).

The effectiveness of physiological and behavioural mechanisms and the ability to assimilate
and redistribute energy will vary between different taxa. This will naturally lead to a range of
different tolerance levels between the species that make up the resident community (see
Wicks & Roberts, 2011). For example, organisms that are dependent on heavily calcified
structures may need to spend more energy on maintaining these structures than non-
calcified species. Consequently, exposure to elevated CO; is likely to cause a shift from
calcified to non-calcified organisms and, given the predominance of calcified groups in
marine communities, this is likely to cause a decrease in species as well as functional
diversity. This community level response has been seen in mesocosm experiments
(Widdicombe et al 2009; Hale et al 2011) as well as studies conducted around natural CO,
seeps (Hall-Spencer, 2008). These studies also demonstrate that changes to community
structure and diversity following a leak cannot be predicted by assessing the tolerance of
individual species in isolation and assuming these will hold true in a natural setting. For
example, recent exposure experiments on natural communities have shown that, despite
previously being shown to be negatively affected by exposure to elevated CO; (e.g. Thistle et
al., 2007), the abundance of nematode worms increased under high CO, conditions
(Widdicombe et al 2009; Hale et al 2011). The authors concluded that this increase in
abundance was due to the nematodes being released from ecological pressures, such as
competition or predation, due to the reduced abundance of other infaunal species in these
high CO, treatments.

When considering the potential biological impacts of leakage it is also important to consider
whether organisms are likely to be exposed to any other environmental stressors or
pollutants, in addition to the elevated levels of CO, and changes in seawater chemistry. For
example, as the CO, passes through the sediment it may act to liberate and transport other
harmful substances such as methane, heavy metals and hydrogen sulphide. For CO, storage
situated in or near oil or gas reservoirs, leaking CO, may also bring with it hydrocarbons and
other drilling related pollutants. Currently there are few data published which quantify the
potential interactions between CO, and these other pollutants. However, using evidence from
the few studies that have been conducted, simultaneous exposure to both CO, and



pollutants can be expected to exacerbate the biological impact of leakage (Widdicombe et
al., submitted). Much more evidence exists with respect to the interactive effects of CO, and
other environmental stressors, such a temperature, hypoxia and salinity. In many of the
studies conducted to date, an organism’s vulnerability to CO, is increased when exposure is
combined with these other environmental stressors. In particular, an organism’s window of
thermal tolerance and its general level of aerobic performance can be drastically reduced by
exposure to elevated levels of CO, (Pértner & Farrell, 2008; Pdrtner, 2010).

It is not just multi-cellular organisms that could be impacted by leakage; elevated levels of
CO, have also been shown to have significant effects on the structure and function of
sediment dwelling microbes, both bacteria and archea (Tait et al, submitted). This, in turn,
will impact upon the key biogeochemical processes these microbes support, such as
elemental cycling, primary production and waste degradation. In a recent study, Tait et al
(submitted) showed that rates of ammonium oxidation can be significantly altered by high
levels of CO,, primarily through the differential effects of CO, on bacteria and archea. This
study also demonstrated that the potential impact of leakage on nutrient cycling is likely to be
governed by the nature of the microbial community already present at the leakage site. The
direct impacts of CO, on microbes could be further exacerbated by changes in sediment
mixing (bioturbation) performed by burrowing macrofauna. Bioturbation is a key process in
structuring microbial communities (Laverock et al. 2011) and the nature and intensity is
dependent on the types of bioturbators present and the levels at which each of these types
are performing; both of which can be altered by elevated levels of CO,. However, it should
also be noted that not all microbes will be negatively impacted by leakage. Those organisms
that consume CO, (e.g. cyanobacteria) or those that consume other substances that could
be liberated by any leakage (e.g. methane or sulphide) may increase in function and activity.

In addition to sediment systems, there are other important benthic ecosystems that could be
affected by leakage. In particular, those habitats which rely heavily on calcification for the
provision of structural integrity could be badly impacted. These biogenic habitats (Figure 1)
include coral reefs (warm water and cold water varieties), calcifying algae (such as the mearl
beds) and large aggregations of molluscs (e.g. mussel beds). All of these habitats support
high levels of associated biodiversity and could be vulnerable to exposure to high levels of
CO,. However, there are non-calcifying species that provide biogenic habitats (e.g.
seagrasses) and these have been shown to flourish under high CO, conditions (e.g. Hall-
Spencer et al 2008). Although, even in these habitats, whilst the key habitat providing
species flourishes, the associated cryptic fauna is still negatively impacted and biodiversity is
lost.

4. Impacts and risks relating to terrestrial systems.

In its gaseous phase, CO; is relatively unreactive, the main potential effects stem from
impacts on photosynthesis — which may be positive at moderate levels, and its action as an
asphyxiant, at high concentrations, preventing respiration. In this section consideration is
given to the risks and potential impacts if CO, from a geological storage system were to
return to the surface in a terrestrial environment

Of the eight categories of FEPs detailed in section 2, two directly relevant to the scope of this
section:

e The ‘Near-Surface Environment’ category of FEPs is concerned with factors that can
be important if sequestered CO, returns to the environment that is accessible by
humans. This includes a sub-category for the terrestrial environment and human
behaviour.

e The ‘Impacts’ category of FEPs is concerned with endpoints that could be of interest
in an assessment of performance and safety. An example of a FEP entry in this
category is shown in Figure 2.



4.1 CO; Transport in the Near-Surface Environment. When CO, enters the near-surface
environment from the geosphere below, as it is denser than air it may ‘pond’ on top of the
water table and migrate laterally, as illustrated in Figure 3. CO, will only break through at the
surface when surface topography and the top of the CO; layer intersect, as is typically
observed in local depressions and near rivers and springs, or where there are high localised
fluxes of CO, from depth. There is the potential for the CO, to decrease the pH of potable
waters and potentially mobilise certain contaminants, such as heavy metals, from solid
phases in the rocks or sediments (e.g. Lu et al. 2010).

4.2 Potential Environmental Impacts. As discussed by West et al. (2005), although
extensive physiological research is available, the environmental impacts of elevated CO,
(whether through slow or catastrophic release) on terrestrial ecosystems are poorly
understood. Essentially, respiratory physiology and pH control are the primary physiological
mechanisms controlling responses in organisms to elevated CO, exposures. Information is
available from a diverse research base including physiology, food preservation and botany;
these data, however, are mostly from studies on organisms exposed to either slightly
elevated concentrations of CO, or the high concentrations that give a lethal response.

Current research (for example the European Union project RISCS; Research into Impacts
and Safety in CO, Storage; http://www.riscs-co2.eu/) aims to develop the knowledge base
necessary to assess the potential impacts of leaks on near-surface ecosystems. As part of
this project potential receptor classes have been defined for European terrestrial
environments and these are summarised, together with potential impact mechanisms, in
Table 1.

In a related study, Roberts et al (2011) quantifies the risk of human fatality at natural seeps
onshore in Italy. This work demonstrated the relatively low risk of mortality even at largest
seeps. However, these risks really describe the risk of mortality at a site where a seep has
already been identified — not a newly emerging seep. Natural seeps in West Africa further
confirm this (Smets et al, 2010) where most fatalities occur to travellers through a region who
are unaware of the threat. This suggests that we can manage the risks of mortality at
onshore storage sites by surface monitoring to identify any new seeps.

5. An ecosystem services description of economic impacts

The economic impacts of leakages, and the impacts of these leaks on society, are likely to
be important determinants of whether CCS will be developed and make a contribution to
climate change abatement strategies (van der Zwaan and Gerlagh, 2009). Understanding the
economic and societal impacts of leaks can potentially be achieved through the assessment
and valuation of ecosystem services. Ecosystem services are “the aspects of ecosystems
utilised (actively or passively) to produce human well-being” (Fisher et al., 2009, p. 645).
According to the Millennium Ecosystem Assessment ( 2003), they can be categorised into
four broad functional groups (Table 2): provisioning services, which are the products we
obtain from the environment, such as food, fuel wood and other natural resources; regulating
services, which are the outputs of processes that regulate ecosystems, such as a regulated
climate, clean water and air; cultural services which generate largely non-material benefits
such as cultural diversity, knowledge systems and opportunities for leisure and recreation;
and supporting services which are the processes and functions that underpin all the other
ecosystem services, including nutrient cycling, primary productivity and the provision of
habitat for other species. Due to concerns over double counting (e.g. Boyd and Banzhaf,
2007), ecosystem service valuation only focuses on provisioning, regulating and cultural
services (because the value of supporting services are implicit in the value of all other
services); however, understanding how leakages of stored CO, may affect supporting
services is critical. Any change in supporting services will have implications for provisioning,
regulating and cultural services. For example, many marine benthic organisms, soil



organisms and organisms living in freshwater sediments are effective bioturbators, burying
and transforming waste products within sediments, contributing to the levels of oxygenation
in the sediments, the rate of decomposition of organic materials and the regeneration of
nutrients. They may also form a food supply for other species. All of these processes are at
the core of many ecosystem services that are valued by society for the contribution they
make to human well-being. The relationships between these underlying processes and
functions and ecosystem services though, are often poorly understood.

5.1 Provisioning services: The area impacted by an individual CO, leak in the marine
environment is likely to be relatively small (Blackford et al., 2008). This suggests that the
implications for marine food provision are likely to be minimal. Mobile marine organisms,
such as commercially important fish species, will simply be able to avoid areas in which
seawater acidity is likely to cause them some level of stress. Problems may only occur for
mobile species if CO, leaks occur in important breeding or nursery grounds, as juvenile
forms of some fish species have been shown to be sensitive to higher levels of seawater
acidity (Munday et al., 2010; Munday et al., 2009). The implications for sessile organisms,
such as shellfish, with close proximity to the leak may be more severe as seawater
acidification is known to affect calcification, fertilisation success and development in some
species (Fabry et al., 2008; Gazeau et al., 2007).

On land, the loss of CO, through soils from natural vents has been shown to lead to the
death of trees (Farrar et al., 1995); early senescence and reduced photosynthetic capacity
(Cook et al., 1998); and in an experimental situation, to reduced biomass production in
pasture grass and poor germination in winter beans (Patil et al., 2010). If these findings can
be extrapolated to other plants, and in particular food crops, then there may be implications
for agriculture and food production; however, as with the marine environment, the area
affected by a leak is likely to be relatively small.

In addition to the production of food, CCS may also have implications for the provision of
freshwater. Although the CO, being stored may be relatively uncontaminated, it may interact
with minerals and potential pollutants within the storage site that may enter freshwater
supplies (Pires et al., 2011). CO, can cause the acidification of groundwater supplies,
affecting the quality of drinking water obtained from them (van der Zwaan and Smekens,
2009).

5.2 Regulating services: Depending on the scale of the leak, the degassing of CO, from
underground storage sites could potentially influence a number of regulating services.
Section 2 discusses how acidification of seawater and seabed sediment can affect marine
organisms responsible for bioturbation. Any loss of bioturbators may result in a reduction in
the level of burial and storage of waste products in marine sediments, including organic
matter (Solan et al., 2004). This may have implications for the control of waste and the
regulation of climate, as less CO, and other pollutants are locked away and prevented from
interacting with the environment. On land, any reduction in vegetation as a result of CO,
leakages may also reduce the amount of CO, that is sequestered from the atmosphere and
could potentially lead to a change in the hydrology of an area. Loss of vegetation cover is
known to increase runoff, which can contribute to soil erosion (e.g. Bosch and Hewlett,
1982). However, the impacts of CO, leaks in both the marine and terrestrial environments
are likely to be contained within relatively small areas; consequently the effects of leaks on
these regulating processes which function at a global scale are likely to be minimal.

5.3 Cultural services: The benefits generated from cultural services are often non-material
in nature and are related to individuals’ beliefs and values. Any impacts of CO, leaks on
these non-material benefits is likely to be closely related to the perceptions the public holds
for CCS and hence their support for CCS projects. Most studies of public perceptions for
CCS have indicated that the public have little knowledge of it (Huijts et al., 2007; Shackley et



al., 2009). Consequently it is difficult to assess how a CO, leak might influence their values
and beliefs; although it can be supposed to have a similar impact as other pollution incidents.

Another important cultural service is the opportunity the environment provides for leisure and
recreation. CO; leaks are unlikely to have any effect on leisure and recreation, especially in
the marine environment, due to the depth at which storage occurs and their distance from
shore. The same is true for land-based activities, unless a leak occurs in a popular
recreational site. Degassing of CO, from naturally occurring sources has been responsible for
symptoms of asphyxia (Farrar et al., 1995) and death in people and animals (Roberts et al.,
2011). This risk, however, is minimal and is much higher during other stages of the CCS
process (Ha-Duong and Loisel, 2010) and from other activities, such as car accidents
(Roberts et al., 2011)

The above discussion suggests that CCS site selection needs to be considered with
reference to fish nursery habitats or shellfish beds, important agricultural ground and
essential freshwater aquifers. Leaks, however, may not occur at the site of injection of CO,
into the storage site, which implies a need for monitoring of storage sites to ensure any leaks
are quickly identified and appropriately managed (e.g. to restrict access to areas affected by
leak). The potential impacts of CO, leaks also need to be placed in context. Within the
marine environment, fishing activities, in particular demersal trawling, may significantly alter
marine benthic communities (Jennings and Kaiser, 1998), yet some areas of seabed (e.g.
within the North Sea) are trawled more than once a year (Mills et al., 2007) and this has been
the case for decades. The impacts of CO, leaks will be on a substantially smaller scale.

6. Monitoring and mitigation of storage sites

Strategies and technology for monitoring, measurement and verification (MMV) of offshore
carbon capture storage sites will be largely determined by: (1) the nature and scale of the
storage site, and (2) the status and need of the monitoring whether it be baseline surveys,
verification of reservoir containment, or quantification of CO, leakage. Potential storage sites,
comprising either depleted hydrocarbon reservoirs or saline aquifers, impart important limits
on MMV strategies and technology. Here, given storage sites in the UK are predominantly
offshore, we restrict discussion to marine environments, although the general principles
outlined will apply to terrestrial environments as well. In the context of the North Sea,
depleted reservoirs will typically have an aerial extent of 250-400 km?, overlain with an ocean
volume of the order of 25-40 km?®, have an array of cap seal penetrations (in the form of
abandoned wells), and a cumulatlve storage capacity of >28 Gt of CO, sequestered by 2050.
Saline aquifers will typlcally have an aerial extent of >22,000 km?, overlain by an ocean
volume of >2000 km?, and a theoretical storage capacity exceedlng 50 Gt of CO, (Senior,
2010). Such storage optlons lead to potential leakage scenarios ranging from high discharge
(e.g. >200 tonnes d”') point source leakage (due to acute well-casing leakage or hydro-
fracturing of a seal cap) in a relatively small depleted reservoir site, through to low discharge
(e.g. <20 tonnes d™), dispersed source discharges from an extensive saline aquifer system.
Such a continuum of leakage scenarios necessitates diverse, and responsively staged
monitoring.

Current and proposed regulatory monitoring practice (EU Carbon Capture Storage Directive
2009) places significant emphasis on “deep” geophysical monitoring of the reservoir
containment formation, integrity of the capping seal, and migration of CO, within the
reservoir, typically at sub-seafloor depths of 800 — 2000 m. As demonstrated at the Sleipner
storage site, repeat seismic reflection surveys (termed “4D” seismic) have proven to be an
excellent method of intermittently imaging progressive dispersion of CO, within the reservoir
(Chadwick et al 2009), where differences in reflector amplitude and velocity “pushdown”
(e.g., Shi et al., 2007) are interpreted as CO; fluid within intra-reservoir beds. Other
geophysical techniques including passive micro-seismicity recording, seafloor gravimetry,
controlled source electromagnetics, and even bore-hole or arrayed bore-hole electrical



resistivity tomography and electromagnetic monitoring have been proposed with varying
assessments of cost and applicability. All these methods rely on changes of a geophysical
parameter due to varying saturation with supercritical CO,, whether it be acoustic
impedance, electrical resistivity, or rock density, being used either qualitatively to image CO,
migration, or quantitatively inverted into predicted CO, volumes. The latter is predicated on
knowing the quantitative relationship between CO, saturation and change in the geophysical
parameter. Whether such geophysical inversions will be sufficiently sensitive to determine
volumes of potential CO; loss from the containment formation for the purposes of regulation
and carbon emission trading is an open question.

If CO, leakage occurs from the containment formation (Figure 4), monitoring at the seafloor
and shallowest sub-surface provides two additional significant opportunities for monitoring of
offshore carbon capture storage sites. The first is that in many circumstances it is probable
that initially pre-cursory fluids will be emitted at the seafloor before CO, due to the buoyancy
pressure of CO, displacing stratigraphically higher fluids. Such pre-cursory fluids would
include displaced formation brines and reduced pore fluids within unconsolidated, shallow
sub-seafloor sediments. Both brines and reduced pore fluids have characteristic chemical
signatures, with the former having elevated temperature and salinity, and the latter having
higher Mn, ferrous Fe, acidity, H,S, and lower dissolved oxygen. The second significant
monitoring opportunity lies in the fact that the seafloor, and to a lesser extent the overlying
ocean, provide a site for more direct and quantitatively explicit measurement of CO, flux
(both as free gas and dissolved phases) that is potentially more sensitive for measurement
and verification of CO, leakage. Physical and chemical signatures of CO, loss from the
seafloor, either as direct CO, measurement, a decrease in pH, or emission of gas bubbles,
are arguably more tractable both in the sense of making the observation and understanding
its relationship to CO, volume loss.

Such monitoring opportunities of the seafloor and overlying ocean are stimulating
considerable research of potential physical and chemical processes that would signify CO,
leakage. Physical techniques are principally developing around passive and active acoustic
bubble detection that would resolve the free gas leakage. Passive detection uses
hydrophones to acoustically detect bubble oscillation and expansion during ascent from the
seafloor, while active sonar record the acoustic back-scatter response of ascending gas
bubbles. Theoretical considerations demonstrate that both passive and active multi-
frequency acoustic data can be inverted to determine bubble size populations (Leighton and
White, 2011), which if combined with bubble ascent velocity could yield a gas flux, though it
is known that at least for methane bubbles, both gas and any surface skin hydrate
compositions can change during ascent (e.g., Greinert et al 2006). Similarly, high-frequency,
broad band 400 Hz — 24 kHz seismic profiling may provide a method to image shallow, CO,-
charged sediments. Chemical techniques principally determine changes in marine carbonate
chemistry (e.g., CO, directly or pH) or pre-cursory saline or reduced pore-fluid signatures
described above.

These chemical and physical techniques require the development of both new instruments
and sensors, and “underwater platforms” capable of low-cost, long-term, and sustained
observing with delayed or real-time data telemetry. For chemical sensors, newly developed
techniques in solid state optical-transistor (e.g., Garcia and Masson, 2004) and microfluidic-
reagent reaction sensors (e.g., Floquet et al., in press) provide the opportunity to observe a
number of important chemical parameters. Improvements in limits of detection, and
correction for pressure and temperature changes, now hearld an emerging capability to
undertake sustained in situ monitoring. Typically limits of detection for dissolved Fe and Mn
are nM, methane 0.2 nM, salinity 0.00001 psu, temeprature 0.005°C, and for pH is currently
0.005-0.003 pH unit, but could be improved to 0.0005 pH unit in the near future. Similarly, a
CO, sensor with a detection limit of ~3 ppm is possible using microfluidic techniques. In
parallel, the development of “underwater platforms” both as seafloor observatories (e.g.,



Bagley et al., 2007) or mobile autonomous underwater vehicles (AUV’s) (e.g., McPhail, 2009)
and gliders are developing the necessary capability from which to deploy sensors for long-
term deployment. New AUV developments include vehicles that are capable of being
deployed for up six months that provide the prospect of surveying large seafloor areas and
ocean volumes at storage sites with minimal ship support. These combined sensors and
vehicle developments are also stimulating interest in using natural analogue CO; seep sites
(e.g., Caramanna et al., 2011) or existing North Sea storage sites as “test beds” for trial
deployment of these emerging monitoring technologies. Effective chemical monitoring will
also depend on understanding spatial and temporal scales and causality of natural variability
and it is probable that multi-variate monitoring would be more effective in identifying
irregularities than high precision uni-variate techniques.

Identifying effective biological tools for monitoring the marine environment above any
geological CCS facility, in order to identify sites of CO, leakage, is not straight-forward. The
horizontal extent of many potential geological reservoirs means that CCS monitoring
programmes will need to cover far larger areas than existing programmes, such as those
used to assess the impact of oil and gas extraction. So, whilst many marine organisms and
processes are impacted by exposure to elevated levels of CO,, their use in monitoring may
be restricted by the speed at which appropriate biological data can be gathered and the
limited spatial extent to which specific biological observations apply. With this in mind, wide-
scale observations of the seafloor using AUV mounted cameras may provide the most
potential for identifying effective biological monitoring with recent experiments showing two
main biological responses visible at the sediment surface (Figure 5). Firstly, elevated levels
of CO, may promote the growth of microbial mats by fertilising CO, limited bacteria (e.g.
cyanobacteria, Figure 5A) or by liberating other substances (e.g. methane or sulphide) that
could stimulate the growth of specific microbial groups. Secondly, reduced pore-water pH
levels could drive infaunal organisms onto the sediment surface (Figure 5B) and in extreme
cases result in large-scale mortality (Figure 5C). Whilst the application of biological
monitoring tools in identifying CO, leakage appears limited, the use of biological observations
in monitoring environmental recovery after a leak provides far more opportunity. In this
activity a number of traditional tools could be applied including the assessment of
macrofaunal community structure and diversity and the use of bioassays that quantify
organism immune function and general health status.

7. The role of natural analogue sites and artificial experiments

Natural analogues for CO, storage can provide useful information on the processes that are
important for the migration and storage of CO, as well as for testing monitoring strategies
(Pearce et al., 2004; Holloway et al., 2005). The IPCC Special Report on Carbon Dioxide
Capture and Storage (IPCC, 2005) includes a review of natural CO, accumulations,
supplying information on migration mechanisms and potential impacts of leakage.
Concentrations and fluxes of CO, in natural ‘baseline’ environments and in sites where CO,
leakages occur naturally vary over a wide range (see, for example, West et al., 2005).
Onshore concentrations can vary from <0.1% to ~95% of the total gas in soils.

The European Commission (2011) considers that CO, stored by man at depth in geological
reservoirs could potentially find its way into 3 different spatial regimes

i.  Primary storage site and seal at ~1km depth within which CO; is expected to be
securely stored.

ii.  Secondary containment formations which are defined by secondary seals and
reservoirs that may contain the CO.. If present these overlying formations may
provide a natural self-remediation in case the plume migrates beyond the primary
seal.

ii.  The surrounding environment. Migration of CO, above the secondary containment
formations into the shallow subsurface would be termed leakage and incur a financial
penalty. Should CO; leak into the surface environment the operation would come



under scrutiny from further environmental legislation. It is the responsibility of the
store operators to ensure that their store, injection strategy and monitoring strategy is
designed such that there is minimal risk of CO, escaping the secondary confinement
into the shallow subsurface and surface environment.

Natural CO, seeps occur both onshore and offshore. The CO, emerging from the onshore
seeps has typically been identified as derived from volcanism, metamorphism (such as may
be occurring at depth beneath active mountain belts) and degassing from the mantle, whilst
offshore seeps are predominantly associated with volcanism. As well as natural CO, seeps,
a large number of natural CO; fields have been discovered which have been exploited to, for
example, produce CO, for carbonated water or enhanced oil recovery (EOR). Typically,
these were discovered in the search for hydrocarbon resources (Bonini 2009; Chiodini et al
2010). Studying natural CO, stores (natural CO; fields) and seeps allows us to explore
factors important to storage security and may help in understanding the size and nature of
potential migration paths through the deep and shallow subsurface. Thus study of natural
analogues for both geological storage and migration of CO, to the ground surface or seabed
can make a significant contribution to reducing the risks of leakage from anthropogenic
stores. As an example of the former, there is geological evidence that some 215 million
tonnes of natural carbon dioxide has been stored in the Pisgah Anticline, Mississippi since
late Cretaceous times, some 65 million years ago (Studlick, et al. 1990). Study of the
structure of the natural geological trap in which this CO, is found, and the cap rocks above
the reservoir, could yield important information about long-term sealing capacity. Natural
analogues can also tell us about CO, leakage pathways and the effects of CO, emerging
from the ground surface or seabed on the environment. Fault related CO, seeps near Green
River, Utah, provide a good example of pathway evolution and variable flow through time. At
this location U-Th dating of numerous fossilized travertine deposits show that CO, leakage
location has repeatedly switched km distances over 100,000 year time scales and that the
volume of emitted CO, have varied throughout time (Burnside et al 2012). Natural offshore
seeps at Panarea, Italy allow monitoring of the effects of dissolving bubbles of CO, on the pH
of seawater in their immediate vicinity, and the resulting effects on biota.

Onshore seeps include, for example, springs and streams of carbonated water, bubbling
pools of water or mud (e.g. Figure 6A and B), and diffuse seeps through soil (e.g. Figure 6C).
Flux rates at natural CO, seeps vary over orders of magnitudes. For example, at the
Pululahua Caldera in Ecuador the mean flux is 3.1 x10% T m® yr" (Padron et al 2008; Figure
7A), whilst at the Mefite d’Ansanto site (Figure 6A), the CO flux rate is ~100 tonnes T m™ yr’
(Chiodini et al 2010; Figure 7A). Since the emerging CO, is denser than air, at this location it
travels downslope into the river channel; it has killed off vegetation in the area immediately
around the seep and an impact on the vegetation can be seen for some distance
downstream.

Although seep rates at natural analogue sites are measureable, it is important to bear in

mind that because of the highly variable geology and, in many cases the active volcanic
processes that generate the CO,, these measured fluxes may be highly site-specific and may
vary through time. This makes it difficult to make inferences about seep rates at potential
anthropogenic storage sites.

The potential effects of such seeps on human health and the environment are clearly
potentially important analogies. It is worth noting that the area around the Mefite seep is well
populated and people are currently living within 100m. It is the build-up of relatively high
concentrations of CO. in air that poses a threat to human or animal life rather than the flux
through the ground. In this context, if a dry seep such as that in Figure 6C emerged within
the basement of a building, there could be a risk of asphyxiation that could otherwise be
difficult to detect without proactive monitoring, even if the flux from the seep was relatively
low, because of the confined environment. Conversely, as long as seeping CO, is dispersed
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and mixes with the ambient air instead of being allowed to build up, the risks should be
minimal.

Another onshore example of benefit derived from studying a natural analogue site is given by
the Latera site in Italy (Annunziatellis et al., 2008). In this volcanic area CO, migration
pathways are restricted at depth to relatively narrow vertical zones associated with faults
and/or intersections of faults. ‘Channelling’ occurs along the pathway of highest
permeability, so that the ‘pipes’ will not necessarily be straight, but weave in two or three
dimensions within the fault. Above these faults, transport in the near-surface terrestrial
environment is determined by the properties of heterogeneous layers of alluvium and various
volcanic products. This heterogeneity results in the near-surface vents that range in
diameter from about 10 to 80 m. CO, fluxes across vents that cause substantial plant loss
are typically in the range 0.2 to 1.8 kg CO, m? d™! (Beaubien et al., 2008). The key features
of a detailed study of a single vent at the site were reproduced by mathematical models, as
described by Maul et al. (2009).

Active offshore seeps have generally been identified by the observation of bubbles of CO,
rising within the water column; some palaeo-seeps may be identified by pock marks on the
sea bed and/or gas chimneys imaged rising to the seabed. Typically, measured flux rates are
comparable to those of onshore seeps, however none have been documented with a flux
rate as high as Mefite. Leakage rates measured on individual point seeps at Panarea
(offshore from the Aeolian Islands, Italy) are typically between 10-100 T yr''. What is less
clear is whether there is an offshore analogy for the more diffuse onshore seeps. For
example, in an offshore setting is seems likely that low fluxes of migrating CO, might dissolve
within any shallow sediment layer that might be present and CO, rich water might be
displaced into the seawater column. Such a seep might not be detectable by monitoring for
bubbles — and hence there is a potential for an absence of evidence for low rate seeps
offshore. One example of this is the Juist Salt Dome in the Southern German North Sea
where there are no visible signs of seepage even though CO; levels are locally 10-20 and in
one case 53 times greater than background (McGinnis et al. 2011).

Few natural offshore CO, seeps have been studied in detail. Consequently there is a need
for field scale experiments which can characterise the impacts, both chemically and
biologically of new seeps. Kirk (2011) listed some of the questions about offshore seeps that
could be potentially valuable in terms of understanding the physical, chemical and biological
interaction between CO, leakage and the sea floor / sea water environment including:

e How much of the CO, being released is dissolving in the seabed sediment layer
immediately below the seabed itself?

o What pH changes result?

e What is the impact of a new seep on benthic marine organisms?

e How much geochemical interaction is there between naturally seeping CO, and
sediments?

e What level of accuracy of seepage quantification can be achieved offshore, especially
below easily diveable depths? For example will it be possible to account for all of the
CO, potentially leaking from an offshore CO, storage site by direct measurements
(bubbles, dissolution etc.)?

e What would a comprehensive offshore seabed leakage detection and measurement
system look like and cost?

e |sthere any realistic prospect of remediating or mitigating a leak at the seabed from
an offshore CO, storage site?

e Would an offshore leak naturally decay and if so over what kind of time period?

It is informative to compare shallow-water CO, seep analogues with water and gas emissions
at mid-ocean ridges, particularly associated with black smokers and hydrothermal vents
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(Wankel et al. 2011). By mass, the emissions from the latter are typically composed of 94.1%
COsaq), 5.8% CH,4 and 0.1% H,. The large and small focused seeps recorded annual COx(,q)
emission rates very similar to those from the shallow-water free CO, seeps at Panarea
(Figure 7c). These sites also provide evidence that CO, can leak from the sea floor in an
aqueous phase — although the hydrothermal regime at an engineered CO, storage site would
be considerably different to the mid-ocean ridge setting.

Natural analogues may provide an idea of the long-term effects that could be expected in the
event of leakage from a geological storage site. By their nature, natural analogues are
mature systems in which CO, has either remained trapped in the subsurface at depth (~km
to 100s m) or it is leaking through an established seep. We can therefore consider their
spatial extent of CO, in the subsurface to be relatively constant. There is rarely monitoring of
systematic changes in seep rate through time except where human intervention has
impinged on the integrity of natural stores. One natural analogue that has showed variation in
flow rate is Panarea which has been known to increase CO, activity in reponse to increased
geothermal activity (Caramana et al 2011). The last know event occurred in November 2002
when ‘a series of underwater gas explosions’ lead to an abrupt increase in the volume of
emitted fluids. It has been estimated that one of the most active vents emitted 54 t/day of
CO, for nearly 2 months.

Natural analogues can be used to test different monitoring techniques both at storage depths
(3km-500m), shallow depths (~500m to surface) and fluxes out of the surface — but these are
images of a long lived store and/or seep. However, the monitoring of a newly forming
seepage pathway requires modern analogues that experience breakthrough of CO, for the
first time. We have not identified analogues of such evolving systems that are required to
assess the performance of monitoring techniques by tracking the unintended migration of
CO.,. The physical limitations of different monitoring techniques make them appropriate for
monitoring different parts of the systems so an effective monitoring strategy will need a range
of tools capable of monitoring across the whole depth range. Triggers typically form an
integral part of any monitoring strategy: for example, when a measured parameter departs
from an acceptable range this may trigger new monitoring activities aimed at obtaining
further information as to the reason for the observed anomaly.

Research is underway at several experimental locations to investigate the shorter term
effects of CO, on terrestrial ecosystems and marine test sites are under development. An
example is the ASGARD (Atrtificial Soil Gassing and Response Detection) field site at the
University of Nottingham. The impacts of a controlled injection of CO, on soil microbiology,
soil geochemistry and the range and health of plants growing at the surface are being
studied; some early results from this work are described by West et al. (2009). In these types
of experiments it is as yet difficult to determine which biogeochemical processes contribute to
the observed impacts.

8. Challenges and emerging trends

The EU Directive on Geological Storage of CO, states that
“The operator ...... must monitor continuously all aspects of the CO, flow and the
surrounding storage complex, ... and respond with corrective measures to any
leakages or “irregularities” that occur”

In addition, guidelines ask:
“Have all vulnerable domains surrounding the targeted storage sites ... been
identified? Has relevant environmental data required for screening been acquired and
reviewed?”
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The ensuing research challenges are clear. Firstly methods of monitoring that are efficient
and effective need to be developed. Whilst primary monitoring will logically be focussed
around the geological storage zone and within transport mechanisms, for geological leaks,
quantifying leakage (and subsequent penalties) will be far more tractable using surface
based methods. This will be complicated by the potential for horizontal movement within
geological structures and strong mixing and dispersion potential in the atmospheric and
marine systems. In this latter respect hydrodynamic models are vital predictors of dispersion
and thus vital for the design of appropriate monitoring strategies.

A second challenge is to define “irregularities”. Natural systems are dynamic and vary on
multiple spatial and temporal scales. Understanding this dynamic baseline is vital not just for
monitoring but also to ensure that irregularities are correctly attributed to their cause.

A third challenge is to assess if any vulnerable domains exist and in general be aware of the
economic value of the environment so that risk assessment can be carried out in as
quantitative way as possible. Understanding the potential damage that a leak from CCS
storage might cause and how this relates to the ecological value of the wider region and
impacts from other anthropogenic activities, especially climate change will promote a
coherent and informed assessment of risks and management. In turn this is again dependant
on understanding dispersion and the spatial extent of potential impact. If CCS is to be an
effective and accepted climate change abatement strategy, the implications of CCS and CO,
leaks need to be better communicated to the public.

This chapter has outlined the current status of research with respect to impacts, valuation,
monitoring and the utility of natural analogue sites. In particular the concept of ecosystem
services can be useful in exploring the potential impacts of CO, leaks on society, but if
meaningful assessments are to be made then better understanding is needed of the links
between biodiversity, ecosystem process and function, and ecosystem services in a context
that encompasses the multiple uses and stressors of the natural environment.

Finally whilst the research effort is currently buoyant, a remaining challenge is to ensure that
the scientific knowledge gained is transferred to the emerging regulatory mechanisms
coherently and comprehensively so that the widest range of stakeholders can have
confidence in the operation of CCS demonstration programmes over the next decade.

9. Sources of further information.
A number of projects are currently undertaking research into environmental impacts of CCS,
a by no means exhaustive list is:
e RISCS (Impacts and safety of CO, Storage) http://www.riscs-co2.eu/
e ECO; (Carbon storage and the marine environment) http:/www.eco2-
project.eu/home.html
e QICS (Quantifying Ecosystem Impacts of Carbon Storage)
http://www.bgs.ac.uk/qics/home.html

A number of reports have detailed the issues and challenges for CCS, these include: The
Intergovernmental panel on Climate Change released a report on CCS ‘CCS, IPCC Special
Report, Working Group lll, September 2005.’, which is available from Cambridge University
Press (http://www.cambridge.org/ipcc), The Edinburgh Building, Shaftesbury Road,
Cambridge, CB2 2RU England.

A readable description of the chemistry and ecological implications of adding CO, to marine
systems, in the context of ocean acidification can be found in the Royal Society report of
2005 by Prof John Raven et al: ‘Ocean acidification due to increasing atmospheric carbon
dioxide’ (Royal Society 2005). This can be downloaded from:
http://royalsociety.org/document.asp?id=3249.
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Receptor Class

Potential Impact Mechanisms

Plants associated with
agricultural ecosystems
Crops and grasses
Plants associated with
natural systems

Plants associated with forest,
moorland, heath, wetland,
and alpine ecosystems

Stress / death as a result of the effects of CO, concentrations
on roots.

Stress / death as a result of CO, ponding and impacts on the
canopy.

Stress / death as a result of degradation of soil quality
(acidification, toxicity etc).

Animals that inhabit
agricultural or natural
ecosystems

Invertebrates (e.g. insects)

Vertebrates (including
mammals, amphibians, birds)

Microbiota

Death (of animals unable to move away from a localised
surface ponding event).

Potential for chronic low-concentration exposure effects e.g.
on skeletal structure or other effects (some burrowing
animals may have reduced sensitivity).

Impacts due to a reduction in feed quality and availability.

Habitat damage / loss (see impacts on plant receptor
classes).

Terrestrial freshwater
bodies / resources (lakes,
rivers, springs)

Surface water resources as
receptors in their own right
Agquatic plants e.g. algae
Vertebrates (e.g. fish)

Invertebrates (e.g. mosquito
larvae)

Surface water body acidification / toxicity.

Stress / death on aquatic plants as a result of CO,
concentrations.

Impacts on animals due to a reduction in feed quality and
availability.

Habitat damage / loss (see impacts on plant receptor classes
above).

It is necessary to distinguish between stratified and more
homogeneous lakes.

Aquifers that may be
exploited as drinking or
irrigation water resources

Aquifer water resources as
receptors in their own right

Microbes that might inhabit
the aquifer

Degradation of water quality as a result of biogeochemical
processes leading to acidification / toxicity etc. (it is not
possible to be more specific without site-specific geochemical
information).

Microbial populations could be regarded as receptors in their
own right, in addition to contributing to biogeochemical
processes.

Humans

Non-operators who might be
exposed to impacts as a
result of CO, leak/migration
to and through the
environment

Death as a result of sudden releases to and accumulation
within basements/subsurface features.

Impact on urban environment (gardens, other structures and
resources).

It is extremely unlikely that a storage system would be built
sufficiently close to a large urban population, that releases
could then occur to a basement, and that the release would
be acute enough to lead to death. Similarly it is unlikely that
any leak would happen to interact with basements associated
with a less laterally extensive settlement. Related scenarios
must therefore be, by definition, high impact (in that death
could occur) but very low likelihood.

Table 1: Receptor Classes for European Terrestrial Systems.
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Service type

Specific ecosystem services

Provisioning Food; fibre; timber and fuel; genetic resources; biochemicals,
natural medicines and pharmaceuticals; ornamental resources
and freshwater

Regulating Air quality maintenance; climate regulation, water regulation,

services erosion control, water purification and waste treatment; regulation
of human diseases; storm protection

Cultural Cultural diversity; spiritual and religious values; knowledge

services systems; educational values; inspiration; aesthetic values; social
relations; sense of place; cultural heritage values; recreation and
tourism

Supporting Production of oxygen, primary production, nutrient cycling, water

services cycling; provision of habitat

Table 2. The Millennium ecosystem Assessment’s typology of ecosystem services
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Figure 1: Examples of biogenic habitats that are created by calcifying organisms; a) Mearl’,
b) cold water coral Lophelia®, c) mussels®. (picture credits: 'N Kamenos, 2JM Roberts, °R
Ellis)
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Database: Generic CO2 FEP Database, Yersion 1.1.0

“ 167/179 » Full list / Impacts / Imnpacts on the nhysical environment / Modified surface topography

Sugaest FEP improvemsnt

Name 7.2.8.1 Sinkhole formation

EIENP
Ardrditiun of CO2in a iimégtone or; carbﬁnaté—rich aquifer Eﬁuld result in lessnluﬁon of the rnckr fnat;ix aﬁd thé enlgrgrefnerrrmvt l:;f vﬁi;:ls. If izhis
process takes place at relatively shallow depth collapse may result in subsidence at the surface and sinkhole formation.

Description

For example, CO2 leakage around a borehole drilled to extract natural CO2 from a reservoir in Florina, Greece, resulted in subsidence around
the borehole that filled up with water (see image below).

¥ 5 2 - e £ i St

Florina sinkhole produced as a result of CO2 leakage, image reproduced with perrission from George Hatziyannis, Institute of Geology and
| Exploration {(IGME), Greece

Relevance to  Large scale collapse structures may cause significant change to surface topography and possible CO2 migration paths. Sinkholes can provide
performance locations where leaking CO2 can accumulate.
and safety

References Links

4 187179 p

This record last modified: 2004-03-04.

© Quintesss Ltd. 2010

Figure 2 Example of an ‘impacts’ category FEP
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Surface Seepage Surface Seepage

Ground Surface

Figure 3. CO, Transport in the Near-Surface Environment
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Figure 4. Schematic diagram of potential CO, leakage from an offshore sub-seafloor
reservoir along a fault with buoyant CO, plume (dark-tinted crescent) driving buoyant
expulsion of formation brines (medium-tinted crescent) that in turn drives the expulsion of
reducing pore fluids (pale-tinted crescent) at the seafloor. The base of the reservoir capping
seal, and seafloor are the two most important boundaries at which to undertake monitoring.
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Figure 5: Visual biological responses to elevated levels of CO2: a) A pink cyanobacteria
bloom which appeared on the sediment surface after exposure to CO2 acidified seawater
(pH7.5) for 2 weeks. b) The appearance of burrowing heart urchins (Echinocardium
cordatum) at the sediment surface after exposure to CO2 acidified seawater (pH6.5) for 2
weeks. ¢) Observed mortality of infaunal animals (including E. cordatum) after exposure to
CO2 acidified seawater (pH5.6) for 2 weeks
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Figure 6. Photos of Italian CO, seeps inland from Naples a) Mefite D’Ansanto, b) Mefitiniella
Polla and c) a diffuse seep at Casale.
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Terrestrial flux measurements
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Figure 7. Published leakage rates from (a) onshore seeps (b) offshore seeps and (c) point
source measurements of individual seeps at Panarea. Where the seep is smaller than the
measuring equipment a leakage rate can be measured; where the seeps is spatially

extensive, a flux rate must be determined and a representative area estimated in order to

estimate the leakage rate. In (a) flux values are grouped by the source of the the CO,
described by the authors of the respected publication. In (c) the value from Tassi et al (2009)
is for the same seep as vent 8 from Caramanna et al (2011).
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