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ASSESSMENT OF SUBSEA ECOSYSTEM IMPACTS

Background to the Study

One of the key elements required before receiving permission to commence underground
storage of CO,, will be the ability of the operator to predict the behaviour of the injected CO,
and demonstrate a thorough understanding of the risks of leakage, and the associated impacts
of these leaks. Also, CO, Capture and Storage (CCS) operators must be able to demonstrate
that CO, can be injected into suitable storage reservoirs both safely and with minimal or no
environmental impact. The safety aspect predominantly relates to good design and operational
practices and strict adherence to accepted health and safety procedures.

In July 2007, the IEA Greenhouse Gas R&D Programme (IEA GHG) published a report
compiled by the British Geological Society (BGS) assessing the impacts of leaks from on-
shore geological storage sites on terrestrial ecosystems®. This report showed that any
environmental impacts that may arise will occur as a result of CO, migration from a geological
storage reservoir followed by subsequent seepage to the surface. If seepage is to occur, it will
most likely be at low levels over long time periods (possibly 100’s to 1,000’s of years) and
could result in localised environmental impacts. The evidence for these statements comes from
those natural accumulations of CO, that have been observed to have migration and seepage
occurring®. It is expected that migration and seepage on-shore can be minimised or prevented
through a combination of effective site selection and design, risk assessment and monitoring.

Whilst it is expected that there will be similarities regarding seepage from off shore geological
storage reservoirs there is still a need to attempt to quantify the migration/seepage conditions
that might lead to environmental impacts on the seafloor from sub-seafloor geological storage
projects. For CCS technologies to be acceptable to the general public, environmental bodies,
commercial operators and regulatory bodies alike, it may be necessary for operators to be able
to demonstrate a deep and thorough understanding of the possible long and short term effects
of CO, seepage on ecosystems, both at the surface and subsurface level. However, this
requirement would be a project-specific decision, based on the individual site assessment, and
some sites may not require such stringent understanding in order to justify a permit.

This study aims to assess the extent of information currently available on the effects of CO,
seepage on subsea ecosystems, and assess what gaps in knowledge exist, along with providing
recommendations for further research to address these gaps.

The study was undertaken by Dr Rachel Dunk, The Crichton Carbon Centre, UK.

! IEA Greenhouse Gas R&D Programme (IEA GHG), “Study of Potential Impacts from Onshore CO, Storage
Projects on Terrestrial Ecosystems, 2007/3, July 2007”.

2 For the purpose of this overview, migration is defined as movement from the storage reservoir through the
surrounding geology, and seepage refers to migration that passes through or around the caprock and reaches the
atmosphere or, in this case, the ocean floor.



Figure 2: The percentage of regional storage capacity in oil and gas reservoirs that occurs
offshore versus the percentage of regional storage capacity in saline aquifer that occurs
offshore (based on data from Hendriks et al., 2004 & Dooley et al., 2005). Shaded areas
define the 50% and 66.6% boundaries.

100 -
B canada

3 3 Wl usa
IE 80 - [ . [ Latin America
Y L
o O [ Eastem Europe
S Em
= [ Formers.u
£ 60 - ' O
£ : B Middle East
=]
-4 o] O India
o !
g 40 = [ china
u'_‘s D Australia & NZ
@ South East Asia
5 m o u
% 20 [ ] Il Western Europe
3 D . Africa

r ] B Giobal

0
T T T T T T
0 20 40 60 80 100

Offshore Qil & Gas Reservoirs (% of Total)

From this plot, it can be expected that Africa (specifically West Africa), South East Asia,
Western Europe and Oceania are will have significant offshore storage potential, in each case
offshore storage represents over 50% of their respective total regional storage capacities.

Fluxes of CO; to the Global Ocean

Fluxes to the oceans are either atmospheric or subterranean in origin. Atmospheric fluxes occur
in the form of non-purposeful sequestration direct from the air to the ocean surface. The role of
the world’s oceans in sequestering atmospheric CO; has long been accepted, and numerous
efforts have been made to limit this uptake®. Estimates and data sets taken from these
experiments were combined by Sabine et al. (2004) to suggest a total uptake between the years
of 1800 and 1994 of 433+70 GtCO,, which equates to approximately 50% of the CO, produced
by fossil fuel combustion in the same period. The IPCC Fourth Assessment Report estimates
fluxes of 6.6+2.9 GtCO./yr, 8.1+1.5 GtCO,/yr and 8.1+1.8 GtCO,/yr for the 1980’s, 1990’s
and the period 2000-2005 respectively.

Natural fluxes of CO, to the ocean bottom waters are derived through hydrothermal
circulation®, and this can occur in four different ways; submarine volcanism (volcanic arcs),
Mid Ocean Ridges (MOR’s), subduction zones (back arc basins) and hotspots. The
methodologies to determine the extent of these fluxes is a complex procedure and is explained
in detail in the main report.

Estimating global fluxes of volcanic CO, requires an understanding of the CO,/°He ratio of
volcanic emissions at the different types of hydrothermal vent sites, and there have been
numerous studies carried out (see main report for more information), but using average values
from the published data, the calculations for volcanic CO, fluxes to the ocean can be

* World Ocean Climate Experiment (WOCE), and the Joint Global Ocean Flux Survey (JGOFS).
® The heat driven transport of water through the earths crust.
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determined as shown below in Table 1 which transposes these ratios into CO, fluxes in terms
of Mt/yr.

Table 1: The Flux of Volcanic CO, to the Ocean

F(He) CO,/*He F(COy)

molfyr 10° mol/mol 10" mollyr Mt CO,/yr (%)
MORs 489 £ 217 21 £ 09 1.0 = 0.6 45 + 28 (27.8)
Back-Arc Basins 109 + 48 12.8 + 10.7 14 + 13 61 + 58 (37.8)
Volcanic Arcs 53 + 28 23.5 + 10.0 1.3 + 0.8 55 + 37 (34.1)
Hotspots 2 +1 45 + 2.6 0.01 + 0.01 05 + 0.4 (0.3
TOTAL 3.7 £17 162 + 74

Comparison of these two sources of CO, flux to the ocean indicates that the main flux is
atmospheric in origin, with an estimated 8.1+1.8 GtCO,/yr for the present day, compared with
162+74 MtCO./yr for volcanic fluxes. This equates to an atmospheric flux of 50 times that of
sub-seafloor sourced fluxes. However it is noted that these fluxes and in fact approximately
600-1000 times the amount of CO; injected into sub-seafloor reservoirs to date and are
significantly higher than the expected maximum permissible seepage rates from geological
storage reservoirs®. Also most of these volcanic fluxes occur in the Australasian and South East
Asian regions which are prospective areas for offshore storage. In these regions therefore there
will be existing natural emissions of CO, that have the potential to mask the impacts of leaks
from geological storage systems. It could therefore be suggested that the effect of man-made
leaks would be analogous to the effects of similar natural leaks in the same ecosystem.

Analogues for Leakage or Seepage of CO, from Sub-Seafloor Storage Sites

There are two possible analogues for leakage from sub-seafloor geological storage site which
are; release from natural CO, vents and purposeful release experiments. In order to determine
the validity of these as analogues, the physical and chemical characteristics must be compared
and examined for similarities and differences.

Natural vents are usually found along faults in regions of high tectonic activity, and are
understood to occur at shallow, intermediate and deep zones. The zones can be recognised by
the following:

e Shallow zones are typically less than 200m deep, and can also be recognised by the
absence of vent obligate taxa, which are organisms usually present around
hydrothermal vents, and the CO, will be in the gas phase,

e Intermediate zones are between 200 and 600m deep, and at these vents it is likely that
some vent obligate taxa will be present and the phase state of the CO- is determined by
the local temperature,

e Deep zones are characterised as being deeper than 600m, the majority of biota present
will be vent obligate taxa, and the CO, will be in the liquid phase.

® Assuming widespread deployment of CCS by 2100, then the total mass of stored CO, could reach 250-500
GtCO,, and assuming that all storage reservoirs meet performance requirements of >99% of CO, retained for 1000
years, then maximum leakage flux should total 2.5-5 MtCO,/yr which is around 20-100 times lower than the
natural volcanic flux to the ocean. It must also be noted that these calculations, while based on leakage of 1% of
stored volume, are not expected to be typical leakage rates, and good initial site characterisation and selection
should result in the overwhelming majority of storage reservoirs not suffering from leakage at all.
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To compare a vent to leakage from a geological storage reservoir, three aspects must be
considered; firstly does the environment reflect that likely to be found at a leakage site? Does
the scale of leakage in terms of area, rate and duration equate to that of an expected leakage
event? And thirdly, what extent of variation exists between the vents and the expected leakage
site in terms of physical and chemical properties? These three questions must be addressed in
order to determine suitability of a vent as a natural analogue for CO, storage.

The report identified West Africa, Western Europe, South East Asia and Oceania as potential
regions for near future deployment of sub-seafloor storage, and vents can be readily found in
the Mediterranean and Pacific regions due to tectonic activity so there is a potentially good
correlation between natural vents and potential CO; storage sites. Examples of this correlation
are shown in figure 3, a cropped version of figure 3.2 in the main report.

Figure 3: Map showing analogous vent sites for Western Europe, South East Asia and
Oceania
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There are numerous problems encountered when attempting to carry out purposeful release
experiments of an appropriate scale. To imitate seepage through the sediment column would
essentially need an engineered leakage, and in addition to the difficulties of setting up such a
procedure, adverse public opinion and permitting for the procedure could encounter further
issues. Despite these issues, numerous purposeful release experiments have been carried out,
and although these experiments are transient in nature, they have contributed to the
understanding of the effects of CO, on various species. However the differences in
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characteristics between purposeful release and an engineered leak dictate a need for further
study of the potential impact from engineered leaks to better comprehend the difference
between acute (short term) and chronic (longer term) exposure to elevated levels of CO,.

Both types of analogue can be a good source of data, and both should be the subject of further
research as they provide a good balance; where vents are weak in some aspects, purposeful
release experiments are strong, and vice versa.

Primary Leakage or Seepage of CO, from Sub-Seafloor Geological Storage Reservoirs
The potential mechanisms for trapping of CO; in geological storage reservoirs both on-shore
and off-shore are well documented - see the IPCC Special Report on CO, Capture and Storage
(IPCC SRCCS). The mechanisms that can facilitate leakage are also well understood.

However, in the case of subsea geological storage, when migrating CO, encounters the
sediment column, there is a possibility that further trapping mechanisms come into play which
can restrict or prevent the further migration of CO; into the ocean. Also, different forms of
migration pathways can exist that facilitate the movement of CO, from the storage reservoir
into the bottom ocean waters. The buoyancy of the CO, bares a great impact on the migration
rate, and the buoyancy is dependant on the density and viscosity of the CO,, and these in turn
are impacted by the temperature and pressure. Different combinations of conditions result in
affected buoyancy, and subsequent changes to the migration rate of CO,. These are illustrated
by example cases in the main report.

A leak of CO; into a water saturated sediment column will instigate residual trapping’. The
capacity of residual trapping is dependant on in-situ conditions, but the main report
demonstrates that a 1m? sediment column at a depth of 1000m will have the capacity to trap
116£23 tCO,. In conditions of slow leakage (i.e. approximately 10tCO,/yr), it would be
possible for all the CO, that leaked over a 10 year leakage event to be effectively trapped in the
sediment column. However, as leakage of this rate is unlikely to be detected, it is reasonable to
assume that the leakage event would continue for longer than 10 years, and could be in the
range of 100-1000 years. In this situation, the amount of CO, that could be trapped by this
method would only equate to between 1-10% of the total leaked volume. This can be illustrated
on a graph, and is shown in Figure 4 below.

" In this context, residual trapping refers to the CO, that has leaked from the storage reservoir, but remains in the
sediment column, and does not reach the ocean waters.
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Figure 4: The efficacy of residual trapping as a function of leakage rate and duration of
leakage.
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Another secondary trapping mechanism which can account for the eventual fate of CO,, is gas
hydrate trapping. CO, readily forms a gas hydrate, which is a solid phase which forms at low
temperature and high pressure, conditions which are often encountered at potential leakage
sites in deep waters. This hydrate formation can limit the escape of CO, to the ocean, and in
some cases may prevent it completely. Theoretically, as CO, migrates upwards through the
sediment column into an area where the conditions are suited to hydrate formation, hydrate
crystals will begin to form, and they can block the pre space, slowing the potential for further
upward CO, migration; it is possible that these hydrates can form to such an extent that they
form a hydrate cap capable of withstanding considerable pressure from below as more CO;
migrates through the sediment column to the base of this hydrate layer.

Other mechanisms that can affect the trapping include dissolution and mineral trapping. These
are both subject to complex controlling mechanisms, and not all of these are understood to a
degree whereby they can be incorporated into models. There is more detail of these methods in
the main report. Currently, each of the trapping mechanisms discussed in this section are
considered in isolation, due to this lack of understanding. They represent an area for future
research to facilitate the incorporation of these mechanisms into a comprehensive dynamic
model.

The Release of Leaked CO; to the Ocean

If the various trapping mechanisms in both the geological storage reservoir and sediment
column do not prevent the migration of CO,, then the ultimate result will likely be a leak into
the ocean waters. Comparisons have been made between this situation and that of purposeful
storage in the oceans under similar conditions; however differences between the two situations
exist and must be considered:



e Chemistry of the CO,; purposeful ocean storage would include stringent controls on the
chemical make-up of the CO,, and although sub-seafloor injection would be subjected
to similar controls, migration through the overburden and sediment column could alter
the CO, chemistry by mobilising heavy metals and other toxic substances.

¢ Volume location and depth characteristics; these factors would be dictated by the site
selection of ocean storage, whereas leakage could occur in a less predictable location,
without external controls.

e Monitoring techniques; a combination of methodologies would be necessary to detect a
leak, both sub-surface and water column monitoring, continuous and periodic.
Although the total amount of CO, would be lower that purposeful ocean storage, the
risks due to lack of controlling mechanisms would equate to a higher risk factor.

Impacts on organisms and ecosystems are highly complex and can occur at any level from the
molecular to the entire community. Effects can also be as severe and easily detectable as
organism death, to less discernable effects such as decreased growth or development rates.
Tolerance levels are a vital element of determining impacts of CO, leaks, and Figure 5
illustrates the possible effects on different organisms and ecosystems.

Figure 5: Possible hierarchy of functional limits at increasing CO- levels (after Portner et
al., 2004). Categorisation of CO, dependant effects on ocean biota based on the concept of
a molecular to systematic hierarchy of tolerance limits. The widest tolerance windows are
at the lowest hierarchical or functional levels. As system complexity increases, the
combined effect of on numerous different functions leaks to narrow tolerance windows at
high hierarchical levels. Thus while individual mortality might only be observed at
significantly elevated CO, levels, changes in community structure and ecological
functions may well occur at considerably lower CO, concentrations. Pejus thresholds
(long term tolerance) mark the CO, concentration where performance limitations are
first observed. Critical thresholds (short term tolerance) mark the onset of metabolic
depression. Both pejus and critical thresholds are likely to vary between species and
phyla.
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The

Results and Discussion

study covers 6 areas, and they are briefly outlined in this overview. Full details are

presented in the main report. The subjects are as follows:

Near Future Sub-Seafloor CO, Storage Sites,

Fluxes of CO; to the Global Ocean,

Analogues for Leakage or Seepage of CO, from Sub-Seafloor Storage Sites,

Primary Leakage or Seepage of CO, from Sub-Seafloor Geological Storage Reservoirs,
The Release of Leaked CO, to the Ocean,

Vulnerable Objects and High Risk Scenarios.

Near Future Sub-Seafloor CO; Storage Sites
Offshore storage of CO, depends on many physical factors and conditions, and the map shown
in Figure 1 illustrates the most prospective basins for offshore storage of CO..

Figu

re 1: Prospective Offshore Basins for Storage of CO; (Bradshaw & Dance, 2005).
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Storage can be undertaken in both offshore oil and gas fields and deep saline aquifers®. The
regional distribution of potential storage capacity offshore is illustrated in Figure 2.

®The

term deep saline aquifers in this overview is used to maintain consistency with the main report, and refers to

aquifers containing only saline water with no links to potable water supplies and of no value as an underground
source of drinking water (USDW).



Vulnerable Objects & High Risk Scenarios

It can be stated that the risks associated with a leakage event can be defined as high when a
high possibility of leakage coincides with the presence of one or more vulnerable objects
(species) in the leakage path. The key determining factor for a high risk scenario is therefore
likely to be the presence of a vulnerable object. An example that illustrates this is the scenario
of CO, migrating out of the storage formation through a leakage pathway such as a fault; the
CO; could be subsequently immobilised by secondary trapping mechanisms in the sediment
column, resulting in the leakage event being defined as low risk; but the same leakage without
the secondary trapping mechanisms could result in escape to the ocean, whereby the presence
of a vulnerable object would determine whether the leakage event was low or high risk.

An example of a potentially high risk situation is that of leakage in areas with a proliferation of
deep water coral reefs. These coral reefs occur in the vicinity of nearly all areas both currently
being used for CCS, and those identified as likely to commence sub-seafloor storage in the near
future. These often occur in proximity to hydrocarbon seeps which could also act as possible
migration pathways. Leakage of CO; to a deep water coral reef could cause impact an entire
ecosystem. The presence of CO, in this instance could lower the pH of the sea water which
would inhibit calcification (the process by which coral reefs are formed) and even lead to
dissolution of the reef. For this reason, the presence of coral reefs equate to a potentially high
risk at the level of damage to organisms, but furthermore, the coral reefs play an important role
in the greater ecosystem,; the reefs sustain an extremely high level of biodiversity, and also act
as nurseries for many species of fish, including those of importance to commercial fishing. As
a very slow growing species, damage to coral reefs could take as much as 100’s to 1000’s of
years to recover, if at all.

Key Knowledge Gaps and Future Research Requirements

The report has highlighted where the key knowledge gaps exist, and also outlines the issues
that need to be considered before commencement of a sub-seafloor storage project. The key
conclusions and needs for further research can be summarised as:

« Site specific assessment; due to the potential for wide ranging variations in temperature,
pressure, and presence of vulnerable species, site specific assessments are vital before
permitting storage operations. Although generic guidelines could potentially provide a
high level screening process, the complexity of storage under the sea-floor would
require in-depth analysis of the likely conditions experienced, the susceptibility of a
reservoir to leak, the possibility of the leak reaching the ocean, and the presence of CO,
tolerant / vulnerable species. Effects of leaked CO, on the pH would also need
significant attention.

o Capacity of the sediment column to provide secondary trapping mechanisms; it is
explained in the report how trapping mechanisms in the sediment column can account
for secure and permanent immobilisation of CO; leaking from the storage reservoir, and
the potential for this could provide a strong indication of secondary storage security.
Whether this would be considered acceptable under a storage permit is not known, but
possibly further research could help to develop the knowledge on the potential of this
storage mechanism.

o Species identification; as with all CCS activities, the identification of key indicator
species to determine the presence and extent of impacts from leaks will greatly assist in
determining the potential effects of leakage. Sub-seafloor geological storage could
cover such a wide diversity of environments and ecosystems around the world, that
many species may be needed depending on the precise situation encountered. Certain



coral species for example could be vulnerable to CO,, and even small decreases in
ocean pH may have significant effects.

Expert Review Comments

The key findings of the report were presented at a recent workshop organised by IEA GHG and
BGS, addressing the impacts of potential leakage on both terrestrial and marine ecosystems.
The report was also sent to a panel of exert reviewers, whose comments concluded that the
report was a very thorough piece of work, and would be of benefit to the R&D community.

Some comments were made regarding the omission of some more recent research, and this is
due to the timescale the project has run for. In the interests of publishing the report, this was
accepted but no action has been taken.

Conclusions

The report has highlighted the areas of the world that are likely to be used for sub-seafloor
geological storage in the near future, which are: West Africa, Western Europe, South East Asia
and Oceania.

It is noted that there are sub seafloor leaks of CO, from natural sources which are several
orders of magnitude lower than the ocean surface sequestration of CO,, and further that leaks
from sub seafloor geological storage of CO; are unlikely to equate to even 2% of this level of
naturally occurring leakage. These natural analogues (such as volcanic arcs and hydrothermal
vents) occur in many of the areas where subsea geological storage is likely to take place, and
can therefore be used as analogies for leaks from geological storage reservoirs. This will allow
operators to perform assessments on the likely implications of leakage events before storage
commences. It also suggests that any leaks in these areas will have a relatively low significance,
as the leaked CO, will represent a lower percentage change to the seawater chemistry in these
areas.

It will be necessary to identify a range of key indicator species to act as target organisms for
monitoring programmes. Such monitoring programmes will prove beneficial in early detection
of leakage, should it occur, and detailed study of these organisms will facilitate greater
understanding of the potential risks of longer term exposure. Associated with this study will be
the determination of exposure limits and recovery rates of affected species. This will allow
much more accurate quantification of risk during the initial risk assessment and site
characterisation process.

It should be noted that the potential immediate impacts on ocean ecosystems of CO, currently
released into the atmosphere is significantly higher than any potential impacts of leakage from
storage reservoirs in the future. Predictions of potential impacts in the future cannot be
quantified; site selection criteria will focus activities on reservoirs that are likely to perform to
high standards, minimising the risks of leakage and ecosystem impacts.

Recommendations
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Further research is needed into the identification of key-indicator species for different regions
around the world, tolerance levels of these species, and recovery rates when normal conditions

are reinstated.

The recent IEA GHG / BGS workshop on environmental impact assessments highlighted areas
for future research, and it is recommended that further workshops will be held to monitor

progress towards these research goals.
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1: Near Future Sub-Seafloor CO, Storage Sites

Over the last decade, carbon capture and storage (CCS) in geological formations has grown
from a concept of limited interest to one that is regarded as a potentially important greenhouse
gas mitigation option. With regard to sub-seafloor storage, initial interest in CCS has focused
on gas fields with naturally high CO, contents, where the CO, has to be separated from the
supply gas stream to create a saleable product. This includes the two currently operational
facilities injecting CO, into sub-seafloor geological formations, the Sleipner project (Norway) and
the K12-B project (Netherlands), both located in the North Sea, and three further projects at the
development or planning stage; Snghvit (Barents Sea, Norway), Gorgon (Australia), and Natuna
(Indonesia). More recently, the possibility of combining CO, storage with offshore Enhanced Oil
or Gas Recovery (EOR or EGR) is being considered, and power companies have also started to
investigate offshore CCS as a mitigation option of relevance to their industry.

This chapter provides a brief overview of the global possibilities for offshore geological storage
of CO,, before focusing on regions where sub-seafloor storage of CO, is currently occurring, or
is planned for the near future, at either the field experiment or commercial scale.

1.1 Global Potential for Offshore CO, Storage

While a detailed review of current knowledge regarding global geological CO, storage capacity
and criteria for identification of potential CO, storage sites is beyond the scope of this report, a
summary of information pertinent to offshore storage is presented below and a first order
attempt is made to identify those regions where offshore storage may be utilised in the future.

The primary control on the extent to which sub-seafloor storage of CO, could be implemented in
the future is the geographical location and capacity of potential offshore storage sites.
Generally, the geological provinces of interest are sedimentary basins that have undergone only
minor tectonic deformation and are at least 1000m thick with adequate reservoir/seal pairs to
allow for the injection and trapping of CO,. Within this, the following types of storage reservoirs
are usually distinguished: natural gas and oil fields, aquifers, and deep unmineable coal seams.
Although some research is being conducted into potential storage in other geological provinces,
for example storage in seafloor basaltic crust (e.g. Matter et al., 2006), this research is in its
infancy and is unlikely to contribute significantly to storage capacity in the near future.

1.1.1 Prospectivity

Bradshaw & Dance (2005) provided a qualitative assessment of potential storage sites defined
in terms of ‘prospectivity’, or the likelihood that a suitable storage location is present in a given
area based on available information. In this study the sedimentary basins of the world were
divided into provinces that are considered to be (i) highly prospective, (ii) prospective, or (iii)
non-prospective for CO, storage capacity based on the following criteria:

(i) Highly prospective basins: major hydrocarbon provinces that are “high priority” or “frontier”
basins identified in the United States Geological Survey World Petroleum Assessment (USGS,
2000). Such basins have adequate reservoir / seal pairs and suitable traps for hydrocarbons
(liquids or gases) and are expected to have substantial CO, storage potential.

(ii) Prospective basins (low to high): minor petroleum basins but not world class, as well as
other non-petroliferous sedimentary basins that have not been highly deformed.

(iii) Non-prospective basins: highly deformed sedimentary basins (and other geological
provinces principally comprising fold belts, metamorphic and igneous rocks).



The offshore prospective regions identified by this study are shown in Figure 1.1. This map
reveals that there are prospective storage sites along the majority of the worlds coastlines, and
allows a qualitative assessment of the worlds regions that are rich (e.g. European Countries
bordering the North Sea) or poor (e.g. Chile, the Somali Republic) in terms of prospective
offshore storage sites. However, as capacity is not solely a function of the areal extent of
sedimentary basin, it does not provide information on the relative capacity of the identified areas
(Bradshaw & Dance, 2005).

Figure 1.1: Prospective offshore basins for storage of CO, (Bradshaw & Dance, 2005).
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1.1.2 Technical Storage Capacity

While various high level estimates of the global CO, storage capacity of prospective geological
formations have been made, these estimates cover a very broad range in values. This is due to
the current lack of detailed geological and geophysical data in many world regions; hence
various assumptions (which carry a high degree of uncertainty) have to be made regarding
probable reservoir characteristics. A selection of estimates of the global CO, storage capacity
within the four principal reservoir types are presented in Table 1.1 (Hendriks et al., 2004;
Manancourt & Gale, 2005; IPCC, 2005; Dooley et al., 2005).

Table 1.1: Global CO, storage capacity in geological formations (GtCO,).

Reservoir IPCC (2005) Manancourt & Gale|Dooley et al. (2005) Hendriks et al. (2004)
2005
( ) Best Estimate Range
Coal Beds 3-15 - 200 150 — 250 176 267 0 - 1480
Saline Aquifers 1000 - 10000 200 - 200000 9530 240 30 - 1081
8 2 | Gas 700 239 24 - 423
° %_ 500 - 1000 810 332
i a Qil 675 — 900 110 93 42 — 151
@ ~ 1153
o £ | Gas (900 — 1200) 672 368 — 1703
f ] including undiscovered Not Reported Not Reported 821
o) GE, oil reserves 149 12 — 1043
x

The estimated storage capacities in oil and gas reservoirs show good agreement (within a factor
of 2-3), reflecting the high quality of input information available for these economically important
provinces, and providing confidence that the storage capacity is reasonably well defined.
Conversely, the storage capacity available in coal beds and deep saline aquifers are very poorly
constrained, with estimates encompassing 3 to 4 orders of magnitude. The range in values for
coal bed storage reflects uncertainty in both the size of this reservoir and assumptions made
regarding the feasibility of using it (i.e. the number of injection wells required to access the
storage potential). At present no comprehensive realistic survey has been made of global
storage capacity in coal beds, and no commercial CO, — Enhanced Coal Bed Methane (ECBM)
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recovery operation exists (IPCC, 2005). It is therefore unlikely that this storage type will play a
significant role in near future operations, and it is not discussed further here.

Upper limits on the storage capacity of saline aquifers suggest that this reservoir type provides
the greatest storage potential, up to 10 to 100 times larger than that available in oil and gas
reservoirs. Furthermore, the majority of current or planned future offshore storage projects
involve injection of CO, into a deep saline aquifer. The wide range in estimated capacity of
aquifers reflects a number of issues. Firstly, as these geological formations do not hold
valuable hydrocarbon reserves, they have received relatively little attention with regards to
surveying etc., thus data are severely limited. Secondly, there are multiple mechanisms for
storage in aquifers, including physical trapping beneath a low permeability cap rock, dissolution
and mineralisation. Different authors have applied different assumptions regarding the type of
trapping considered and used different assumed values for the physical properties of the
aquifers. The lower estimates tend to consider storage only within physical traps, while the
upper limits include dissolution based storage. Even within the subset of storage mechanism,
widely different values have been applied to key reservoir characteristics. For example,
Hendriks et al. (2004) assumed that only 1% of an aquifer formed part of a structural trap, while
other authors have used values of 2-6% (IPCC, 2005 and references therein). Nevertheless,
based on the principal of proportionality and the more detailed regional assessments available,
the IPCC considers a storage capacity in the region of 1000 GtCO, to be a robust lower limit.

1.1.3 Technical Capacity of Offshore versus Onshore Storage
Potential

The relative capacity (availability) of potential offshore and onshore storage sites may have a
significant bearing on the extent to which offshore storage is utilised.

Due to the differing degree of uncertainty associated with global estimates of CO, storage within
different reservoir types it is difficult to make a meaningful assessment of total offshore versus
onshore storage capacity. Nevertheless, in a like to like comparison (i.e. using the same set off
assumptions) and within the subset of reservoir type, a first order assessment can be made.
This discussion is restricted to oil and gas reservoirs and deep saline aquifers.

1.1.31 Natural Gas and Oil Fields

The capacity estimates presented by Hendriks et al. (2004) are used as an example here.
These authors evaluated storage capacity in 18 world regions, and explicitly considered
offshore versus onshore storage, and depleted versus remaining fields (see Figures 1.2 -1.3
and Table 1.2; all numerical data are given in Appendix 1.A and the details of calculations and
assumed values are given in Appendix 1.B). Hendriks et al. (2004) based their assessment of
oil and gas fields on the USGS Digital Data Series (USGS 1995; 2000), thus these data
correspond to the prospective storage regions identified by Bradshaw and Dance (2005) and
illustrated in Figure 1.1.

Globally, over a third of the potential CO, storage capacity in oil and gas fields (depleted and
remaining) is located offshore, including nearly one quarter of the storage capacity available in
currently depleted fields (see Figure 1.2 and Table 1.2). Near future storage opportunities are
likely to focus on depleted fields, or fields nearing depletion, as these sites: (i) have available
capacity; (i) may have existing infrastructure that can be adopted, and; (ii) may provide
opportunities for EOR and EGR. Indeed, the use of gas fields may well be restricted to
depleted fields due to the potential for contamination of the gas feed stream by injected CO,
(current research is addressing the application of EGR - see discussion of K12-B). Conversely,
the storage capacity of remaining oil fields will be 3 to 10 times larger if utilised immediately via
EOR, and this should perhaps be considered in the exploration and exploitation of new oil
reservoirs (Hendriks et al., 2004).



Figure 1.2: Global distribution of CO, storage capacity in oil and gas reservoirs
(a) between onshore and offshore storage sites for depleted and remaining fields
(b) a regional breakdown of offshore storage capacity (after Hendriks et al. 2004).
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Figure 1.3: Regional distribution of CO, storage capacity between onshore and offshore
storage sites in depleted and remaining oil and gas fields (after Hendriks et al. 2004).
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Table 1.2: Regional CO, storage capacity in offshore geological formations.

Region Oil & Gas Reservoirs® Saline Aquifers® Region
Depleted Remaining All
GtCO, (%)° GtCO, (%)° GtCO, (%)° GtCO, (%)°

Canada 0.0 0) 1.1 (11) 1.1 (6) 2493  (20) Canada
U.S.A. 43 (31) 1.3 (9) 56 (19 909.3  (25) U.S.A.
Central America 71 (82) 122 (79) 19.3  (80) . .
South America 68 (36) 201 (44) 269 (41 550 (23) Latin America
Northern Africa 28 (15) 40 (14 6.8 (15)

Western Africa 8.3 (86) 17.8  (81) 26.1 (82) .
Eastern Africa 00 (0) 13 (76) 13 (72) 231.0 (66) Africa
Southern Africa 0.5 (100) 22 (92 27 (93

Western Europe 204  (81) 30.8 (75) 512 (77) 143.0 (66) Western Europe
Eastern Europe 0.0 (0) 0.0 ©) 0.0 ©) 11.0 9) Eastern Europe
Former S.U. 7.3 9) 742 (33 815 (26) 1386.0 (79) Former S.U.
Middle East 11.0 (10) 943  (29) 105.3  (24) 14.7 (6) Middle East
Southern Asia 1.9 (32 52 (34 71 (34) 187.0  (50) India
Eastern Asia 1.3 (19) 08 (7 21 (1) 33.0 9) China
South East Asia 6.8 (65) 33.3 (81 401 (77) 179.7  (60) South East Asia
Oceania 1.9 (95) 17.4  (99) 19.3  (98) 476.7  (70) Australia & New Zealand
Japan 0.0 - 0.0 — 0.0 - 0.0 — Japan
Greenland 0.0 - 1.9 (86) 1.9 (86) - - -
TOTAL 80.4 (24) 3179 (39) 398.3 (39H) 3875.7 (41) TOTAL

“Data of Hendriks et al. (2004); ®Data of Dooley et al. (2005); °Percentage of total (onshore + offshore) regional capacity that is located offshore.

Examination of Figure 1.2 shows that 6 regions comprise 75% of the global storage capacity in
offshore depleted oil and gas fields: (i) Western Europe (ii) the Middle East (iii) Western Africa
(iv) Central America (v) South America (vi) the Former Soviet Union. These same regions are
also comparatively ‘rich’ in remaining offshore fields. However, it does not necessarily follow
that offshore storage is most likely in these regions. For three of these regions (Western
Europe, Western Africa, Central America) examination of the regional breakdown of storage
capacity and location (see Figure 1.3 and Table 1.2) shows that offshore storage capacity
accounts for over 75% of the regionally available storage (in both depleted and remaining
fields), suggesting that offshore storage may play a significant role in these regions. However,
for two of the regions (the Middle East and the Former Soviet Union), offshore sites account for
only one quarter of the regional storage volume, and if this is restricted to depleted fields only
~10% of available capacity. Conversely, while Oceania (Australia and New Zealand) and
Southern Africa account for only a small proportion of global capacity, the regional breakdown
reveals that over 90% of available storage is located offshore.

1.1.3.2 Deep Saline Aquifers

The capacity estimates presented by Dooley et al. (2005) are used as an example here. These
authors evaluated storage capacity in 14 world regions and explicitly considered offshore versus
onshore storage (see Figure 1.4 and Table 1.2; all numerical data are given in Appendix 1.C).

Globally, over 40% of the potential CO, storage capacity in deep saline aquifers is located
offshore (see Figure 1.4 and Table 1.2). Examination of Figure 1.4 shows that 4 regions
comprise over 75% of the global storage capacity in aquifers: (i) the Former Soviet Union (i) the
U.S.A. (iii) Australia and New Zealand (Oceania) (iv) Canada. However, as with the oil and gas
reservoirs, evaluation of the regional assessments shows that for two of these regions (the
U.S.A. and Canada), offshore storage accounts for a minority (£25%) of available capacity.
Nevertheless, for the former Soviet Union, nearly 80% of available storage capacity in aquifers
is located offshore, and for Australia and New Zealand around 70% is located offshore. Of the
remaining regions, offshore storage accounts for at least half of the available capacity in Africa,
India, South East Asia and Western Europe, and for less than 10% in China, the Middle East
and Eastern Europe.

1.1.3.3 Regions where Offshore Storage may Prove Attractive

As previously stated, it is not necessarily appropriate to consider the capacity of all offshore
storage reservoirs versus all onshore storage reservoirs due to the high degree of uncertainty in
estimates of aquifer capacity. For example, it may be that the capacity of depleted oil and gas
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fields is directly comparable to that of aquifers, or that the capacity of aquifers is dominant.
Nevertheless, the breakdown of storage capacity into offshore and onshore sites discussed
above allows a first order identification of regions where offshore storage may prove particularly
attractive based on the available storage resources. In Figure 1.5, the percentage of regional
storage capacity in oil and gas reservoirs that occurs offshore is plotted against the percentage
of aquifer storage capacity that occurs offshore. This allows identification of those regions
where the majority of all available storage capacity occurs offshore.

Over half of the available storage capacity in Africa, South East Asia, Western Europe and
Oceania (Australia and New Zealand) occurs offshore, suggesting that these regions could see
significant utilisation of sub-seafloor geological sequestration of CO, in the future. Together
these regions account for over one quarter of the world’s potential offshore CO, storage
capacity.



Figure 1.4: Global and regional distribution of CO, storage capacity between onshore
and offshore deep saline aquifers (after Dooley et al. 2005).
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Figure 1.5: The percentage of regional storage capacity in oil and gas reservoirs that
occurs offshore versus the percentage of regional storage capacity in saline aquifer that
occurs offshore (based on data from Hendriks et al., 2004 & Dooley et al., 2005). Shaded
areas define the 50% and 66.6% boundaries.
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1.1.4 Technical Capacity versus Actual or Economic Capacity

The discussion above has focused on global and regional technical storage capacity. There are
of course numerous other factors that will determine whether or not offshore storage of CO; is
implemented in a given region, and not all of the potential storage sites will be useable.

To turn technical storage capacity into economical storage capacity (to realise the potential), the
storage project must be cost effective, technically feasible, demonstrably safe, environmentally
sustainable, capable of being broadly applied, and acceptable to the community (IPCC, 2005).

Storage safety is an important factor, where offshore storage would significantly reduce the risk
to human health in the event of a leakage (Holloway, 2005). For this reason sub-seafloor
storage may be utilised in preference to onshore storage sites (for example it would appear that
at present Japan only intends to perform commercial scale CO, sequestration in offshore
storage locations).

Economic criteria are of prime importance — it does not matter how good the storage site would
be if it is not economically feasible to fill it with CO,. In particular, the relative costs of onshore
versus offshore storage may strongly influence the uptake of sub-seafloor geological
sequestration. For example, Bachu (2003) considers it likely that offshore basins will be used
for CO, geological storage much later than onshore basins, if at all, due to poor accessibility and
possible lack of infrastructure (note this supports the supposition that implementation of offshore
storage will be focused in areas where the majority of possible sites are located offshore).
Criteria for identifying possible storage sites are thoroughly reviewed in the IPCC Special
Report on CCS (IPCC, 2005), and a very brief overview of the key points are given below.

Any geological storage project will incur costs associated with:
(i) Capture of CO, from emission point sources followed by dehydration and compression.
(ii) Transportation of the CO, by pipeline to the storage site.

(iii) Injection and storage of the CO, in the geological reservoir.
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Numerous researchers are working on optimising source sink matching to achieve maximum
storage at minimum cost within specific regions. To a large degree, the economic criteria for
site selection are dependent on capture and transport costs. Very simply, the closer the
emission source is to the storage sink, and the cleaner the source (higher purity CO5), the lower
the costs.

The IEA-GHG has compiled a database of the major anthropogenic stationary sources of CO,
(IEA-GHG, 2002). At a global level, Bradshaw & Dance (2005) compared their assessment of
prospective geological storage sites to the locations of the world’s current large stationary CO,
emissions point sources.  These point sources can be grouped into emissions clusters,
bounded by a ‘reasonable’ transport distance, where the IPCC selected a radius of 300km as a
guide for likely transport distances for potentially viable source to storage matches (IPCC,
2005). These cluster emissions for 12 regions of the world are overlaid on the prospectivity
map in Figure 1.6.

Van Bergen et al. (2004) note that one of the key barriers to the introduction of CCS is the high
cost of CO, capture, where this is principally associated with the extensive equipment required
to scrub CO, from power plant exhaust gas streams containing CO, in low concentrations (8—
14% by volume). These authors pre-selected a subset of the stationary CO, emissions sources
known to have high purity (close to 100% CO,) exhaust gas streams that can directly be
dehydrated and compressed, thereby lowering capture costs significantly (van Bergen et al.,
2004). They also applied a minimum emissions selection criterion of 100 ktCO,/yr to reduce
transport costs. These emission sources represent the ‘low hanging fruit' and may provide the
best opportunities for early implementation of CCS. Those pre-selected sites that fall near the
coast are also shown in Figure 1.6.

Figure 1.6: Regional emissions clusters (300km radius) and near coast high purity CO,
point sources (>90% CO,, minimum 100 kt/yr) in relation to offshore CO, storage
prospectivity (after van Bergen et al., 2004; Bradshaw & Dance, 2005; IPCC, 2005).
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O Emissions Clusters
® High Purity CO, sources

Overlaying the geographical distribution of potential source CO, emission points and offshore
geological storage sinks provides a useful guide for locating the probable regions where subsea
floor storage of CO, may, or may not, occur in the near future. For example, it would appear
that the vast majority of the high purity near-coast CO, emissions sources occur in regions
where offshore storage would be available. This is particularly true for the high density of
emissions sources in Western Europe along the shores of the North Sea and the Mediterranean
Sea. Conversely, while Western Africa has a high prospectivity/technical storage capacity,
these data suggest there are no corresponding ‘low hanging fruit’, thus sub-seafloor storage is
unlikely to occur in this region in the near future. Whether or not sub-seafloor storage is utilised
in those areas where it appears possible will depend on detailed regional assessments as to the
quality and viability of each sedimentary basin and specific proposed sites, and the relative
costs/benefits of offshore versus onshore storage.
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Finally, it should be noted that this analysis is severely limited in one important respect. Due to
data unavailability, the pre-selection of high CO, emission sources does not include the
locations of gas fields with naturally high CO, contents (van Bergen et al. 2004). For example,
high CO, concentrations are encountered in petroleum reserves in (among others) South East
Asia, Australia and New Zealand, and the North Sea (Thrasher & Fleet, 1995). Although costs
of CO, capture at these sites are also high, CO, has to be cleaned from the feed gas stream in
order to create a saleable product. High purity CO, streams are therefore available at a number
of producing gas fields with high CO, contents, and more may become available as new fields
are exploited. In such instances, the CO, emission source may well be located on a platform
offshore, thus were CCS to be implemented, sub-seafloor storage would become the favoured
option. Indeed, such operations account for the only currently operating offshore CCS projects,
and for numerous future planned projects, as is discussed further in Section 1.2.

1.2 Currently Operating & Near Future Offshore CCS Projects

The remainder of this Chapter focuses on those regions where sub-seafloor geological storage
of CO; is currently occurring, or is planned for the near future. This includes Japan, South East
Asia, Oceania and Western Europe. Of these regions, South East Asia, Oceania and Western
Europe were identified above as key regions where offshore storage could play a significant role
in CCS due to the dominance of offshore with respect to onshore storage capacity.

1.2.1 Japan

An assessment of potential geological storage sites in the Asia-Pacific Economic Cooperation
(APEC) region excluded the possibility of geological storage in Japan due to the lack of storage
capacity in hydrocarbon reservoirs and minimal sedimentary basins that would meet the criteria
for geological storage of CO, (Bachu, 2003). Indeed, in the assessment of Dooley et al. (2005),
Japans technical storage capacity in saline aquifers is rated at 0 GtCO,. These evaluations
reflect concerns regarding the security of CO, storage in tectonically active areas such as the
Pacific Rim due to the complexity of geological structures and the risk of reactivating faults
during injection of CO, (e.g. Bradshaw & Dance, 2005). Nevertheless, there are several
petroleum provinces that are tectonically active and have stored substantial volumes of
hydrocarbons (e.g. California and parts of South East Asia) and such locations should not be
automatically dismissed as unsuitable CO, storage locations (Bradshaw & Dance, 2005).

While perhaps not providing the optimum storage sites at the high level of the APEC region, at
the national level Japan considers CCS to be one the key technologies that could be employed
to reduce net emissions post-2010, and is actively pursuing the geological storage of CO, in
deep saline aquifers. Offshore storage sites also appear to be preferred to onshore sites due to
both adequate storage capacity and a greater margin of safety with respect to human health in
the event of a possible leakage. To the author’s knowledge no commercial scale projects have
been announced as yet. Nevertheless, Japan is included in the discussions here as it is one of
few countries that have conducted detailed work on the regional potential (technical and
economic) CO, storage capacity and has a clearly stated mission to implement offshore storage
in the near future. The dynamic research and development program on CO, sequestration in
Japan is coordinated by the Research Institute of Innovative Technology for the Earth (RITE).

An early assessment of Japans geological storage capacity, carried out by the Engineering
Advancement Association of Japan (ENAA), identified 60 potential sites, including oil and gas
fields and aquifers, with an estimated capacity of ~91.5 GtCO, (Tanaka et al., 1995). 29 of
these sites, with a capacity in excess of 72 GtCO,, were located offshore (Tanaka et al., 1995).
Encouraged by the large potential storage capacity, RITE and ENAA undertook a 5 year joint
R&D project (2000-2005) entitled ‘Underground Storage of Carbon Dioxide’ (Kaya et al., 2001).
One of the main objectives of this project was to identify candidate storage sites for large-scale
demonstration projects followed by commercial implementation in the near future, where site
selection would be based on both safety and economic criteria. While further outputs are
expected from this project, two assessments of the ‘realisable’ CO, storage potential in Japan
have been published (Akimoto et al., 2002; Li et al., 2005). The principal findings of these
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various assessments are summarised below (Section 1.2.1.1). At present, RITE is conducting a
field demonstration test of CO, sequestration into an onshore anticlinal aquifer (Nagaoka site).
However this is not regarded as the target site in the implementation phase — where the most
likely aquifer targets are located offshore to the southeast and northwest of Honshu. Deep
unmineable coal seams, many of which extend offshore, are also being considered as future
targets for CO, sequestration; however there remains much work to be done before this
becomes a realisable option (Yamazaki et al., 2006).

1.2.1.1 Offshore Storage Potential in Japan

The assessments of offshore storage potential in Japan have considered storage in four
reservoir types (Category I-1V, after Tanaka et al., 1995 and Li et al., 2005), including both
supercritical based storage in systems with structural traps (oil and gas fields and aquifers
containing anticlinal structures) and dissolution based storage in systems without structural
traps (monoclinal aquifers). Li et al. (2005) also graded the aquifers according to storage
capacity and distance from an emissions source to identify the optimal ‘Rank 1’ sites (in
economic terms) for near future development. For Rank 1 status, the storage site must be
located within a reasonable distance of a stationary CO, source equivalent to or greater than
the emissions from a medium-scale power plant (~2-2.5 MtCO,/yr) and the technical capacity
must be greater than 50 Mt CO, (20-25 years of storage). The ‘Rank 1' grading criteria for
supercritical based storage requires an emission source within 50km, while that for dissolution
based storage requires an emission source within Okm (within or on the aquifer boundary). This
allows the lower transport costs to offset the higher injection costs associated with this type of
storage (CO, not in supercritical phase). The location and capacity of these storage sites are
summarised below and in Figure 1.7.

Figure 1.7: Location and capacity of CO, storage sites in saline aquifers, Japan (after
Tanaka et al., 1995; Akimoto et al., 2002; Li et al., 2005).
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Tanaka et al. (1995) considered 13 sites, of which 1 is located offshore. However, these oil and
gas fields are still active and are not expected to become CO, storage sites in the near future
(Tanaka et al., 1995; Li et al., 2005). Once depleted, EOR may be considered, or they may be
used for natural gas storage, a likely option as Japan imports much of its fossil fuel (Tanaka et
al., 1995; Li et al., 2005).
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Category Il: Aquifers in anticlinal structures (supercritical based storage)

Tanaka et al. (1995) identified 29 Category Il sites, 16 on land and 13 offshore, with a potential
offshore storage capacity of ~1.4 GtCO,. The offshore Category Il sites perhaps represent the
most secure storage option. Indeed this is the only category to be considered by Akimoto et al.
(2002), where their conservative site selection criteria required offshore aquifers with known
structural traps. The offshore area was divided into 19 regions, of which 10 were excluded due
to a lack of reliable data. The remaining 9 regions included the 13 known Category |l aquifers
(see Figure 1.7a). An optimisation model was then applied to match emission sources with the
offshore aquifer traps. The model results indicated that geological sequestration at these sites
would be an economically viable greenhouse gas mitigation option for Japan (Akimoto et al.,
2002). However, it should be noted that for a 0.5%/yr emissions reduction scenario, the total
storage capacity of these aquifers would be reached within ~50 years.

Only 2 of the 13 offshore sites meet the ‘Rank 1’ criteria of Li et al. (2005). Although 5 other
sites have a capacity in excess of 50 MtCO,, these were rejected on the basis of distance from
an emissions source (>100km) and the cost of laying pipeline offshore.

Category lll: Aquifers in monoclinal structures on land (dissolution based storage)

This category is included here as one ‘Rank 1’ site (llI-9) extends offshore into the Bay of
Tokyo, thus possible leakage at this site could occur subsea. The storage capacity of this site is
estimated to be 12,351 MtCO, (Li et al., 2005).

Category IV: Aquifers in monoclinal structures offshore (dissolution based storage)

Tanaka et al. (1995) identified 15 Category IV sites within the sedimentary basins surrounding
Japan with a potential storage capacity of 72 GtCO,. Li et al. (2005) present a revised
assessment based on higher resolution mapping of the area, identifying 28 sites with a potential
storage capacity of 102.2 GtCO,. Four of these sites are graded as ‘Rank 1’, with a storage
capacity of 23.8 GtCO,, and a further eight sites are graded as ‘Rank 2’ (capacity in excess of
50 MtCO; and within 50km of an emission source).

Given the high capacity of Category IV sites, dissolution-based storage could become the
primary sequestration method in Japan (Li et al., 2005). However, compared with supercritical
storage, dissolution-based storage has not been well studied in either the laboratory and in the
field. Therefore further research is required to decrease knowledge gaps between theory,
simulation, and practical implementations.

1.2.1.2 Likely Sub-Seafloor Storage Sites and Rates of Sequestration in
Japan

The likely regions where geological storage of CO, will occur beneath Japanese waters are
summarised in Figure 1.7. Panel (a) shows the Category Il sites and panel (b) shows the
Category Ill and IV aquifers. The Rank 1 sites are those most likely to be developed in the near
future, where the most promising aquifer targets are located offshore to the southeast and
northwest of Honshu. Given current experience in geological sequestration it also seems likely
that the Category Il sites (northwest of Honshu) would be developed in preference to Category
IV. As Japan is a tectonically active province, the geomechanical properties of these target
aquifers will require detailed examination to assess site security, in particular the likelihood of
leakage up faults or reactivation during injection due to increased reservoir pressures
(Bradshaw & Dance, 2005).

With no development plans yet announced the amount of CO, to be sequestered in Japan is
difficult to assess. The modelling work of Akimoto et al. (2002) indicates a mean sequestration
rate of 6.6-35 MtCO,/yr from 2010-2050 would be required to achieve an emissions reduction
of 0.5%/yr based on different future economic and population scenarios. The work of Li et al.
(2005) indicates a supply potential for Category Il Rank 1 sites of 7.4 MtCO,/yr (within a 50km
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radius), and 49.7 MtCO./yr for Category IV Rank 1 sites (within Okm). These numbers suggest
a sequestration rate on the order of ~7 MtCO,/yr could be achieved in the near future,
increasing to ~35-50 MtCO,/yr if dissolution based storage is utilised. Nevertheless, given the
concerns regarding the implementation of CO, storage in tectonically active areas, it seems
likely that CO, storage in Japan will fall toward the lower limit of these ranges.

1.2.2 South East Asia

Following the methodology described above (Section 1.1.4), 30 sedimentary basins in East and
South East Asian APEC economies have been selected as primary targets for CO, geological
sequestration based on their proximity to major CO, sources (both emission cluster analysis
and high purity CO, sources, Bradshaw et al., 2004a). Of these target sites, 7 are located
offshore, and a further 12 have an offshore and onshore component (see Figure 1.8). It has
been suggested that 13 of these basins should be excluded from near future considerations due
to poor accessibility and/or lack of infrastructure (Bachu, 2005). However, this region has
numerous offshore gas fields that are naturally rich in CO, (Imbus et al., 1998; JAPEX, 2003),
which may provide good targets for early implementation of CCS. Figure 1.8 shows the location
of the sedimentary basins that are considered primary targets, those that have been excluded
on the basis of poor accessibility/infrastructure, and those that may become targets if CO, point
sources associated with the future development of natural gas fields are included. The Natuna
East sedimentary basin has been included in the latter category here. This basin did not feature
in the list of primary targets — yet it as at present the only location in South East Asia where a
CCS project is planned, albeit with an uncertain future, and this site is discussed further below.
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Figure 1.8: Target sedimentary basins for potential CO, Storage in East and South East
Asia (modified from Bradshaw et al., 2004a).
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1.2.2.1 Natuna D-Alpha

Natuna D-Alpha is an offshore gas field located in Indonesia's East Natuna Sea approximately
1,100km north of the Indonesian capital Jakarta and 225 km northeast of Natuna Island. The
Natuna D-Alpha block contains ~6.3 x10"> m® of gas (222 x10'? cubic feet). However the fuel
deposit is extremely impure, with a CO, content of around ~70% by volume (Herzog et al.,
1997). Allowing for separation of the CO,, Exxon Mobil has estimated that the recoverable
natural gas reserves are ~1.3 x10" m*® (46 x10'? cubic feet), accounting for about 25% of
Indonesia's total gas reserves.

At present the status of this gas field is uncertain. Nominally, Exxon Mobil owns a 76 % stake,
while the Indonesian state-run oil company Pertamina holds 24%. However, in late 2006 the
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Indonesian government terminated ExxonMobil's contract to develop the gas block. This
appears to have been due to slow movement on the development of the block. At present,
Indonesia and ExxonMobil are negotiating a new contract. It seems likely that a new agreement
will be reached, with Exxon Mobil Indonesia Inc. stating that the company is progressing with a
four-year plan to deliver natural gas from the Natuna D-Alpha block to foreign buyers by 2014.

Furthermore, it is clear that the Indonesian government is keen to see gas production from this
area, thus it is a question of when, rather than whether, this field will be developed.

Current plans for the development of the Natuna D-Alpha field include capture of 90% of the
CO, and injection into two neighbouring deep saline reservoirs ~900 m beneath the bed of the
Natuna Sea (Chargin & Socolow, 1997; RCEP, 2000). The decision to employ CCS at this
project is in part related to the volume of CO, that will be produced, where direct venting of the
CO, to the atmosphere would create a massive point source equal to ~0.5% of the current
global CO, emissions from fossil fuels (Chargin & Socolow, 1997). The danger to the local area
from such a release (in addition to likely associated political difficulties and economic factors
such as possible future taxation on emissions) drove the decision to employ CCS. The large
quantities of CO, to be separated from the gas would be pumped back into the ocean floor
using dedicated deep-sea platforms. The project calls for the construction of at least 18
offshore platforms, comprising six for drilling, six for treating and four for injection work.
Operations would take place where the water is at least 145 m deep.

Output and injection rates are as yet essentially unknown, although they are likely to be very
high. Pertamina has been quoted as projecting an initial output of 5 Mt LNG, which could be
increased later to 15 Mt. Other sources suggest a yield as high as 22.2 Mt LNG each year, or
around 30% of the world's output. Thus if the project goes ahead, at full production around 100
MtCO, would be disposed of annually into a sub-sea bed aquifer (Table 1.3; Chargin &
Socolow, 1997; Hanisch, 1998). This is equivalent to 100 ‘Sleipners’, and no other currently
announced project would rival this in scale.

Table 1.3: Potential CO, Sequestration Rates at Natuna D-Alpha (calculated based on
projected LPG production rates and assumes the gas feed stream is a binary mixture
composed of 30% CH, and 70% CO,, with capture and storage of 90% of the CO,).

Extraction LPG CO, Extracted CO, Stored (90%)
Mt/yr Mt/yr Mt/yr t/day
Initial Rate 5.0 321 28.9 79,110
Future Rate 15.0 96.3 86.6 237,329
Maximum Rate 22.2 142.5 128.2 351,247
Mt Mt Mt
Total Reserve 929 5963 5367

1.2.3 Oceania (Australia)

As with Japan, Australia is one of the world leaders in the field of CCS, with active research, a
roadmap for CCS implementation and pilot studies underway. This program is lead by The
Cooperative Research Centre for Greenhouse Gas Technologies (CO2CRC), a collaborative
research organisation focused on CO, capture and geological storage. A detailed regional
assessment of storage capacity, CO, sources, and source to sink matching have been
performed, and details are readily available and clearly presented (see for example Bradshaw
et al., 2002, 2004b, and the CO2CRC website www.co2crc.com.au).

In brief, Australia’s CO, storage capacity in depleted hydrocarbon reservoirs is small, and there
are only niche opportunities for CO,-EOR (Bradshaw and Rigg, 2001; Bradshaw et al., 2002). In
regard to deep saline aquifers, an Australia-wide study of sedimentary basins conducted by
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CO2CRC (previously GEODISC) assessed 100 sites for their suitability for the safe, long-term
storage of CO,. This initial study identified 65 potentially viable Environmentally Sustainable
Sites for CO, Injection (ESSCIs) within 48 basins, with an estimated storage capacity of 740
GtCO, (see Figure 1.10 below; Bradshaw et al., 2001).

Source to sink matching and a ranking exercise have also been performed in order to identify
those ESSCls that appear to be the most viable, based on geotechnical, environmental and
economic risk factors (Bradshaw et al., 2004b and references therein). This assessment
explicitly included potential future LNG sources of CO, from unproduced gas fields with naturally
high CO, contents located on the North Western Shelf (NWS), the Gorgon, Scott Reef and
Evans Shoal fields (see Figure 1.9). Including only the CO, emissions nodes with large
emission volumes, within 300km of a technically viable ESSCI and with low storage costs
indicates that Australia has the potential to realistically store between 100 and 115 MtCO,,
equivalent to ~25% of its annual total net CO, emissions. Within this, the unproduced gas fields
of the NWS were identified as prime targets for future CCS operations. These fields are likely to
be developed in the near future, where if the separated CO, were simply released to the
atmosphere, the production of natural gas could contribute around 4% of Australia’s current CO,
emissions. However, Gorgon & Scott Reef lie within 100km of a technically viable offshore
ESSCI, while Evans Shoal lies within 300km, thus providing the ability to sequester the CO,
sub-seafloor with relatively low transport costs (Bradshaw et al., 2002, 2004b). Furthermore, the
development of these fields would shift the balance in energy production, with a higher
proportion of Australia’s energy requirements being supplied from gas rather than coal. Thus if
CCS were implemented at the production stage, this would result in a true decrease in
Australia’s CO, emissions. Plans for the development of the Gorgon field are already at an
advanced stage and include CCS as an integral part of the project. This project is discussed in
more detail below.

Figure 1.9: Location of potentially viable Environmentally Sustainable Sites for CO,
Injection (ESSCIs) in relation to stationary emission nodes and unproduced high CO, gas
fields (image provided by CO2CRC, copyright retained by CO2CRC). The three
unproduced gas fields located on the North Western Shelf are (from southwest to
northeast) Gorgon, Scott Reef and Evans Shoal.
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1231 The Gorgon Project

The Gorgon Project plans to develop the Greater Gorgon gas fields, located between 130km
and 200km off the north-west coast of Western Australia. This project is being pursued by the
Australian subsidiaries of three major international oil companies (the Joint Venturers), Chevron
(operator of the project holding a 50% interest), ExxonMobil (25%) and Shell (25%). The
project proposal includes greenhouse gas management via injection of carbon dioxide into the
Dupuy formation (a saline aquifer) beneath Barrow Island (Oen, 2003). There appear to be
multiple driving forces for the implementation of CCS within this project. Firstly, the CO, has to
be removed from the gas stream prior to processing (liquefaction) and marketing. Secondly, in
the absence of a CO, emission abatement or mitigation strategy, the Australian EPA made a
strong recommendation against further development of the Barrow Island nature reserve site
(see current status below). Thirdly, as major international energy companies the Joint
Venturers have a vested interest in the development and demonstration of CCS technology,
where incentives provided by the Australian Government through the Low Emissions
Technology Demonstration Fund (LETDF), encourages industry investment in this region,
offering $1 for every $2 spent by industry for projects that demonstrate new low greenhouse
emissions technology. Chevron was recently awarded a $AU 60m grant to demonstrate CO,
capture from the Gorgon gas field development and sequestration in a saline aquifer under
Barrow Island.

The gas fields of the Greater Gorgon area (comprising the Gorgon area and Jansz field amon%
others) represent Australia's largest-known undeveloped gas resource, containing ~1.1 x10'? m
of natural gas (40 x10™ cubic feet). While the CO, content of the Jansz field is low (0.25% by
volume), gas in the Gorgon area has a high CO, content ranging from 10-15% by volume, with
a typical composition of 14-15% CO, and 2-3% N,. The technically proven and certified
recoverable gas resource of the Gorgon area is 0.37 x10'? m® 212.9 x10" cubic feet),
corresponding to a reservoir CO, volume of approximately 65 x10° m®, or ~125 Mt CO,. The
CO, (and other trace contaminants such as H,S) will be removed from the raw gas feed stream
as part of the gas pre-treatment before processing, where the recovered CO, will be injected
back into the subsurface below Barrow Island. The maximum anticipated rate of CO, removal is
3.4 Mt/yr, with an average rate of 3.1 Mt/yr over the life of the project. Under routine operations,
it is expected that all CO, removed from the incoming gas stream would be injected into the
subsurface. However, venting of reservoir CO, may be required during commissioning,
maintenance periods, unplanned downtime and in the event of reservoir or injection well
constraints. The long term goal is to achieve injection of 95% of the reservoir gas (Chevron,
2005). However, the reference case adopted by the Joint Venturers is based on a worst-case
scenario that assumes venting of 20% of reservoir CO, to the atmosphere, providing an
allowance of ~5% for maintenance and compressor down time plus ~15% assuming one of the
seven planned injection wells is offline. Thus CO, injection at this site is expected to range
between 2.7-3.4 MtCO,/yr.

Injection Site

Extensive investigations of the feasibility of CO, injection at the Gorgon project have been
carried out, both by the Joint Venturers (Chevron 2005) and via an independent report (Curtin
University of Technology, 2004) commissioned by the Australian Department of Industry and
Resources (DolR). This has included assessment of potential CO, injection sites, subsurface
geology and stratigraphy, injectivity, storage capacity and likely CO, behaviour and movement
in the subsurface.

The intention is to inject reservoir CO, into the Dupuy Formation, approximately 2300m below
Barrow Island, with the CO, injection facility located on the central eastern coast of Barrow
Island. This site was selected to maximise the migration distance from major geological faults
and to limit disturbance to areas around the proposed gas processing plant. The injection wells
are planned to be directionally drilled from two surface locations, with a total of 7 (6-8) injection
wells. It is likely that a monitoring well (or wells) will be drilled from each cluster of injection
wells to provide a sample point within the area of injection
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The Dupuy Formation appears to have adequate capacity to contain the ~125 Mt CO, that will
be potentially available for injection over the life of the project, where the Basal Barrow Group
seal which overlies the Dupuy Formation should be adequate to contain the injected CO, for
thousands of years (Curtin University of Technology, 2004).

Although the injection site is located on land, the migration of CO, within the Dupuy formation
will result in CO, storage beneath both Barrow Island and the adjacent shallow waters of the
coast, i.e. the intended storage site is both sub-terrestrial and sub-seafloor. The Joint Venturers
also note that the Greater Gorgon gas fields themselves would provide significant additional
CO, storage capacity once the hydrocarbon reservoirs are depleted. Thus if carbon storage in
sub-sea geologic formations proves successful, this region may see significant further
development as a storage site in the future.

Project Status

The Gorgon Project is now nearing the end of a lengthy and thorough environmental approval
process. The associated documents are publicly available and provide detailed information on
the project. This includes the independent report commissioned by the DoIR (Curtin University
of Technology, 2004) in addition to the following documents prepared by the Joint Venturers:

e The draft Environmental Impact Statement/Environmental Review and Management
Program (EIS/ERMP) document. This meets the requirements of environmental impact
assessment processes under the Commonwealth Environment Protection and Biodiversity
Conservation Act 1999 and the Western Australian Environmental Protection Act 1986.

¢ An Additional Information Package containing supporting technical information that became
available following the release of the Draft EIS/ERMP.

e The Final Environmental Impact Statement/Response to Submissions on the Environmental
Review and Management Program.

In June 2006, the Western Australia Environmental Protection Authority (WA EPA) published an
advisory bulletin (Bulletin 1221) recommending against the Gorgon project’s EIS/ERMP. This
was largely due to negative impacts on the Barrow Island Nature Reserve (Barrow Island is a
Class A internationally significant nature reserve recognised for its very high conservation
values, where the waters around Barrow Island are also recognised for their conservation
values, with parts included in marine conservation reserves and a marine park). The EPA also
noted that the opportunity to inject reservoir CO, was a key argument for the use of Barrow
Island, and made a clear statement that should the project proceed the EPA considers it
essential that injection or equivalent greenhouse gas mitigation action occurs.

The Western Australia Environment Minister has since upheld the Gorgon Joint Venturers
appeal against the EPAs advisory bulletin. However, in response to the recommendation of the
EPA, geological sequestration of CO, has now been made a condition of the development.

Prior to this decision, the Gorgon Joint Venturers were publicly committed to injection of 80% of
the reservoir CO, unless it proved “technically infeasible or cost prohibitive”. The successful
injection of CO, is now an integral part of the Gorgon Project, without which development of the
gas field cannot proceed as planned. A test well was drilled into the Dupuy Formation in early
2006 and comprehensive tests and analysis to assess the ability to inject the CO, at Barrow
Island are now underway. Assuming that test results are positive and CO, injection is possible,
the final decision on the Gorgon Project is in the hands of the federal Environment Minister.
Given the Australian governments support for CCS, including funding awarded to Chevron via
the LETDF specifically for the purposes of demonstrating CCS at the Gorgon site, it seems
likely that this project will proceed as planned with production commencing in 2008-2010.
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1.2.4 Western Europe (North Sea, Barents Sea & Mediterranean Sea)

Western Europe is a world leader in the field of offshore CCS, where the only two currently
operating sub-seafloor CO, storage projects in the world are located in the North Sea. The
dynamic European CCS research community includes national programs, industry led projects
(in particular by Statoil, a true world leader in CCS technology) and academic-industrial
collaborations, which are supported at the regional level through the European Commission
Framework Programs (see European Communities (2004) for an overview of programs funded
via FP5 (1999-2002) and FP6 (2002-2006), calls for FP7 opened in December 2006). In light of
the wealth of both available storage opportunities, and available information regarding
European CCS activities, this subject matter could form the basis of an individual report. Here
the focus has therefore been restricted to specific current and planned future projects.

Two major projects have assessed European CO, storage capacity (including depleted oil and
gas fields and deep saline aquifers), JOULE Il (1996) and GESTCO (2003). These studies
examined specific case studies, and do not represent a comprehensive coverage of all storage
potential in Europe. Nevertheless, estimates of the regional storage potential clearly
demonstrate that the vast majority of Western Europe’s CO, storage capacity occurs in offshore
formations; with the majority of offshore storage sites occurring within the UK and Norwegian
sectors of the North Sea (see Table 1.2; Holloway, 1996; Bge et al., 2002; IEA-GHG 2004;
Wildenborg et al., 2005). This region represents an ideal candidate for sub-seafloor storage of
CO, due to a good understanding of its geology (proven storage capabilities over geological
time) and proximity to stationary CO, sources. Furthermore, many of the North Sea oil and gas
fields are now nearing depletion. While this provides opportunities for enhanced oil and gas
recovery (EOR and EGR), it also creates a finite time window within which existing infrastructure
can be adopted and converted to accommodate CO, injection (rather than removed, as is
required on decommissioning). Thus rapid development of the North Sea as a major CO,
storage site might be expected. Indeed, in late 2005, government and industry representatives
from Denmark, Germany, The Netherlands, Norway and the UK reached an agreement to
promote large-scale CCS as an effective way to tackle global climate change and signed a joint
declaration on geological storage beneath the North Sea. This declaration agreed to set up a
‘North Sea Basin Task Force’ to develop common principles to regulate CO, storage and to
explore possible areas of co-operation.

Current offshore CCS schemes in Europe include the first example of a geological CO, storage
facility (the Sleipner project) and a pilot scale project investigating the potential for CO, storage
combined with EGR (the K12-B project), with numerous other projects either under
development or under consideration. Of these, three sites fall under the umbrella of the
European CASTOR (CO,, from capture to storage) project, the K12-B project in the North Sea,
the Snghvit project in the Barents Sea, and the Casablanca project in the Mediterranean Sea.
One of the principal objectives of the CASTOR project is to develop and apply a methodology
for the selection and the secure management of storage sites by improving assessment
methods, defining acceptance criteria, and developing a strategy for safety-focussed, cost-
effective site monitoring. As such, these sites have been chosen to reflect a broad range of
reservoir characteristics. Source-sink matching and cost benefit analysis are also highly
developed in this region, as is illustrated by the concept of the CO, value chain. For example,
near-future European projects will extend the role of CCS to include schemes that link the
generation of CO, at large power stations (fueled by North Sea hydrocarbon reserves) to the
application of EOR within the North Sea, and strive to create zero emissions systems (see for
example the Tjeldbergodden/Heidrun/Draugen and Miller/Peterhead Projects).  Various
European sub-seafloor CO, storage projects are described briefly below and summarised in
Figure 1.10 and Table 1.4.
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Table 1.4: Current & future offshore CO, storage projects.

Project Status Location Storage Rate Project Start
MtCO,/yr
Current Projects
Sleipner Norway 1.00 1996
K1-2B Netherlands
Initial 0.02 2004
Increasing to 0.31 - 0.48 2007-2008
Snghvit Norway 0.75 2007

Future Planned/Proposed

Gorgon Australia 2.70 - 3.40 2008-2010
Miller/Peterhead UK 1.80 2009
Teeside UK 4.00 2011
Tjeldbergodden/Heidrun/Draugen Norway 2.50 2012
Mongstad Norway

Initial 0.10 2010

Increasing to 1.30 2014
Karsto Norway 1.00 - 1.20 2011-2012

Uncertain Future

Natuna Indonesia 28.9 - 86.6 post 20147

Japan Japan ~7 post 2010?

Casablanca Spain 0.50 ?
1.24.1 The Sleipner Project, North Sea

Initial practical experience in the geological storage of CO, beneath the seafloor is being
obtained in the Norwegian sector of the central North Sea area, where CO, from the Sleipner
West gas field (owned and operated by Statoil) is extracted, captured, and injected back into a
deep saline aquifer located at a depth of ~1000m.

The Sleipner West natural gas field has a naturally high CO, content of ~4.0-9.5% by volume.
For natural gas to be fed directly into pipelines for sale in Europe, the CO, content must be less
than 2.5% by volume, thus development of this field required removal of CO, from the produced
gas by necessity. Furthermore, at the time of development (1990), it was known that the
Norwegian government would shortly be introducing significant CO, emissions taxation on the
offshore petroleum industry (~$ 40/t CO,, introduced in 1991). In response to these factors, a
team of technical experts came up with the then unprecedented idea of capturing the CO,
offshore and injecting it into a saline aquifer beneath the Sleipner installations. Statoil
proceeded with this pioneering project (for both environmental and financial benefit) and since
project start up in 1996 around ~1MtCO,/yr has been injected into the Utsira aquifer.

The Sleipner West field is produced through two installations; the Sleipner B (SLB) wellhead
platform and the Sleipner T (SLT) gas treatment facility. The carbon dioxide removal plant
installed on the SLT platform is the first employed in the North Sea and was the largest offshore
facility of its kind (a Total patented amine separation process) at the time of commissioning.
The CO, extracted from the natural gas feed stream is injected into the water-bearing Upper
Miocene Utsira Formation, located at a depth of 1,000 metres above the Sleipner West
reservoir, and overlain by an 80 m thick Nordland Group shale cap rock. The Utsira Formation
forms an elongated sand-body about 450 km long and 90 km wide, with a maximum thickness
of 250-330 m. According to Statoil, the estimated capacity of this aquifer is several GtCO,.

In order to learn as much as possible from this first endeavor in the realm of geological storage
a collaborative research project, the Saline Aquifer CO, Storage Project (SACS) was
established in 1998 to examine and monitor the behaviour of injected CO, within the Utsira
Formation. The SACS project finished in 2003, and this work is now being continued by the
partly EU funded CO2STORE project.
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1.2.4.2 K12-B - The ORC Project, North Sea

In the Netherlands a pilot scale CO, injection program is being carried out by Gaz de France
Production Netherland B.V. (GPN) at the K12-B offshore gas field in the Dutch sector of the
North Sea (van der Meer et al., 2005).

The K12-B platform, located 150 km NW of Amsterdam, is the test facility for GPN’'s ORC
project (Offshore Reinjection of CO,). This project forms part of the Dutch CRUST program
(CO, Re-use through Underground STorage) and the European CASTOR program, and was
jointly funded by GPN (10%) and The Ministry of Economic Affairs of the Netherlands (90%).
The aims of the ORC project were to assess (i) the feasibility of CO, storage in a depleted gas
reservoir and (ii) the possibility of using CO, injection for Enhanced Gas Recovery (EGR). If the
ORC project is deemed successful CO, could also be injected into other fields in this area for
both storage and EGR purposes.

K12-B was selected as a potential CO, injection test site as the gas field was nearing depletion
and the platform was already equipped with a CO, removal plant due to the high CO, content of
the reservoir gas (~13%). A feasibility study conducted in 2002-2003 concluded that excellent
facilities were available for a demonstration project, that the reservoir has good characteristics
for CO, re-injection and storage, and that there were no significant legal or social barriers to the
project (van der Meer, 2004). Pilot scale CO, injection was initiated in May 2004. This is the
first site in the world where CO, has been injected into the same reservoir from which it
originated, the Rotliegend sandstone located at a depth of ~3800m (Upper Slochteren Member,
Permian age).

The pilot phase involved two injection tests. Test 1 (initiated in May 2004) involved CO,
injection into a single-well depleted reservoir compartment (K12-B8) and demonstrated
reasonable CO, injectivity despite the low permeability of the reservoir, where the reservoir
response and behavior of the injected CO, were within the expected range (Van der Meer,
2005). Test 2 (initiated in March 2005) involved CO, injection into a producing compartment of
the reservoir to evaluate the potential for EGR in K12-B (Van der Meer 2006). This test
involved three wells, a CO, injection well (K12-B6) and two producing gas wells (K12-B1 and
K12-B5). Tracer experiments were also carried out to enable monitoring of any breakthrough of
injected CO, into the methane production wells. Results from the 2005 injection period
demonstrated that CO, breakthrough could be modelled accurately, where simulation results
indicate that CO, increase in the gas-production wells would be slow and gradual, and the
volumetric consequences of CO, breakthrough in K12-B1 were undetectable within the test
period. However, at the end of 2005 there was no clear evidence of measurable improvement
in the gas-production performance of the tested compartment and it was concluded that this test
phase should be continued into 2006 to increase the EGR potential of CO, injection (Van der
Meer, 2006). Results from the 2006 injection program should be available in the near future.

During the pilot test phase CO, injection at this site has been restricted to 20 kt CO,/yr, with an
injection rate of ~50 to 60 t/day. However, with the successful completion of the test injection,
the K12-B project is expected to enter into commercial phase operation in the near future, with
an injection potential of 310 to 475 kt CO./yr and a total estimated reservoir size of 8Mt CO, or
~17-25 years of storage (van der Meer 2006).

1.243 The Snghvit Project, Barents Sea

Statoil and its partners are involved in a second offshore CO, storage venture, the Snghvit
project, which is due to commence in June 2007. This project (part of the European CASTOR
project) will be the first oil and gas development in the environmentally sensitive Barents Sea,
the first LNG gas-field development in Europe, and the first LNG production site where the
captured CO, will be stored. The Snghvit Field, located in the Barents Sea, contains natural
gas with a CO, content of 5-8% by volume. A full subsea solution is being used for the
development of this site, with all production equipment residing at water depths of 250 to 345 m.
The produced gas will be fed to an onshore reception terminal on Melkgya. Here the CO, will
be removed from the natural gas feed stream (as at Sleipner, the CO, will be captured by amine

24



absorption), dewatered, compressed, sent back offshore via a dedicated pipeline, and injected
into the Tubaen Formation. This storage aquifer is located beneath the gas-bearing strata at a
depth of ~2,600 m and is capped by 75-125 m of thick impermeable shale. It is expected that
~0.75 MtCO, will be reinjected per annum.

1.2.4.4 Tjeldbergodden/Heidrun/Draugen, Norwegian Sea

This joint venture between Shell and Statoil plans to establish a complete CO, value chain in
Norway. The proposed project involves a new 850MW gas-fired power station at the
Tjeldbergodden industrial complex facility in Mid Norway, which currently comprises a gas
receiving terminal, methanol plant, an air separation facility and a gas liquefaction unit. Natural
gas will be piped to the power station via the existing Haltenpipe pipeline. Around 85% of post-
combustion CO, emissions from the power station will be captured, in addition to capture of CO,
from the methanol production facility. The CO, will be dewatered, compressed, and transported
offshore via a pipeline for CO,-EOR based storage, first at the Shell operated Draugen field and
later at the Statoil-operated Heidrun field. Currently Shell and Statoil are undertaking a
feasibility study and will decide upon a final concept if the project is deemed to be commercial.
A decision to award the project sanction will be taken at the end of 2008, which could allow
project start-up by 2010 and full operation by 2012. If the project proceeds, up to 2.5 MtCO,
(including ~ 0.3 MtCO/yr from the existing methanol plant) could be injected annually.

1.245 Miller/Peterhead (BP-DF1), North Sea

The BP Miller/Peterhead Power Station project, referred to as DF1 (decarbonised fuels 1), aims
to generate electricity using hydrogen manufactured from North Sea natural gas, where the CO,
created in the gas reforming process is captured and utilised for CO,-EOR at the Miller field.
The project, if it goes ahead, will be the first industrial scale decarbonised fuel project in the
world and will be able to reduce CO, emissions from the electricity generation process by
around 90%. North Sea gas will be supplied via an existing link from the St. Fergus terminal to a
new reformer based at the Peterhead Power Station. The CO, captured from the gas reforming
process will be transported via an existing gas export pipeline to be injected for EOR and long-
term geological storage in the Miller field reservoir which lies at a depth of around 3,500 metres.
The Miller field was selected as a CO, storage site as (i) it is uniquely positioned with an
existing, dedicated high-grade steel pipeline connected to a suitable power station (ii) the high
specification pipeline is able to handle the corrosive properties of a high-CO2 content gas
stream (iii) Miller has gas re-injection facilities (iv) CO, naturally present in the field has been
proven to be held in the reservoir on a geological timescale (v) the application of CO,-EOR
could increase recoverable oil reserves by around 60 million barrels and extend the life of the
field by around 20 years. This development could commence as early as 2009, with a projected
CO; sequestration rate of ~1.8 MtCO,/yr.

1.2.4.6 Other North Sea Projects

Plans have recently been announced for the UK's first complete clean coal power generation
project (Centrica PLC, Progressive Energy Ltd., Coastal Energy Ltd., and Coots Ltd). If
progressed, this project would involve the construction of a new 800 MW Integrated Gasification
Combined Cycle (IGCC) power station (located in Teesside, UK) combined with CO, capture,
transport via a new pipeline, and storage in the North Sea. The project has a projected start
date of 2011, and no further details are as yet available. However, a CO, storage rate of ~4
MtCO,/yr can be estimated based on the expected annual energy output (6 TWh/yr) and
applying the representative figures provided by the IPCC for emissions reductions associated
with new IGCC power plants combined with CSS (86% - equivalent to capture of ~0.665
kgCOy/kWh; IPCC, 2005).

In Norway, all new-build gas fired power stations are now expected to be ‘carbon recovery
ready’. For example, the recently approved combined heat and power (CHP) plant at Karstg
(Naturkraft; ~3.5 TWh/yr) is being built to allow retrofitting of carbon capture systems. At full
production this plant will have emissions of ~1.0-1.2 MtCO,/yr, where CCS is expected to
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implemented post 2011-2012. At a similar new CHP plant at Mongstad (Statoil; ~2.2 TWh/yr)
carbon capture systems are to be built simultaneously with the power plant, where the
emissions permit from the Norwegian government requires capture of at least 0.1 MtCO./yr to
start at the same time as power production, with full emissions capture (1.3 MtCOy/yr) in
operation by 2014. The storage plans for these projects have not yet been announced.

1.2.4.7 The Casablanca Project, Mediterranean Sea

The Casablanca oil field is operated by Repsol-YPF and is situated off the coast of northeastern
Spain in the Mediterranean Sea, approximately 43 km from Tarragona. This carbonate hosted
oil field, located at a depth of ~2500m below the seafloor, and is nearing the end of its
productive life, where the economic limit of the field will be reached in the next few years.
Repsol-YPF is therefore considering using this field for storage of approximately 0.5 MtCO,/yr,
which is to be captured at the company’s Tarragona refinery (~20% of the refinery’s annual
production). At present, this is the only project planned for the Mediterranean Sea.

Evaluation of the Casablanca oil fields’ suitability as a CO, storage site is being carried out as
part of the CASTOR project (Mignot et al., 2006). This field case has been divided into several
steps, including a geological study, reservoir modeling, forecast of CO2 injection, well integrity,
and long term behavior of CO, in the subsurface (Mignot et al., 2006). To date, early results
have been reported from the first three steps of the study (Mignot et al., 2006). There is not (as
yet) a projected start date for CO, injection as a full evaluation of the ability of this field to be
safely used as a geological storage site awaits the results of the full study (Mignot et al., 2006),.

1.2.4.8 The Rate of Sub-Seafloor Storage of CO, in Western Europe

The injection of CO, into sub-seafloor geologic reservoirs in Western Europe is currently
occurring at a rate of ~1 MtCO,/yr (see Table 1.4). If all current and future planned projects
proceed according to projected timescale, this will increase to 2.1-2.2 MtCO,/yr by the end or
2007, 4.0-4.1 MtCO./yr by 2010, and 12.7-13.0 MtCOy/yr by 2015 (13.2-13.5 MtCO,lyr if
Casablanca is included).

1.3 Projected Rate of Near Future Sub-Seafloor CO, Storage

The current, future planned and potential CO, storage rates discussed above are
summarised in Table 1.4, where the storage projects have been categorized as Current,
Future Planned/Proposed and Uncertain Future. The cumulative CO, storage that would
be achieved by 2050 is plotted in Figure 1.11. Considering only the current projects,
~100 MtCO, will have been stored by 2050. Including the Gorgon Project, which has
nearly completed the planning and approvals process, this increases to 225 MtCO,, and
including the future plans for the North Sea area that have been announced to date, the
total storage would reach ~650 MtCO,. The storage that could be achieved by Japan or
at the Natuna Field in Indonesia has not been included in Figure 1.11 due to the uncertain
future of these projects where development of the Natuna field progress. If these
projects were to proceed on schedule, then assuming the upper limit on injection rates,
the annual sequestration rate would on the order of 100 MtCO,/yr, with ~3.8 GtCO, stored
by the year 2050.

It seems probable that Carbon Capture and Storage (CCS) will play an increasingly
significant role in greenhouse gas emissions reduction strategies over the course of the
21 Century. Indeed some models estimate that for stabilisation of atmospheric CO, at
levels of 490-540 ppmv, the total emissions abatement achieved via CCS may be on the
order of 1000 GtCO, by the year 2100 (IPCC, 2007). Should CCS be deployed at this level
then a reasonable upper limit on the offshore storage utilisation might be ~25-50% of the
total mass of CO, stored (in proportion to the fraction of total storage capacity that
occurs offshore, giving an offshore cumulative storage of 250-500 GtCO, by 2100). If it is
assumed that new projects come online at a constant rate, each injecting some ~1-4
MtCO./yr, an effort of this order would require between 15-120 offshore storage projects
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to start injecting CO, every year from 2010 to 2100. Under this scenario, there would be
between 600 and 5000 projects by the year 2050, with an annual storage rate of 2.5-5
GtCO./yr, and a cumulative mass of CO, stored between 50 and 100 GtCO,. By the year
2100, the total number of projects would increase to 1400-11000, with a total storage rate
of 5.5-11 GtCO,/yr.

Figure 1.11: Projected cumulative CO, storage likely to be achieved by 2050 (including
only current and future planned projects).
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2: Fluxes of CO, to the Global Ocean

Two key questions regarding the security and safety of sub-seafloor geological sequestration of
CO, are (i) the likelihood of leakage or seepage of CO, from the storage reservoir to the
seafloor and ocean bottom waters, and (ii) the impact this might have on ocean chemistry and
ecosystems. When evaluating the potential impact of leakage or seepage of CO, from sites of
purposeful sequestration it is useful to consider the contextual setting, and to ask how potential
leakage fluxes compare to the pre-existing fluxes of CO, to ocean waters. There are two
principal CO, inputs of interest. Firstly, the indirect (non purposeful) sequestration of fossil fuel
CO. into the surface ocean, and secondly, the natural emissions of CO, to ocean bottom waters
that occur via hydrothermal exhalations. The ocean uptake of fossil fuel CO, has been the
subject of a recent report by the Royal Society, and is briefly summarised here before focussing
on the hydrothermal flux, where this chapter presents a comprehensive analysis and revised
estimate for the total flux of volcanic CO, to the seafloor. Chapter 3 discusses specific sites of
CO; venting to the seafloor in more detail, examining whether these sites could provide a useful
analogue for sites of leakage from sub-seafloor storage reservoirs.

2.1 Current Input of Fossil Fuel CO, to the Surface Ocean

The indirect (non-purposeful) sequestration of fossil fuel CO, into the surface ocean occurs via
air-sea gas exchange as a result of increasing atmospheric CO, concentrations. The role of the
ocean in moderating the atmospheric CO, signal has long been recognised, and in the 1990s a
maijor international effort was made to constrain this uptake through the World Ocean Climate
Experiment (WOCE) and the Joint Global Ocean Flux Survey (JGOFS). Sabine et al. (2004)
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used the global data set resulting from these programmes to estimate a cumulative oceanic sink
from 1800 to 1994 of ~433+70 GtCO,, or around half the fossil fuel emissions over this time
period. Recently, the Intergovernmental Panel on Climate Change Fourth Assessment Report
(IPCC AF4) estimated mean air to sea fluxes of 6.6+2.9 GtCO,/yr, 8.1+1.5 GtCO,/yr and
8.1+1.8 GtCO,/yr for the 1980s, 1990s and the period 2000-2005 respectively (equivalent to
average daily uptake rates of 18.1£8.0 MtCO,/day, 22.1+4.0 MtCO,/day and 224+5.0 MtCO,/day
respectively; Denman et al., 2007). As the concentration of total CO, in the surface ocean
increases, the waters become more acidic, and the concentration of carbonate ions decreases
(through the equilibration of the oceanic carbonate system CO, + H,0 | HCO3 + H* % CO,™ +
2H"). The impact of this CO, input on surface ocean chemistry and biology has recently been
the topic of a public report published by the Royal Society (Raven et al., 2005). These impacts
are discussed in comparison to the potential impact of leakage or seepage of CO, to bottom
waters in later Chapters.

2.2 Natural Flux of Volcanic CO, to Ocean Bottom Waters

CO, is delivered to the ocean through hydrothermal circulation (the heat driven transport of
water through the earths crust), where hydrothermal fluids are highly enriched in CO, and
exhibit low pH with respect to ambient seawater. There are three principal requirements for
hydrothermal activity to occur; a heat source, permeable conduits for fluid flow, and an
advecting fluid. These conditions are met in four distinct active lithosphere regions where
submarine volcanism occurs (see Figure 2.1); at the Mid Ocean Ridges (MORs), at subduction
zones (associated with both back-arc basin spreading centres and arc volcanism), and at
hotspots (intraplate volcanism).  During hydrothermal circulation, cold seawater gradually
percolates downward through fractures in the permeable ocean crust. As the seawater
penetrates basement, it comes in to contact with hot rock, and may come close to a zone of
active magma intrusion, or magma chamber (Lister, 1972). Rapid heating then forces the
buoyant hot water (the hydrothermal fluid) to the surface as a hydrothermal vent. Mantle
degassing releases gases such as helium (He), methane (CH,), hydrogen (H,), carbon
monoxide (CO), and carbon dioxide (CO,), and volatile elements such as mercury (Hg) and
arsenic (As). The composition of the fluid is further changed through reaction with the host
basalt as it circulates (e.g. Elderfield and Schultz, 1996, see Figure 2.2). Thus, in addition to
thermal transfer, hydrothermal circulation facilitates a major chemical exchange between the
circulating seawater and the ocean crust and plays an important role in regulating the chemistry
of the oceans (e.g. Elderfield et al., 1993; Elderfield and Schultz; 1996).
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Figure 2.1: A cartoon illustrating the zones of seafloor magmatic emplacement that may
represent a significant source of CO, to ocean waters (not to scale).
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Figure 2.2: A Schematic diagram of hydrothermal circulation.
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Determining the flux of volatiles to ocean bottom waters is a difficult task. The solubility of CO,
and He in magmas is low, where these species are thought to escape the magma while it
resides in the magma chamber, and are quantitatively degassed during eruptions (e.g. Gerlach,
1989; Kingsley & Schilling, 1995). In subduction zones, the downgoing slab can represent a
significant and variable source of additional CO,. This means that the original CO, content of
magmas cannot be measured directly, and the CO, flux has to be estimated indirectly.
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Furthermore, estimates of the flux of CO, to the ocean typically consider only the MORs, where
intraplate volcanism is considered negligible, and the subduction zone contribution is treated as
a subaerial (as opposed to submarine) flux (e.g. Marty & Tolstikhin, 1998). However, the recent
discovery of submarine CO, rich vent sites associated with back-arc spreading centres (e.qg.
Sakai et al., 1990a), volcanic arcs (e.g. Lupton et al., 2006), and hotspots (e.g. Staudigel et al.,
2006) suggests that these fluxes may have been significantly underestimated. Here a current
best estimate of the CO, flux to ocean waters is determined. However, it should be noted that
there remain a number of obstacles in determining an accurate estimate of the total CO, flux,
and as such this estimate is subject to significant revision in the future.

2.2.1 Basis of the Estimate

A number of different approaches have been taken to estimate volcanic CO, fluxes:

(1) Estimating the abundance of CO, (C) in the mantle combined with the magmatic production
rate. This approach has been applied to the MORs (e.g. Javoy et al., 1982) and hotspots
(mantle plumes; e.g. Aubard et al., 2005). However, it is not applicable to determining the CO,
flux in regions influenced by subduction as it does not account for additional sources of CO,.

(2) Using average hydrothermal vent fluid compositions combined with estimates of the mass
flux of hydrothermal fluids. This approach has been applied to the MORs (e.g. Elderfield &
Schultz, 1996). While a similar approach could be applied to subduction zones and hotspots, it
would carry a high level of uncertainty as the number of CO, vent sites is essentially unknown.

g3) Estimating the CO./°He ratio of the volcanic emissions combined with the flux of magmatic

He. This approach has been applied to the MORs, subduction zones and hotspots, where the
use of the observed CO,/°He ratio accounts for additional (non-mantle) sources of CO, (e.g.
Sarda & Graham, 1990; Graham & Sarda, 1991; Marty & Jambon, 1987; Marty & Zimmerman,
1999; Des Marais & Moore, 1984; Marty & Tolstikhin, 1998).

While each of these approaches carries intrinsic uncertainties associated with the assumptions
made in the calculation and the quality/quantity of available data, the latter approach appears
both the most robust and broadly applicable, and is thus favoured here. In this calculation the
total flux of CO, to ocean bottom waters is given by the sum of individual fluxes at the MORs
(MOR), back-arc basin spreading centres (BAB), volcanic arcs (ARC), and hotspots (HOT):

F (COz)TOTAL =F (COz)MOR +F (COz) eag T F (COZ)ARC +F (COz) HoT [Eqg. 2.1]
The individual fluxes are determined from:
F(CO,), =(CO,/°He), x F(°*He), [Eq. 2.2]

Where X denotes the region of volcanic activity, (CO,/*He)x is the ratio of CO, to magmatic *He,
and F(*He)y is the flux of magmatic *He. To a first approximation, F(*He)y is assumed to be
proportional to the rate of magmatic emplacement (My) and the magmatic He content (°*[He]x):

F(SHe)x = fx (3He)TOTAL [Eq. 2.3]
Where:

3
f, = M [He] [Eq. 2.4]

M MOR [3He] MOR + M BAB [3He] BAB + M ARC [3He] ARC + M HOT [SHe] HOT

This chapter therefore first reviews magmatic emplacement in the submarine environment
(Section 2.2.2), before apportion the total flux of magmatic *He (Section 2.2.3) and presenting a
revised assessment of the volcanic flux of CO, to ocean waters (Section 2.2.4).
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2.2.2 Magmatic Emplacement Rates

One of the most frequently used compilations of magma emplacement rates is that of Crisp
(1984), presented below in Table 2.1. However, there is now a significant amount of additional
information available, and these estimates are updated here.

Table 2.1: Global rates of magma emplacement and volcanic output.

Crisp (1984) This estimate
Location Volcanism | Plutonism Total Best Range % of
kmslyr kmslyr kmslyr kmslyr kmslyr submarine

Ocean Ridge 3 18 21 20.6 17.7 - 23.4 88

Mid Ocean Ridges 16.8 14.5 - 19.2 72

Back-Arc Basins 3.8 32 -43 16
Subduction-zone 04 -06 25-8.0 29 -8.6 4.7 35-59

Oceanic' 0.2 -0.3 1.1 -36 1.3 - 3.9 2.9 22 -36

Submarine 2.0 11 -29 8.5
Oceanic intraplate 03-04 1.5-20 1.8-24 15 1.1-19

Submarine 0.8 04 -1.2 3.4
Continental intraplate* 0.0 - 01 01-15 01-16 0.5 03-06
Total Global 25.8 - 33.6 27.3 22.7 - 29.5

Oceanic 241 - 273 249 21.0 - 27.5

Submarine 23.35 19.2 - 27.5 100

The Crisp (1984) estimate assumes 45+5% of total subduction-zone magma emplacement occurs in oceanic crust after statement “about 50-60% of Benioff zone
magmatism occurs in continental crust”. *Intra-continental magmatism estimated following same method as described for oceanic intraplate, assuming 1 large hotspot,
and 45 minor hotspots.

2.2.2.1 The Magmatic Flux at Oceanic Spreading Ridges (Mpyor &
Mgag)

Igneous activity along divergent (constructive) margins where new ocean crust is formed is
overwhelmingly the largest contribution to global magmatism. Oceanic Spreading Ridges
(OSRs) include both the MOR system and spreading in back-arc basins (see Figures 2.1 and
2.3), where the rate of magmatic emplacement can be estimated from:

Mosr = Losr X T X tts = (Lior + Lgag) X Te Xt [Eq. 2.5]

Where Mogr is the volume of magma emplaced per year, Logr is the length of the OSR system,
Tc is the mean crustal thickness, and ps is the mean full crustal spreading rate. Crisp (1984)
used an Losg of 53,700 km, a crustal thickness of ~7 km, and a spreading rate of 55 mm/yr to
estimate a total magmatic emplacement of 21 km>/yr.

Here, Losr is taken to be 76,620.5 km (Lyor = 61,327.9 km, Lgag = 15,292.6 km). This revised
length is based on the digital data series of Bird! (2003), where the significant increase in length
is primarily due to the inclusion of back-arc basin spreading centres.

The full spreading rate along the OSR system shows a wide degree of variation, ranging from
ultra-slow (<20 mm/yr) to super fast (>200 mm/yr) spreading sections. The crust generated at

'Note that Bird (2003) defines oceanic spreading ridges as those lying entirely: (1) within seafloor whose age is known
from linear magnetic anomalies to be less than 180 Ma; and/or (2) at water depths exceeding 2000 m. Any spreading
centres that do not meet these criteria are defined by default as continental rift boundaries (CRB) The Okinawa Trough
falls in this category, where only 56.4 km of the total ~1066.1 km length is defined as an OSR. However, for the
purposes of this estimate the most important criteria is whether a spreading section is submarine in nature, for example
there are five known sites of submarine CO, discharge located in the Okinawa Trough, thus the full length is included
here. Other examples include the Red Sea Rift and the South Sandwich Back-arc Spreading Centre to the west of the
South Sandwich Islands. In total 9274.8 km of CRB sections are included in this estimate of the total OSR length.
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ultra-slow segments is significantly thinner than that generated at slow to super-fast spreading
sections, and is therefore considered separately.

Using the digital data set of Bird (2003) the total length of ultra slow ridge segments is estimated
at 21719.4 km with a mean spreading rate of 10.9 mm/yr (Lys = 21719.4 km, pys = 10.9 mm/yr;
LMOR—US =17405.0 km, HUMOR-US = 10.9 mm/yr, LBAB—US =4314.4 km, UBAB-US = 11 mm/yr) Baker
and German (2004) suggest a nominal crustal thickness at ultra-slow spreading centres (Tys) of
4 km (White et al., 2001), but also note that seismic observations indicate thicknesses less than
2 km (Muller et al., 1999; Jokat et al., 2003), while dredging and magnetic surveys suggest that
large sections may have near-zero crustal thickness (Dick et al., 2003). Here, a value for Tyg of
311 km is used to reflect this uncertainty.

The remainder of the OSR system has a length of 54901.1 km with a mean spreading rate of
57.4 mm/yr (Losr+ = 54901.1km, posr+ = 57.4 mm/yr; Lyor+ = 43922.9 km, pyor+ = 58.7 mm/yr;
Leagr = 10978.2, ugas- = 52.2 mm/yr) and exhibits a relatively constant crustal thickness (T¢-) of
6.3+£0.9 km (White et al., 1992, 2001). Magmatic emplacement along the MORs and in back-arc
basins can then be estimated from:

Mo = (LOSR* X Tex X Hoggs ) + (Lus xTys X fhys ) [Eq. 2.6]

Giving a total magmatic emplacement of 20.6+2.8 km®/yr, of which approximately 15-20% is
associated with spreading in back-arc basins (Mosg = 20.6+2.8 km3/yr; Myor = 16.8£2.3 km3/yr;
Mgag = 3.8+0.5 km®/yr).

2.2.2.2 The Magmatic Flux at Volcanic Arcs (Marc)

Subduction zones exist at convergent plate boundaries (also referred to as consuming margins),
where one plate of oceanic lithosphere converges with another plate and sinks below into the
mantle (see Figures 2.1 and 2.3). Chains of volcanoes form above subduction zones, typically
at a location where the subducted slab has reached a depth of about 100 km. These volcanic
chains are often curved, hence the term volcanic or island arc.

Figure 2.3: Map of global oceanic plate boundaries (after Bird, 2003).
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Volcanic arcs are typically divided into two types based on the nature of the over-riding plate. In
areas where oceanic lithosphere is subducted beneath oceanic lithosphere the volcanism is
expressed on the surface as chains of islands referred to as an island arc. In areas where
oceanic lithosphere is subducted beneath continental lithosphere volcanism occurs as chains of
volcanoes near the continental margin, referred to as a continental margin arc. However,
many submarine subduction zones lie close to continental margins, or contain thickened arc
crust which may be considered to have some continental character. The distinction of arc type
can thus be somewhat arbitrary. Nevertheless, within the context of this report, the subdivision
of arc types is useful, where a further distinction can be made which considers the submarine
versus subaerial components of the arc system (after de Ronde et al., 2003):

(1) Intra-oceanic arcs, with oceanic crust on either side which are almost entirely submarine in
nature (e.g. Tonga-Kermadec arc).

(2) Transitional or island arcs that have developed along the margins of island chains of
which parts are submarine but most are subaerial (e.g. Sunda arc).

(3) Continental arcs that develop along the margins of the continents which are entirely
subaerial in nature (e.g. Andean arc).

It is the first two types that are of interest here, where we also require an estimate of the
proportion of subaerial versus submarine volcanism that occurs along these intra-oceanic and
island arc systems.

[ ] Comments on previous estimates of subduction related volcanism

The lower limit on volcanic emplacement at subduction zones of Crisp (1984) was based on the
summed volcanic output for sections of island arcs and plate margins for which estimates were
available (0.1 km®/yr, see Table 1 in Crisp, 1984). Crisp states that the length of margin
included in this total corresponds to less than % of the total length of active margin, giving a
minimum estimate of 0.4 km3/yr, however the margin lengths used were not explicitly stated.
The upper limit was quoted from the compilation of data on volcanism along plate margins
between 1500 and 1914 AD of Sapper (1927). An arc plutonism (intrusives) to volcanism
(extrusives) volume ratio of 6:1 to 13:1 (based on the Andes (continental arc) and Kuriles (island
arc)) was then applied to give a total emplacement of 2.9-8.6 km3/yr. Although this estimate
was not explicitly broken down in to continental and oceanic components, Crisp makes the
statement “about 50-60% of Benioff zone magmatism occurs in continental crust”, suggesting
an oceanic subduction zone emplacement rate of 1.3-3.9 km®/yr (note this division is not strictly
equivalent to submarine versus subaerial activity). However, the ratios of plutonism to
volcanism used were based on extremely limited data, and thus this estimate carries a high
degree of uncertainty. Indeed, in the recent update of the Crisp (1984) data set, White et al.
(2006) highlight that the ratio of intrusives to extrusives requires considerable further work, and
note that there does not appear to be a systematic variation between eruptive style, volcanic
setting, or total volume. These authors suggest that a ratio of 5:1 could be viewed as common
to most magmatic systems, while values greater than 10:1 are rare. Furthermore, the revised
data set excluded the Kuriles data, and gives an estimated ratio for the Aleutians (island arc) of
1:1-3:1 (White et al., 2006). Applying a ratio of 1:1 to 5:1 suggests a much reduced magmatic
emplacement of ~0.4-2.5 km®/yr, of which ~0.16-1.25 km>/yr occurs in an oceanic setting.

A second widely cited estimate is that of Reymer and Schubert (1984), who calculated a
magma emplacement rate of 20-40 km® per km of active margin per million years (20-40
km“/kmMa) based on a global compilation of arc crustal volume. These authors estimated the
total length of consuming margin with active volcanism was 37,000 km, giving a total
emplacement rate of 0.7-1.5 km’/yr, somewhat lower than the original Crisp (1984) estimate,
but directly comparable to the revised estimate.

For the purposes of this report, these estimates are limited in the information they provide. For
example, the Crisp (1984) data set includes only two direct estimates for the total magmatic
emg)lacement at major island arc systems, the Kuriles (47.5 km3/kmMa) and the Aleutians (30.0
km“/kmMa), equivalent to ~15% of the total length of intra-oceanic and island arc systems.
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Furthermore, recent research indicates that these rates are somewhat low. For example,
Dimalanta et al. (2000) have used satellite gravity data in conjunction with improved seismic
data from a number of island arc systems in the western Pacific to provide an improved
estimate of crustal volumes, reporting an average crustal growth rate of ~60 km®*kmMa in this
region. With regard to individual arc systems, Jicha et al. (2006) have revised the estimate for
the Aleutian islands upwards to 89-182 km®*kmMa based on new geochemical data constraining
the duration of arc magmatism to the last 46 Ma (80 Ma used in Crisp compilation). Similarly,
Taira et al. (1998) used new seismic data to estimate a rate of igneous addition to the Northern
Izu-Bonin arc of 80 km*kmMa. These authors also present preliminary estimates of 80
km*/kmMa for the Mariana arc, 60-80 km*/kmMa for Tonga and the New Hebrides (Vanuatu) of,
and 50-300 km*/kmMa for the Northeast Japan arc. Similarly, Stern (2006) has presented a
revised time integrated rate of crust formation for the Izu-Bonin-Mariana Arc system (IBM) of
100 km*kmMa. Weighting these estimates according to arc length suggests a mean arc growth
rate on the order of 95+27 km®*kmMa, where the lower limit is in good agreement with the
regional average of Dimalanta et al. (2000), and significantly higher than the Reymer and
Schubert (1984) or revised Crisp (1984) estimates.

] This estimate — a global approach

The question remains as how best to obtain a good estimate of global arc magmatism, and then
how to apportion this between subaerial and submarine emplacement. The estimate presented
in this report draws heavily on three recent papers that have approached various aspects of this
problem, combining the separate approaches to determine a current best estimate of submarine
magma emplacement in an arc setting.

Clift and Vannucchi (2004) present an excellent review paper on the origin and recycling of the
continental crust. They argue that to maintain the current volume of continental crust,
subduction related magmatism must equal the rate of destruction via tectonic erosion.
Furthermore, they note that to account for the constant level of the continental freeboard, net
continental crustal growth must be occurring, thus the rate of magmatic emplacement must
exceed the tectonic erosion rate. Based on a detailed analysis of 32 major arc systems (total
length 40,225 km), these authors estimate a mean global tectonic erosion rate of 90 km®*kmMa,
where allowing for a moderate amount of continental growth, they infer an average magmatic
emplacement rate of 91 km*kmMa. Clift and Vannucchi (2004) also observe that magmatic
emplacement is not uniformly distributed, but is instead higher in faster converging margins.
They conclude that the orthogonal convergence rate is the primary control on magmatic
emplacement, and can be used to apportion global magmatic emplacement between individual
arc systems. Following this method within their data set, Clift and Vannucchi report a magmatic
production rate within oceanic arcs of 81-149 km*/kmMa — in good agreement with the mean of
the individual arc emplacement estimates discussed above (95+27 or 68-122 km*/kmMa).

The digital model of plate boundaries presented by Bird (2003) defines subduction zones as
plate boundary steps with a convergent component of velocity and a Benioff zone of
intermediate to deep earthquakes and/or a parallel volcanic arc with Quaternary activity. The
total length of subduction zone in Birds (2003) model is 51309.2 km. However, close
examination of the Bird (2003) data set reveals some minor discrepancies when compared to
other compilations of arc systems, and some minor variations have been made to the data set
used here. These changes are detailed below giving a revised total subduction zone length of
52007.6 km, an increase of 698.4 km (~1.4%).

(i) Bird (2003) includes the Seram Trough as a subduction zone. However, other authors have
recently concluded that this is not a subduction zone (e.g. Pairault et al., 2003), and it is not
included here, decreasing the total length by 563.0 km.

(i) The section of plate boundary corresponding to the Banda/Java arc is classified as an
Oceanic Convergent Boundary (OCB) by Bird (2003). Including this section increases the total
length of subduction zone by 949.8 km.

(iii) The section of plate boundary corresponding to the Tabar-Lihir-Tanga-Feni (TLTF) arc is

categorised as an Oceanic Convergent Boundary in the Bird (2003) model. The TLTF is a
recent addition to the Bismark-Solomon arc system, formed by the subduction of the Pacific
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Plate under the Northern Bismark microplate along the Manus Trench, and is identified by de
Ronde et al. (2003) as an island arc where 40% of the volcanoes are submarine and there is
evidence for hydrothermal activity. Here the length of the TLTF subduction zone is chosen to
match the arc length given by de Ronde et al. (2003), increasing the total length of subduction
zone by 266.6 km.

It should also be noted that the Bird (2003) data set refers to strictly defined plate boundaries,
whereas trenches, troughs and arcs appear to follow a somewhat more arbitrary naming
convention. There are often multiple names for a given system, where quoted lengths show a
wide degree of variation, and in the case of contiguous systems, the boundary between one arc
and another is not necessarily clear. For example, moving from the northwest to southeast
along the subduction zone lying along the Eastern boundary of the Indian Ocean, Clift and
Vannucchi (2004) use the classification Burma (1800 km) — Sumatra (1800 km) — Java (2100
km), with a total length of 5700 km, while de Ronde et al. (2003) use the naming convention
Sumatra (1620 km) — Sunda (2200 km) — Banda (580 km), with a total length of 4400 km.
Similarly, Clift and Vannucchi (2004) appear to include the New Hebrides arc within their
classification of the Solomon arc system. To aid future revision of the estimate presented here,
the segment identifiers of Bird (2003) for each subduction zone system considered (only those
corresponding to intra-oceanic and island arcs) are given in Table 2.2, and the subduction
systems are illustrated in Figure 2.2. For those instances where a continuous subduction zone
plate boundary transitions from continental to island/oceanic arc types, the following
assumptions have been made:

(i) The boundary between the East Aleutian (Alaskan) and the West Aleutian arcs is assumed to
correspond to the tip of the Alaskan Peninsula.

(i) The Kurile arc is assumed to stretch from the Kuril straight at the southern tip of the
Kamchatka peninsula to the eastern point of Hokkaido.

(iii) The Aeolian and Aegean subduction zones in the Mediterranean are considered to have a
submarine component. It would appear that Clift & Vannucci (2004) classified this system as a
continental arc. Similarly, de Ronde et al. (2003) list only the Aeolian (length of 180km) as
having a submarine component. Inclusion of both the Aeolian and Aegean for the purposes of
this estimate is justified by the numerous CO; rich gasohydrothermal vent sites known to occur
in this region (e.g. Dando et al., 1999; see Chapter 3).

de Ronde et al. (2003) present the first systematic attempt to quantify the amount of submarine
hydrothermal venting that occurs along volcanic arcs. These authors identify 21 volcanic arcs
(15 island arcs and 6 intra-oceanic arcs) with submarine components, with an estimated total
length of 21,690 km (>40% total subduction zone length, or approximately 1/3" of the total
spreading centre length). Although de Ronde et al. (2003) do not assess magmatic
emplacement, they provide a valuable compilation of data giving the number of known
volcanoes along each arc, and the percentage of volcanoes that are submarine versus
subaerial in nature. Only one modification has been made to this compilation. For the Kurile
Arc, de Ronde et al. (2003) report a total of 48 volcanoes, of which 19% are submarine. A more
recent review by Glasby et al. (2006) suggests that ~50% of volcanic activity in the Kuriles is
submarine, with 100 submarine volcanoes and a further 5 submarine calderas, compared to
105 subaerial volcanoes. On average, there is 1 known volcano per 25 km of arc length, where
44% of those volcanoes are submarine. For intra-oceanic arc systems, approximately 63% of
volcanoes are submarine, whereas for island-arc systems approximately 33% are submarine.

Here it is assumed that the percentage of submarine volcanic activity provides a good first order
estimate of the proportion of total magmatic emplacement that occurs in the submarine
environment. For those systems where individual estimates are not available, the average
values calculated above have been applied.

] This estimate — the calculation

Bird (2003) provides a detailed breakdown of information for each ‘step’ in his plate boundary
model, including the convergent component of relative velocity of the plates (mm/a or km/Ma),
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thus this data set can be used to calculate magmatic production at individual subduction zones
following the method of Clift and Vannucchi (2004).

The total magmatic production along arc systems is calculated from:
M arc = Lsus % Esus [Eq. 2.7]

Where Mgagrc is the total volume of magma emplaced per year, Lsyg is the total length of
subduction zone systems (52007.6 km) and Egyg is the mean magmatic emplacement rate per
year per km of Lgus (91 km*’kmMa), giving a total magmatic emplacement rate of 4.7 km®/yr,
equivalent to 23% of Mogr.

Magmatic emplacement within an individual arc system, Y, can be determined from:
M arcv) = Lsusevy X Esusey) [Eq. 2.8]

Where Esyg(y) is the mean magmatic emplacement rate per km of system Y, and is determined
by prorating Esyg in proportion to the convergence rate:

E
Esus(v) = —E X Hsusvy = 174X fhgg vy [Eq. 2.9]
SUB

Where usug is the mean convergence rate of the global subduction zone system (52.3 km/Ma)
and psug(y) is the mean convergence rate of system Y (from the Bird (2003) data set). Here 25
subduction zone systems are considered to have a significant marine component (see Figure
2.3, note the Sumatra, Sunda and Banda systems are considered as a contiguous section, and
the Sangihe and Halmahera systems are considered together). This includes the 21 arcs
identified by de Ronde et al. (2003), with the addition of the Aegean, Ryukyu, Yap, and
Trobriand systems. A comparison of the system length and convergence rate used here to
those given by de Ronde et al. (2003) and Clift and Vannucchi (2004) is presented in Figure 2.4.
In general, there is a reasonable agreement between the various data sets. The lengths used
in this data set are based on the length of the subduction zone and as such are more
comparable to those of Clift & Vannucci (2004) than de Ronde et al. (2003) who describe the
arc length. Although there is significant scatter in the convergence rate comparison, the mean
convergence rate (normalised to system length) is directly comparable.
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Figure 2.4: Comparison of Subduction Zone Length and Convergence Rate between this
study and (i) Clift & Vannucchi (2004) [circles] (ii) de Ronde et al. (2003) [squares]. Large
hatched square indicates weighted mean values.
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Direct comparison of the estimated Marc(v) does not give such favourable results, where the
values calculated here (Table 2.2) are consistently 20-30% higher than those presented by Clift
and Vannucchi (2004). This is due to the different values used for the mean global
convergence rate. The data set used here has a mean global convergence rate of 52.3 mm/yr,
in comparison to a value of 66.6 km/Ma for the subset considered by Clift and Vannucchi (2004).
As the convergence rates of those arcs with submarine components are directly comparable
(see Figure 2.4), and as magmatic emplacement is prorated based on the global convergence
rate (see Eq. 2.9), this results in higher magmatic emplacement estimates in this study.
Nevertheless, the mean (length normalised) magmatic emplacement rate calculated here of
97.7 km%kmMa shows excellent agreement with the range presented above of 9527
km*kmMa (based on individual arc systems), and suggests an uncertainty of ~25% on this
estimate is reasonable.
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Table 2.2: Submarine magmatic emplacement rate in subduction zones.

. . Covergent Total Magmatic % of Arc that is Submarine
Subduction Zone / Arc Name Length a b ;¢
velocity’ Emplacement Rate Submarine Emplacement

(Bird (2003) Data Segment Identifiers) (km) (km/Ma) km*/kmMa km*/Ma % km*/Ma

(1) Aeolian 7816 6.2 10.7 8396.7 46.0 3862.5
(399-411, 419-429, 3403)

(@ Aegean 1553.3 214 37.3 57890.8 33.0 19104.0
(5438-5466)

(3) sumatra/Sunda/Banda 5823.3 37.0 64.3 374590.0 33.0 123614.7
(1375-1419,3739-3768, 4152-4163)

(@) sangihe/Halmahera 597.6 54.8 95.4 57028.1 33.0 18819.3
(3991-3993, 4024-4026, 4172-4173)

(5) Philippine Trench/Bicol 1634.0 783 136.2 222579.2 21.0 46741.6
(3964-3985)

(6) Manila Trench/Luzon 609.9 87.2 151.7 92499.5 9.0 8325.0
(3942-3951)

(@) Ryukyu 11255 87.7 152.6 1717845 33.0 56688.9
(3141-3156, 4388-4393)

Kuriles 1241.9 82.2 142.9 177529.6 50.0 88764.8
(2752-2769)

(® Izu-Bonin 1127.9 478 83.1 93784.0 58.0 54394.7
(3225-3242)

Mariana 1866.7 476 82.8 154634.2 78.0 120614.7
(3199-3224)

@1 Yap Trench 690.8 15.7 274 18921.3 63.0 11920.4
(3189-3198)

(2 Trobriand Trough 590.8 10.6 18.4 10896.7 63.0 6864.9
(1615-1633)

(3 Manus Trough/TLTF 266.6 59 10.3 2732.8 40.0 1093.1
(4525-4532)

New Britain Trench (S&N Bismarck) 814.4 94.8 164.9 134335.2 33.0 44330.6
(1596-1610)

@ San Cristobel Trench (Solomons) 1505.7 64.0 111.3 167598.6 31.0 51955.6
(1611-1614, 1644-1744)

New Hebrides 1350.8 93.2 162.2 219059.6 28.0 61336.7
(1745-1841)

(7 Tonga 1126.0 165.4 287.7 323988.5 73.0 236511.6
(1500-1532)

Kermadec 1627.9 92.4 160.8 261750.0 87.0 2277225
(1465-1499)

Puysegur 651.4 16.9 29.4 19123.9 80.0 15299.1
(4293-4325)

West Aleutians 2379.0 44.8 78.0 185611.2 7.0 12992.8
(2779-2817)

@1) Lesser Antilles 11924 15.5 27.0 32176.3 30.0 9652.9
(1912-1934)

22 south Sandwich 790.7 58.1 101.2 79996.1 33.0 26398.7
(5253-5265)
TOTAL 29348 56.1 97.7 2866907 43.5 1247009

(@) From the digital data set of Bird (2003) with modiications as described in e text (b) Caloulated here following the method of CITt & Vannucohi (2004); (G) From de Ronde et al. (2003), 6xcept for the Kurlle ATG form
Glasby et al. (2006)

The total magmatic emplacement in intra-oceanic and island arcs is estimated to be 2.9+0.7
km®/yr, equivalent to 14% of Mosr.  Applying the estimated percent submarine gives a
submarine magmatic emplacement rate of 1.2+0.3 km®/yr, or approximately 5% of Mosr. This
may be considered a lower limit as this estimate inherently assumes that for all volcanoes that
break the ocean surface the total volatile flux is released to the atmosphere, where this is not
necessarily the case as significant venting may occur on the volcano flanks. The true flux is
therefore most likely bounded by these estimates, falling in the range 1.2-2.9 km3/yr. It is also
noted that other subduction zone systems (e.g. Sulawesi, Papua New Guinea, NE Japan, SW
Honshu etc.) may have some submarine components. However, it is assumed here that the
contribution made by these systems falls within the large uncertainty on this estimate.

2.2.2.3 The Intraplate Magmatic Flux (MuoT)

Hotspots are relatively small areas of volcanism scattered across the Earths surface, generally
defined as sites of intraplate volcanism or excessive volcanism along divergent plate
boundaries. Hydrothermal venting of CO, rich fluids or direct venting of a discrete CO, phase
has been observed at a number of hotspot locations including Hawaii, Iceland, the Azores, and
the Samoan archipelago (see Chapter 3).

Crisp (1984) reported a total oceanic intraplate magmatic emplacement rate of 1.8-2.4 km?/y
from an estimated extrusive emplacement of 0.3-0.4 km3/yr (Menard, 1964; Batiza, 1982) and
an intrusive to extrusive ratio of 5:1. Schilling (1978) took a different approach, estimating a
mean production rate for two classes of hotspots (‘large’ such as Hawaii and all other ‘smaller’
hotspots) and extrapolating to the total flux based on the number of hotspots. The latter
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approach is followed here. Table 2.3 provides a list of the oceanic hotspots for which estimates
of magmatic emplacement rates and/or the ratio of intrusives to extrusives are available (after
Schilling et al. (1978), Crisp (1984) and White et al. (2006)). This includes total emplacement
rates for 5 of the larger hotspots (Hawaii, Iceland, Galapagos, Azores, Kerguelen), and the
extrusive emplacement rate for a further 10 hotspots.

The Holocene emplacement rate at the Iceland hotspot is ~0.2-0.4 km3/yr (Schilling et al., 1978;
White et al., 2006). That at Hawaii appears similar, with an estimated emplacement rate at
Mauna Loa of 0.05-0.08 km3/yr (over the past 4 ka), where Kilauea (0.14 km3/yr over the past
400 ka) and Loihi are also currently active, suggesting a total emplacement rate on the order of
~0.2-0.3 km®/yr. Estimated emplacement rates for the Galapagos and Azores are also
comparable, at 0.24 and 0.1-0.2 km®/yr respectively.  Although the estimated Kerguelen
emplacement rate is also high (0.26 km®/yr), this includes underplating with an intrusive to
extrusive ratio of 28:1, and is thus an overestimate of the magma supply. Following the
approach of Schilling et al. (1978) and applying an estimated 25% partial melting suggests a
magmatic emplacement rate of 0.07 km3/yr. Reunion is also considered to be a large hotspot,
and is likely to have a comparable magmatic emplacement rate of ~0.2 km*/yr. Combining
these estimates gives a total emplacement rate for these 6 hotspots on the order of 1.0-1.6, or
1.3¢0.3 km/yr. For the remaining 10 hotspots, the extrusive emplacement rates are
considerably lower than those observed at the major hotspots, and range over 2-3 orders of
magnitude, from 5 x10® km3/yr (Fernando Noronha) to 7.5 x10? km3/yr (Canary Islands), with a
mean of ~1.14 x10™ km®. Examination of the intrusive:extrusive ratios suggests a value of 4:1
is reasonable (range of 2:1 to 6:1), indicating a mean total emplacement rate of 0.006+0.002
km®/yr at each ‘small’ hotspot.

There are at least 38 active (Holocene activity) oceanic hotspots (see Figure 2.5, after hotspot
lists of Hagstrum (2005) and Anderson & Schramm (2005)), suggesting a minimum of 32
smaller hotspots with a combined flux of ~0.2+0.1 km®yr, giving a total hotspot magmatic
emplacement rate of ~1.5+0.4 km®/yr (1.1 to 1.9 km®/yr), slightly lower than the Crisp (1984)
estimate. Here simple assumptions are made to provide a first order estimate of the proportion
of the magmatic volatile flux associated with oceanic intraplate volcanism that occurs in the
submarine environment. Firstly, it is noted that only the major oceanic hotspots form volcanic
structures that break the ocean surface and vent to the atmosphere. Secondly, most, if not all,
oceanic hotspots will have some form of submarine volcanic and/or hydrothermal activity, where
the volatile flux is not associated with high temperature crater degassing but with medium and
low temperature vent sites located on the flanks of the volcanoes. Thus a significant proportion
of the volatile flux associated with all oceanic hotspots will occur below sea-level. Here it is
assumed that 50+25% of the oceanic intraplate magmatic flux, or 0.8+0.4 km®/yr (0.4-1.2
km3/yr), occurs in the submarine environment.
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Table 2.3: Magmatic emplacement rates at oceanic hotspots (after White et al., 2006).

Hotspot Location Duration Magma Volumes Magmatic Emplacement Rates
Lat. Long. Extrusives Instrusives Ratio Extrusives Intrusives Total
(°N) (°E) (ka) (km®) (km®) (km®lyr) (km®lyr) (km°lyr)
Ascension®” -8 -9 1500 90 6.0 x10°
Azores® 38 28 0.10 to 0.20"
Sao Miguel® 455 45 9.9 x10*
Terceira® 23 5.46 2.4 x10*
Bouvet I.* 54 3 700 28 4.0 x10°
Canary Is.* 28 17 20000 150000 7.5x10°
La Palma®® 123 125 1.0 x10°
La Gomera" 1400 350 2.5x10%
Gran Canaria®®' 600 200 3.3 x10*
Cape Verde Is. 16 25
Santo Antao’ 1750 68 4.0 x10°
Fernando Noronha®* -4 -32 12000 60 5.0 x10°
Galapagos Is.° 1 -89 0.24"
Gough®*! -40 -10 2420 99 4.1x10°
Hawaii 19  -155
Hawaii-Emperor Smt. Chain *™" 73600 1080000 5900000 6:1% 1.5 x10? 8.0 x10? 0.09*
Kilauea *? 400 20000 36000 2:1 5.0 x107 9.0 x10? 0.14
Kohala, Hawaii® 400 14000 3.5 x107
Mauna Kea, Hawaii® 300 24800 8.3x10?
Mauna Loa, Hawaii d 500 42500 8.5 x102
Mauna Loa, Hawaii *" 4 80 110 t0240 [ >1:1t03:1 | 20x10% | 2.8t06.0x10% | 0.05t00.08
Koolau, Oahu“ 600 20900 3.5 %102
Iceland® 65 19 0.23t0 0.45"
Iceland ***" 11 484 411081 | 4.4x107 0.22 to 0.40
Iceland 1000 20000 2.0 x10?
Iceland” 2.6 %107
Juan Fernandez Is.? -34 -81 1000 72 7.2 x10°
Kerguelen Is. -49 69
Kerguelen Archipelago ™ 11000 99000 2750000 28:1% 9.0 x10° 3.0x10" 0.26*
Kerguelen Island® 26000 5720 2.2x10*
Marquesas Is.** -9 139 330000 620000 2%
Reunion? 21 56 2000 4800 2.4 x10°
Ross® 78 167 4000 4800 1.2x10°
St. Helena®* 17 9 8000 192 2.4 x10°

Sno documented activity in the Holocene; estimated from mantle plume flux and assuming 25% partial melting (Schilling, 1978); ‘includes underplating.
(a) Gerlach 1990; (b) Nielson & Sibbett, 1996; (c) Schilling, 1978; (d) Crisp, 1984; (e) Hoernle & Schmincke, 1993; (f) Carracedo et al., 1999; (g) Guillou et al., 1998; (h) Paris et al., 2005; (i) Freundt & Schmincke, 1995; (j)

Plesner et al., 2002; (k) Chevallier, 1987; (I) Maund et al., 1988; (m) Bargar & Jackson, 1974; (n) Vidal & Bonneville, 2004; (o) Quane et al., 2000; (p) Dvorak & Dzurisin, 1993; (q) Klein, 1982; (r) Lipman, 1995 (s) Bjarason et
al., 1993; (1) Darbyshire et al., 1998; (u) Menke et al., 1998; (v) Jakobsson, 1972; (w) Nicolaysen et al., 2000; (x) Caress et al., 1995.

Figure 2.5: Map showing location of oceanic hotspots with Holocene activity.
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2.2.3 The Global Flux of Volcanic He to Ocean Bottom Waters

In comparison to the direct determination of a CO, flux, the *He flux to the oceans is relatively
well constrained, and can be calculated from the excess *He present in the ocean.

Excess “He is the enrichment in *He relative to the ratio of *He to *He in the atmosphere, and is
typically expressed in terms of the ratio R/R,, or the ratio anomaly 5°He:

R (3H€/4He)sample (3He/4He)sample
— = = ~ [Eq. 2.10]
R,  (CHe/'He) ymosprere  1.39£0.01x10
R
SHe= (R— —1J x100(%) [Eq. 2.11]
a

The excess *He in the oceans is due to the flux of He degassed or extracted from the mantle
during submarine volcanic and hydrothermal activity, where mantle He exhibits a high R/R, due
to incomplete degassing of primordial (original) *He following Earth condensation 4.5 Gyr ago
(Clarke et al., 1969). As an inert gas He therefore provides a conservative and sensitive tracer
of magmatic inputs to the ocean.

The magmatic flux of ®*He to the ocean can be calculated from the He saturation anomaly (AHe),
which is the observed deviation from the equilibrium solubility concentration for seawater in
contact with water saturated air (Craig et al., 1975). For total He, a large proportion of AHe
reflects a contribution from air injection by bubbles. Nevertheless, examination of noble gas
ratios (He/Ne) allows an excess saturation anomaly (AgHe) to be determined (Craig et al., 1975).
This AgHe ranges from 0% in juvenile North Atlantic deep waters to 5% in older deep waters
overlying the East Pacific Rise, where Craig et al (1975) adopted a mean global ocean value of
2.5%. The He flux (F(*He)) can then be calculated following two different approaches. In the
first case, AeHe is used to determine F(*“He), which is then multiplied by the *He/*He ratio of the
mantle to obtain F(*He). In the second case, F(*He) is calculated from A®He, which is estimated
from AgHe and the 5°He of ocean bottom waters. Both methods are outlined below.

2.2.3.1 Estimate 1: determining F(*He) from F(*He) and the *He/*He of
the mantle

The flux of excess “He, F(*He), is first estimated from AgHe (expressed as a fraction, 0.025)
using an advective flux calculation (Craig et al., 1975; Elderfield & Schultz, 1996):

) — pSWX4He* X (AEHe) XWX Aocean

F(*He v

=8.4x10"mol / yr [Eq. 2.12]

Where ps, is the density of seawater (1.04 g/cm®), w is the mean vertical advective water
velocity (500 cm/yr), Agcean is the area of the ocean (3.61 x10'® cm?), V is the molar volume of
an ideal gas (22,414 cm® STP/mol), and *He’ is the equilibrium concentration of “He (4x10°® cm®
STP/g). Craig et al. (1975) give an estimated uncertainty in this value on the order of 50%,
giving a *He flux of 8.4+4.2 x10” mol/yr. However, this flux includes both a magmatic and
radiogenic source term, where *He is also produced by radioactive decay of U and Th series
nuclides. Well et al. (2001) estimate that the radiogenic “He flux out of deep-sea sediments and
the ocean crust is ca. 2.7+1.1 x10” mol /yr, giving a magmatic “He flux of 5.7+4.1 x10” mol/yr.

The *He flux is then determined by multiplying the “He flux by the (*He/*He) of the mantle
source (often quoted as (R/Ra)mantie):
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F(*He) = F (*He) x(*He/*He) ... = F(*He)x R, {ﬂj [Eq. 2.13]
a / mantle

The average ®He/*He observed at the MORs is generally accepted as the He signature for the
upper mantle and can be determined from the observed *He/"He of basaltic glasses (MORB)
and hydrothermal fluids (vents and plumes). In their original calculation, Craig et al. (1975)
used an (R/Ry)mantie Of 11.212, whereas more recent data compilations suggest that a range in
(R/Ra)mantle Of 8£1 is more accurate (Kurz & Jenkins 1981, Lupton 1983, Elderfield and Schultz
1996), giving a F(*He) of 630+460 mol/yr. A more detailed analysis, allowing for the different
isotope ratios and concentrations of He in the source magmas is presented below, although it is
noted that this introduces a minor variation that falls well within the uncertainty on this estimate.

2.2.3.2 Estimate 2: determining F(®He) from 4:He and the 6’He of the
oceans

F(*He) can also be calculated using the *He analogue of Eq. 2.12:

3He" x (AH
F(*He) = P € < v €)@ e [Eq. 2.14]

The equilibrium concentration *He’ is equal to *He’ multiplied by aR,, where a is the solubility
fractionation factor 0.988:

*He'='He" xa xR, [Eq. 2.15]

A®He is calculated from AgHe and 5*He:

3 3 3 *
4He _ (1+A°He)x 4He _ SHe +1]xR, [Eq. 2.16]
He ) ... @+AgHe)x He 100

Where substituting for *He" and rearranging gives:

5—3He+1 x(1+AcHe)
) 100
A°H

-1 [Eq. 2.17]
(04

As with AcHe, the 5°He of ocean bottom waters reflects a combination of two factors (1) the
source distribution of magmatic He and (2) ocean ventilation and deep water circulation patterns
(Farley et al., 1995; Lupton, 1998). Baker & German (2004) compared the global distribution of
deep-water (2000-3000 m) ®He to the spreading rate trend along the MORs (see Figure 9 in
Baker & German, 2004). In general there is a good correlation between spreading rate
(proportional to hydrothermal activity; Baker & German, 2004) and the distribution of 5°He.

The young bottom waters of the North Atlantic Ocean exhibit the lowest 5°He (<5%), which
increases slightly along the slow spreading MAR to ~10% in the South Atlantic (Jenkins et al.,
1972; Ostlund et al., 1987; Riith et al., 2000). The influence of Atlantic deep water and vigorous
vertical and circumpolar mixing around Antarctica results in a relatively low 5°He of 8-9%
extending across the Southern Indian Ocean (despite vigorous seafloor spreading), which
increases to 15-18% in the Central and North Indian Ocean due to hydrothermal inputs (Jamous
et al., 1992; Farley et al., 1995; Lupton, 1998). Similarly, 5*He in the Pacific Ocean increases
from 15% in the South to 25% in the North, with intense 5°He plumes spreading westward from
super-fast spreading ridge segments on the southern EPR, the fast spreading northern EPR
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and the intermediate-rate JDFR (Clarke et al., 1969; Craig et al., 1975). Using mean §°He
values for the Atlantic Ocean, Indian Ocean, South Pacific and North Pacific of 5%, 14%, 15%
and 25% respectively, and normalising to ocean area, gives a global mean §°He of ~15%,
corresponding to a A’He of 19%, and a F(*He) of 880+440 mol/yr (assuming an error of 50%).

2.2.3.3 Apportioning of the magmatic He flux

Of interest here is the proportion of total *He that is delivered to the ocean via submarine
volcanic activity at the Ocean Spreading Ridges, Island Arcs and Hotspots (fuor, fsas, fhor, and
farc). If complete degassing is assumed, the apportioning of the total He flux is dependent on
the magmatic volume fluxes, and the relative concentrations and isotope ratios of He in the
different magmas (see Eq. 2.4).

The *He/*He ratios observed at back arc spreading centres such as the Lau Basin and Mariana
trough are isotopically indistinguishable from MORB He, indicating that these zones of crustal
expansion extract He from the upper mantle in much the same way as normal MOR spreading
centres (Lupton, 1983). Based on this observatlon the Ocean Spreading Ridges can be treated
as a single magma type with a uniform [*He]osg and an Rosg/R, of 821.

Subduction zones exhibit a *He/*He ratio slightly lower than that observed at the MOR, with a
range in R/R, of ~2-11, and a mean of ~6 (Lupton, 1983). The constancy of this ratio across
different regions indicates uniform proportions of recycled down-going slab and primary mantle
material are involved in the generation of subduction zone volcanics. Here an Rarc/R, of 612 is
used, where it is assumed that the down-going slab has a radiogenic isotope ratio, with
Rarc(r/Ra of 0.050£0.025, and that the primary melt has an isotopic composition equal to MORB,
with RarcpyRa of 8%1.  Unfortunately, little is known regarding the He concentration of
undegassed subduction zone volcanics. However, it is reasonable to assume that [He]arcp) is
comparable to [He]osr (c.f. Torgersen, 1989; Marty & Tolstlkhln 1998). Two end member cases
can then be considered. In case 1 it is assumed that [ Helarc (and therefore [ Helarc() is equal
to [ Helosr, and that Rarc is less than Rgosg is due to mixing of primary melt with a 3He depleted
down -going slab. In case 2 it is assumed that [ Helarc (and therefore [ Helare() is equal to
[ Helosr and that Ragrc is less than Rosg is due to mixing of primary melt with a "He enriched
down-going slab.

The observed R/R, at Hotspots varies considerably with a range of 15-30, although only a
fraction of samples exhibit the highest ratios (for example Loihi seamount, the current Iocat|on
of the Hawaiian hotspot, with R/R, = 20-32). It is thought that Hotspots exhibit extreme *He/*He
because they are tapping a deeper primitive (or undepleted) part of the mantle that is more
enriched in "He (Craig and Lupton 1976). However, somewhat paradoxically, the absolute
concentrations of He in plume magmas are around 25 times lower than in upper mantle
magmas (0.03 to 4.5 ucc/g with respect to 1 to 80 ucc/g; Anderson, 1998 and references
therein). Here a [ He]wor equal to (0.04+0.02)* [ Helosr and an Ryo1/R, of 2045 are assumed to
be representative.

Combining the above assumptions with the magmatic fluxes determined in section 2.2.2, and
noting that the portion of the subduction zone He flux attributable to the recycled down-going
slab is accounted for in the radiogenic He flux, allows the He fluxes calculated above to be
apportioned between the submarine components of the OSRs, Volcanic Arcs, and Hotspots.
The results are given below in Table 2.4, where the fraction of He attributed to the OSRs, Arcs,
and Hotspots (fosr, farc and fuot) is an average of that determined from the Case 1 and Case 2
assumptions. Combining the estimates of fy with the two estimates of the total He fluxes
(Estimate 1 and Estlmate 2 above) and assumed R/R, ratios then gives best estimates for the
magmatic F(*He) and F(*He) of 68+28 x10° mol/yr and 760+310 mol/yr respectively.
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Table 2.4: The estimated flux of “He and *He delivered to the ocean via volcanic activity at
the Mid Ocean Ridges, Back-Arc Basin spreading centres, Island Arcs, and Hotspots.
Estimate 1 is determined from F(*He) and Estimate 2 is determined from F(*He).

“He Flux (x10° mollyr) *He Flux (mollyr)
Estimate 1 Estimate 2 Average Estimate 1 | Estimate 2 Average
F(He)ota 83,781 + 41,890 87,429 + 31,719 | 85,605 + 26,272 | 635 + 425 889 + 444 762 + 307
F(He)ragiogenic | 27,000 £ 11,000 | 27,000 + 11,000 | 27,000 + 7,778 2+1 2+1 2 +1
F(He)magmatic 56,781 + 40,420 60,429 + 29,751 58,605 + 25,094 | 633 + 425 887 + 444 760 + 307
F(He)osr 52,147 + 37,471 55,297 + 29,557 | 53,722 + 23,863 | 580 + 423 615 + 320 597 + 265
MOR 42,643 + 30,642 45218 + 24,171 43,931 + 19,514 474 + 346 503 + 261 489 + 217
BAB 9,506 + 6,800 10,080 + 5,388 9,793 + 4,338 106 + 77 112 + 58 109 + 48
Fe(He)arc 6,082 + 4,891 6,743 + 4,985 6,413 + 3,492 51 +42 56 + 37 53 + 28
primary 4,552 + 3,715 5,047 + 3,392 4,799 + 2,515 51 £ 42 56 + 37 53 + 28
recycled 1,530 + 1,751 1,696 + 2,135 1,613 + 1,381 00 00 0+0
Fe(He)or 81 +71 86 + 68 84 +49 2+2 2+2 2+1

2.2.4 The Global Flux of Volcanic CO, to the Ocean

To obtain an estimate for the global flux of volcanic CO, to the ocean from F(3He) requires
knowledge of the CO,/°He ratio of volcanic emissions at the MORs, Back-Arc Basin spreading
centres, volcanic arcs and hotspots (see Eq. 2.2). Measurements of (CO,/°He)x can be
obtained from analysis of the residual gas trapped in vesicles in basaltic glasses, hydrothermal
fluids, CO, rich phases (e.g. liquid CO, droplets), or volcanic gases. A compilation of available
data is presented in Figure 2.6, and best estimates are discussed below.

At the MORs both *He and CO, are magmatic in origin. Thus at a given location on the MOR, a
good correlation is expected (and observed) between the CO,/°He of residual gases trapped in
MORB glasses, and the CO,/°He of hydrothermal vent and plume fluids (e.g. Resing et al.,
2004). Furthermore, if the CO,/°He ratio is relatively constant in the mantle and there is little
fractionation of CO, from *He during magmatic and hydrothermal processes, then *He and CO,
are expected to be well correlated along the entire MOR system.

CO,/*He measurements in MORB give a range of 0.2 to 3.0 x10° (mol/mol) with a mean ratio of
2.2+0.6 (n=38, Marty and Zimmerman 1999), similar to previous estimates based on a more
restricted data set (Marty and Jambon, 1987; Marty and Tolstikhin, 1998; Trull et al., 1993).

C02/3He measurements in hydrothermal vent and plume fluids are available from 9 locations,
with a range of 0.7 to 8.1 x10° and a mean of 2.1+1.8 x10° (Resing et al., 2004). Although this
data set is limited, it includes both slow (Mid Atlantic Ridge, MAR) and super-fast (27°S to 32°S
on the Southern East Pacific Rise, SEPR) spreading ridges, and both CO, poor (TAG site,
MAR) and CO, rich (Axial Volcano) vent sites, and is therefore most likely representative of the
range in values expected for the MOR system.

Gerlach (1991) highlighted fractionation as a potential problem in the use of (CO,/°*He)yor to
determine CO, fluxes. Indeed, (CO./’He)uor does show significant variation among the sites
studied to date (0.2 to 8.1 x109), and some fractionation of *He from CO, has been observed in
hydrothermal fluids following magmatic and tectonic events at Endeavour Ridge and along the
northern East Pacific Rise (Lilley et al., 2003). Nevertheless, Marty and Zimmerman (1999)
argue that heterogeneity of the mantle source is the major factor controlling the spread of data,
where magmatic degassing appears to cause only a small amount (factor of 2) of fractionation
of ®*He from CO,. This is supported by Resing et al. (2004), who note that the close agreement
between the overall average CO,/°He in MORB and hydrothermal vent fluids and plumes
suggests that significant fractionation between *He and CO, has not occurred during magma
chamber degassing, eruption and hydrothermal convection. Combining the basalt and fluid
data (with equal weighting) thus gives a best estimate for (CO./°He)wor of 2.1+0.9 x10°.
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The CO,/’He ratio for samples from volcanic arcs shows a large degree of variation and can be
significantly greater than that observed at the MORs, with (CO./°He)arc ranging over 5 orders of
magnitude from 3 x10® to greater than 6 x10™ (see Figure 2.6). This reflects variable inputs
from different CO, sources in arc systems, where CO, is derived from degassing of subducted
slab and magma and additional crustal and/or sedimentary CO, inputs (e.g. Varekamp et al.,
1992, Plank & Langmuir, 1993; Sano & Marty, 1995; Sano & Williams, 1996). The subducting
slab carries C-rich material (limestones, slab carbonates and organic matter) into the magma
generation zone, where thermal alteration produces CO, (decarbonation of limestone and
thermal cracking of organic matter). Further CO, may also be added by the incorporation of
volatiles from the overlying crust and sediments through which the magma then erupts. The
total CO, flux in arcs can be de-convolved to the individual source contributions by considering
the observed (CO,/°He) and §'°C and a three component mixing model between MORB (5'°C =
-6.5%), marine carbonates (5"°C = 0%), and organic sediment (3'°C = -30%). Following the
method described by Sano and Williams (1996), and assuming a (CO,/°He) for marine
carbonates and organic matter of 1x10™, but using the revised (COzl3He)MORB of 2.1 x10°
presented above, gives a mean contribution to arc CO, from MORB of 12+10%, marine
carbonates of 56+£11%, and organic rich sediments of 32+9% (based on data presented in
Figure 2.6 for which 5'°C values are also available, from Sano & Williams, 1996; Shaw et al.,
2003; Snyder et al., 2001; Van Soest et al., 1998).
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Figure 2.6: Observed (CO./°He) Ratios at Mid Ocean Ridges, Back-Arc Basin Spreading
Centres, Island and Continental Volcanic Arcs, and Hotspots. (Hotspots, Marty & Tolstikhin
(1998); MOR Basalts, Marty & Zimmerman (1999); MOR Fluids, Resing et al. (2004); Back Arc
Basin Basalts from top down, Manus Basin, Shaw et al. (2004), Eastern Manus Basin, Marty et
al. (2001), North Fiji Basin, Marty & Zimmermann (1999), Nishio et al. (1998), Mariana Trough,
Sano et al. (1998); Okinawa Trough JADE site (Fluids and CO, droplets), Sakai et al. (1990b);
Okinawa Trough Minami Ensei Knoll, Glasby & Notsu (2003); NW Eifuku Champagne vent
(Fluids and CO, droplets), Lupton et al. (2006); Arc high T volcanic gases, fumaroles and
geothermal springs, after compilation of Sano & Williams 1996, with additional data from Clor et
al. (2005), Shaw et al. (2003), Snyder et al. (2001), and Van Soest et al. (1998). On the range
bars, vertical black lines indicate arithmetic mean values for MOR Basalts and MOR Fluids. For
Hotspots and Arcs, the 25th, 33“’, 50" (median), 67" and 75" percentiles are shown.
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It is noted that the arc data presented in Figure 2.6 corresponds to subaerial systems. At
present there is a marked shortage of CO,/°He measurements from submarine arc volcanoes
with data available from a single location, the Champagne vent site at NW Eifuku (Lupton et al.,
2006). Nevertheless, the range in (CO,/*He) observed in Champagne vent fluids and CO,
droplets (13-90 x109) shows good agreement with the observations of subaerial arc systems,
bracketing over 50% of the arc measurements (from 30"-81' percentile, n=107). Furthermore,
a number of the arc systems included here have submarine components (the Antilles arc, New
Zealand, the Sangihe arc and Indonesia). The subaerial data are therefore thought to be
representative of the likely COZ/BHe ratio in submarine arc systems. That (COZ/3He)ARc varies
over 5 orders of magnitude makes the use of an arithmetic mean inappropriate (the mean of the
data presented here is 1.39 x10'?, 2 orders of magnitude higher than that observed at the
Champagne vent site, where only 5% of all arc measurements exceed this value). Instead, the
median value of 23.5x10° is considered the best estimate of (COZ/3He)ARC. The uncertainty on
this estimate is likely large, where a value of +10x10° (encompassing the 33 and 67"
percentiles, see Figure 2.6) is considered reasonable here.

Spreading centres in back-arc basins can also be influenced by the down-going slab (see
Figure 2.1) and display a considerable variation in (CO,/°He), ranging from MORB type ratios to
arc type ratios (see Figure 2.6). It is assumed here that (COzl3He)BAB is bounded by
(CO./’He)wor and (CO,/°He)are, giving a best estimate of 12.8+10.7 x10°.

The (COZ/3He)HOT is somewhat higher than that observed at the MORs, where the median value
of 4.5+2.6 x10° is considered the best estimate here.

Combining the estimates of F(*He)x and (CO./°He)x presented above gives a best estimate for
the flux of volcanic CO, to the ocean of 3.7+1.7 x10' mol/yr (2.0-5.4 x10" mol/yr), or 162+74
MtCO./yr (see Table 2.5). This estimate falls within the range of previous estimates (0.1-15
x10" mol/yr), and toward the ug)per end of those estimates based on the magmatic flux of *He
and CO,/*He ratios (0.4-6 x10™ mollyr, see review of Resing et al., 2004). This assessment
agrees with previous analyses that the flux of volcanic CO, from hotspot magmatism is
negligible in comparison to the flux from the MORs. However, this estimate highlights the
potentially large flux from volcanic arcs and back-arc basins, where the contribution from these
regions is directly comparable to (if not larger than) the CO, flux at the MORs.

Table 2.5: The flux of volcanic CO, to the ocean.

F(*He) CO,/*He F(CO,)

mollyr 10° mol/mol 10" moliyr Mt CO,/yr (%)
MORs 489 + 217 21 £ 09 1.0 + 0.6 45 + 28 (27.8)
Back-Arc Basins 109 + 48 12.8 + 10.7 14 + 13 61 + 58 (37.8)
Volcanic Arcs 53 + 28 23.5 £ 10.0 1.3 + 0.8 55 + 37 (34.1)
Hotspots 2 £ 1 45 + 26 0.01 = 0.01 05 + 04 (0.3)
TOTAL 3.7 £ 1.7 162 + 74

2.3 Comparison of CO, Fluxes to Projected Storage Rates

The most significant flux of CO, to the surface ocean is via air-sea gas exchange, with an
estimated uptake rate of 8.1¥1.8 GtCO,/yr for the present day. This annual flux of CO, to
the surface ocean is approximately 600-1000 times greater than the mass of CO, that has
been injected into subseafloor geological storage reservoirs to date, and is higher by a
factor of 2 than the projected storage utilisation by the year 2050 if it is assumed that all
potential storage projects that have been announced proceed on forecast timelines and
store CO, at the maximum projected rate (including all current, planned, and potential
future projects, the storage rate by the year 2050 will be ~100 MtCO,/yr, with a total
volume stored of 3.8 GtCO,, see Chapter 1, Section 1.3).
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This estimate of the flux of volcanic CO, to the ocean gives a range of 88-236 MtCO./yr,
with a best estimate of 162 MtCOzlyrz. This annual flux of CO, to the seafloor is
approximately 8-23 times greater than the mass of CO, that has been stored in
subseafloor geological storage reservoirs to date, and is equivalent to the projected
storage utilisation by the year 2050 for all current projects that have completed, or nearly
completed, the planning and approvals process (225 MtCO,, see Chapter 1, Section 1.3).
The cumulative emissions of volcanic CO, to the ocean from the present day to 2050 will
be in the region of 6.9%3.2 GtCO,, comparable to the projected storage utilisation if both
the Natuna gas field is developed, and Japanese offshore storage projects proceed as
intended (3.8 GtCO; by 2050).

Should Carbon Capture and Storage (CCS) see widespread utilisation as a greenhouse
gas emission reduction strategy, then by the year 2100 the subseafloor geological
storage rate could reach levels comparable to the current rate of atmospheric CO,
invasion into the surface ocean, and approximately 5 times greater than the volcanic flux
of CO, to the ocean, with a total mass stored of ~250-500 GtCO, (see Chapter 1, Section
1.3). If it is assumed that all storage reservoirs meet recommended performance levels
(that >99% of the CO, stored is retained for a period of at least 1000 years), then the
maximum ‘allowable’ leakage flux would be 2.5-5 MtCO,/yr, around 20-100 times lower
than the natural volcanic flux of CO, to the ocean. Conversely, if it is assumed that all
storage sites are inherently leaky, delivering some ~200 tCO, to the ocean each year
(potential leakage rate via a wellbore — see Chapter 4), then the total leakage flux in 2100
could be in excess of 2 GtCO,/yr, or around 10 times the volcanic flux. These data
suggest that with proper site selection criteria, and in the absence of catastrophic
storage failure, the leakage or seepage flux of CO, from sub-seafloor storage sites to
ocean waters is likely to fall well within the natural flux of CO, to the seafloor, and would
not therefore result in a major perturbation to the global CO, budget of the oceans.

3: Analogues for Leakage or Seepage of CO;, from
Subseafloor Storage Sites

To evaluate potential impacts of the leakage or seepage of CO, on seafloor systems (including
physical, chemical and biological impacts) it would be useful to have good analogues from which
high quality observational information can be obtained.

This Chapter considers two possible analogues for the leakage or seepage of CO, to ocean
bottom waters from a storage reservoir; (1) sites of natural CO, venting, and (2) small scale
purposeful CO, release experiments (some examples are illustrated in Figure 3.1). To
determine whether either natural CO, vents or purposeful releases of CO, are good analogues
for leakage/seepage events both the similarities and differences with respect to expected
physical and chemical conditions during a leakage/seepage event are discussed.

2|t is noted that a part of this flux will not be retained as in shallow water volcanic systems a significant fraction of the
vented CO, will outgas to the atmosphere. To determine the fraction retained over a given time period would require
knowledge of the depth distribution of venting, which cannot yet be constrained with any certainty. Nevertheless, this
represents an appropriate number to compare the possible leakage flux to as, similar to natural vent sites, the water
depth overlying potential CO, storage reservoirs will likely range from deep waters to shallow waters in direct contact
with the atmosphere.
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Figure 3.1: CO, in the Deep-Sea - vent sites & release experiments

NW Eifuku, Mariana Arc (Lupton et al., 2006). Photograph courtesy of NOAA (http://oceanexplorer.noaa.gov/explorations/

(a) Buoyant liquid CO, droplets rising out of the sediment surrounding small white chimneys at the Champagne vent site,
04fire/logs/april1 0/media/bubbles. himl); (b) A small scale release of buoyant CO, liquid in a droplet plume experiment

(Brewer et al., 2006); (c) A small scale release of CO, below the neutrally buoyant point forming a pool of CO, on the
seafloor; (d) The same pool approximately 24 hours later, where the liquid CO, has converted to hydrate. Photographs

(b), (c) and (d) courtesy of MBARI; (e) A natural formation of CO, hydrate at Hatoma Knaoll in the Okinawa Trough

(Shitashima & Maeda, 2005). Photograph courtesy of Shitashima-san.

3.1 Seafloor CO, Vent Sites

This Section provides a state of play assessment of current knowledge regarding the global
occurrence of natural CO, vent sites. Here we assess the spatial distribution of known vent
sites in relation to the phase behaviour and chemistry of the CO, rich phase. Summaries of the
additional information available for individual vent locations are provided in Appendix 3.A.

3.1.1 Global distribution of seafloor CO, vent sites

The natural venting of CO, to the ocean occurs along faults and fractures in tectonically active
regions, and is typically associated with volcanic and/or hydrothermal activity at Oceanic
Spreading Ridges (OSRs), Island Arcs, and Hotspots (see Chapter 2).

Venting of a discrete CO, rich phase is now known to occur at depths ranging from the inter-tidal
zone to the deep ocean (see Table 3.1). Traditionally, a division is made between ‘shallow’ and
‘deep-water’ vent sites. For example, Tarasov et al. (2005) defined shallow sites as those
occurring in water depths of less than 200m, based on the observation that vent obligate taxa
(organisms restricted in occurrence to hydrothermal vent sites) are absent or rare at these sites.
For the purposes of this report, it is important to consider both the biota associated with the vent
sites, and the physico-chemical behavior of the expelled CO,. Therefore, we consider three
broad categories based on the depth of venting; shallow systems (<200m), where the CO, is
expelled as a discrete gas phase and the biota is unlikely to include vent obligate taxa;
intermediate systems (200-600m), where the biota are likely to include a significant proportion of
vent obligate taxa, and where the behavior of CO, will be strongly dependent on local
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temperature in the vicinity of the vent site (i.e. whether CO, is expelled in the gas or liquid phase,
and whether hydrates will form in the sediment column); and deep systems (>600m), where the
biota are most likely to include vent obligate taxa, and where CO, is expelled as a liquid and has
the potential to form hydrates in the upper sediment column.

At shallow water hydrothermal vent sites, discrete streams of gas bubbles are often discharged
along with hot hydrothermal fluids, where this type of activity is described as gasohydrothermal
venting (Dando et al., 1995a). Bubble plumes in shallow water may be seen as streams of
bubbles breaking the surface, even from depths of 100 m, and are clearly visible to divers and
Remotely Operated Vehicles (ROVs) (Dando et al., 1995b). Since gas bubble plumes are also
clearly visible on echo sounders this often provides the simplest way of mapping vent locations
(Dando et al 1995b, 1995c). CO, comprises the major gas component within most known
gasohydrothermal exhalations (e.g. Dando et al., 1995b; Pichler & Dix, 1996; see Table 3.1),
although nitrogen (N,), methane (CH4) and hydrogen (H,) may also be present in significant
concentrations (e.g. Vidal et al., 1981; Prol-Ledesma et al., 2002; Minissale, 1989), and
hydrogen sulphide (H,S), a toxic gas, is often present at trace to low levels (see Table 3.1).
The locations where CO, is the dominant constituent (defined here as >60 mol% of total gas™)
are shown in Figure 3.2, including vents in the Mediterranean Sea, the Atlantic Ocean, the
Caribbean Sea, and from both the Eastern and Western margins of the Pacific Ocean. Also
shown are two sites where, although not dominant, the CO, concentration is significant (40-60
mol% of total gas), Kraternaya Bight, Ushishir volcano in the Kurile Arc (Zhirmunsky & Tarasov,
1990), and the ElI Requeson fault zone, Baha California Sur (Forrest et al., 2005). Figure 3.3
shows those sites where CO, venting has been inferred, either from observations of gas
bubbles or high bottom water CO, contents. To determine whether or not venting of CO, as a
discrete gas phase actually occurs at these sites would require further investigation. It should
be noted that the CO, content of gas bubbles cannot be reliably inferred by comparison to
nearby systems. For example, it was originally suggested that gas vents offshore Kolbeinsey
Island (North of Iceland) might be CO, rich based on the reported gas composition of an
onshore geothermal system (Dando et al., 1995b). However, later analysis demonstrated that
these vents have a comparatively low CO, content of <2 mol% (Botz et al., 1999).

Figure 3.2: Map showing global distribution of gas and liquid vent sites where CO, is a dominant (CO, rich >60 mel%]) or a significant
(intermediate CO, = 40-60 mol%) component. For references see Table 3.1.
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® Mol% is approximately equal to percent volume, where 1 mole of an ideal gas occupies 22.4L at standard temperature
and pressure (273.15K, 1 atm). 1L of gas with a CO, content of 60 mol% will therefore contain ~600 ml of CO,.
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Figure 3.3: Map showing global distribution of vent sites where the venting of CO, gas or liquid is thought to occur (based on visual
observation of bubbles, droplets, seafloor hydrates and/or high bottom water CO, concentrations).
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With respect to the known distribution of hydrothermal vent fields along the OSRs, sites of CO,
discharge in deeper waters are comparatively rare (see Figures 3.2 and 3.3 and Table 3.1). The
venting of liquid CO, was first observed at the JADE hydrothermal site in the Okinawa Trough
(Sakai et al., 1990). There are now four further sites where venting of liquid CO, has been
confirmed by chemical analysis; Minami-Ensei Knoll, Yonaguni Knoll IV, and Hatoma Knoll in
the Okinawa Trough (Figure 3.1; Chiba et al., 1992; Shitashima & Maeda, 2005; Inagaki et al.,
2006), and the Champagne vent site on the Mariana Arc (Figure 3.1; Lupton et al., 2006). In
addition, there are two more sites where venting of liquid CO, is thought to occur (based on
visual observations and bottom water chemistry) but is yet to be confirmed by chemical analysis;
Iheya North Knoll in the Okinawa Trough (Fujikura et al., 2001; Chiba et al., 1996), and Vailulu'u
Seamount, the current location of the Samoan Hotspot (Staudigel et al., 20086).

At present, there are no mid-depth gas vent sites where CO, is known to be the dominant
constituent, and only a single site where CO, approaches a significant concentration; offshore
Grimsey Island to the North of Iceland, where gas vents at a depth of ~400m have a reported
CO, content of 1-41 mol% (Botz et al., 1999). This lack of well-characterised mid-depth sites
most likely reflects the current limits of ocean exploration. A large proportion of the known
shallow sites are coastal, and therefore easily identified (by bubble bursting at the surface),
easily accessible, and well explored. Since the first discovery of hydrothermal venting on the
Mid Atlantic Ridge in the late 1970s, offshore exploration of hydrothermal vent sites has focused
on the OSRs, which fall almost exclusively within the deep-water category. Only recently has
the research community turned the same level of focus to exploring subduction zones, where
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Table 3.1: Composition of high CO, content gases and liquids from submarine vents

Site Characteristics

Depth Fluid T

Composition of Vent Gas (mmol/mol)

Type/Name (m) (°c) COo, H,S CH, N, H, He Ar 0,
CO; RICH - SHALLOW (<200m)
@Northern Aegean & Hellenic Arc
Nigrita, Strimon Basin, Greece® 944 0.08 337 27
Elephetere, Greece® 941 0.80 56.9 7.6
Thermopilae, Sperkios Basin, Greece” 40 799 0.15 0.20 198.0 25¢
Euobea Island, Greece® 80 969 0.20 25.6 46
Milos”
Palaeochori Bay 3 766 13.40 2.70 27.50
Milos Bay 60.3 749 0.00 4.80 0.00
East of Spathis Point 110 919 1.40 8.60 4.30
Yali® 944 <0.05 0.03 35.78 <0.01 20.18%
Kos® 939 <0.05 3.62 48.2 <0.01 9.12¢
@Aeolian Islands
Vulcano® 86-101 980 - 1000
Panarea
Lisca Banca® 27 966 26.40 <0.01 6.4 0.03 0.80
Basiluzzo® 26 932 <0.01 61.8 0.21 6.10
La Calcara® 27 901 30.10 55.0 0.17 13.10
Between Dattilo & Lisca Bianca' 930 60.00 0.14 8.0 <0.01 <0.1
@Azores
D. Joao de Castro Seamount® 18-45  26.5-63.3 ~900
bubble plumes also observed at ~170m
@ Lesser Antilles
Champagne Hot Springs, Dominica” 15 410714 741-934 16.4-425  15-7.2 44-211 0.00-0.02  0.01-0.03 08-4.7 08-4.5
Average (n=4) 844 31.6 4.2 118 0.01 0.02 2.2 1.9
@ Gulf of California
San Felipe' intertidal 48 992 0.038 0.993 6.51 0.0 0.000 0.411
offshore submarine vents also reported!
@ Bay of Plenty, New Zealand
White Island* 830 140
White Island' 1M1 808 4.47 89 9.8 0.2 0.002 0.03
Whale Island" 880 95
Whale Island™ 34 680-734 120-193 119-131 0.1-03 08-12 7.5-14.1
Average (n=2) 707 157 125 0.2 1.0 10.8
@Papua New Guinea
Luise Harbour, Lihir Island” 3410 60-96 949-975 32-128  24-67  157-241  1.01-120  0.02-0.02 34-59
Average (n=2) 962 8.0 46 19.9 1.1 0.021 4.7
Tutum Bay, Ambitle Island® 5-10 89-98 927 -979 <03 6-20 22-47 <0.01 <0.01-0.02 43-73
Average (n=5) 949 <03 15 37 <0.01 0.01-0.01 58
Matupi Harbour, New Britain Island
Tavurvur® 29 50-60 623-884 0.0-70 0.07-0.10 95-288 0.01-0.34 18-28
Average (n=3) 744 43 0.08 187 0.12 24
Rabalankaia” 727 920 827-865 0.0 0.40-0.45 17-141 1.43-1.54 16-29
Average (n=2) 846 0.0 0.43 129 1.49 22
Okinawa Trough
Kueishantao, Taiwan? 10-20 48-107 916 -992 8.5-84 b.dl.-034 0.02-223 0.001-0.11 0.01-0.03 0.0002-0.025 0.002-0.195
Average (n=5) 970 29.3 0.081 0.655 0.028 0.016 0.007 0.049
@ Kyushu, Southern Japan
Kagoshima Bay, Sakurajima volcano” 78 24-30 806 - 843 0.7-47 125-153 26-40 0.0 0.03 0.4-06
Average (n=2) 825 27 139 33 0.0 0.03 0.5
Kagoshima Bay, Sakurajima volcano” 200 40-215 713-926 32-137 492-199  16.9-737 20-81  0001-0.003  0.01-04 0.2-54
Average (n=10) 857 59 95.3 36.7 3.61 0.002 0.02 1.6
CO, RICH - DEEP (>600m)
. Mariana Arc
Champagne vent site, NW Eifuku® 1604 103 980 8 <0.1 <0.1 0.006
. Okinawa Trough
Minami-Ensei Knoll' 690-705  265-278 872 10
Yonaguni Knoll IV* 1370-1385 upto 323 851121 14021
JADE vent site, Izena Cauldron” 1300-1450 upto 320
free droplets in water column 860 +50 30
droplets released from sediment 92010 44
Hatoma Knoll" ~1500  upto 301 950 - 980 20-30
INTERMEDIATE CO, - SHALLOW (<200m)
. Kurile Arc
Kraternaya Bight, Ushishir volcano® 0-22 10-34 440 - 660 0.1-0.3 270-420 05-20 0.1-0.3
@ Gulf of California
Bahia Concepcion’ 7 upto 92 429 -441 n.d. 21.3-228 526-541 0.05-0.09 0.41-0.44 6.84 7.22 1.21 2.41
Average (n=2) 435 221 534 0.1 0.4 7.0 1.8
INTERMEDIATE CO, - MID-DEPTH (200-600m)
. Iceland
Grimsey island vent field* 395-407  238-250 10.6-412 71.7-243
Average (n=3) 169 159

+Temperature uoted is that of associated hydrotherma fluids, and may not provide a good measure of the lemperature at which CO, is expelled, see text for further discussion. £ O, + Ar

(a) Minnisale, 1989; (b) Dando et al. 1995b; (c) Minissale et al., 1997; (d) Baubron et al., 1990; (e) taliano & Nuccio, 1991; (f) Calanchi et al, 1995; (g) Cardigos et al., 2005; (h) McCarthy et al., 2005; (i) Barragan et al. 2001; (j) Gasti & Bertine, 1982; (k) Giggenbach et al.,

1993; (1) Giggenbach & Matsuo; (m) Lyon et al., 1977; (n) Pichler et al., 1999a; (o) Pichler et al., 1999b; (p) Obzhirov, 1992a; (q) Chen et al., 2005; (r) Ossaka et al., 1992; (s) Lupton et al., 2006; (t) Chiba et al., 1992; (u) Inagaki et al., 2006; (v) Sakai et al., 1990; (w)

Shitashima & Maeda, 2005 (x) Zhimunsky & Tarasov, 1990; (y) Forrest et al., 2005; (z) Botz et al., 1999.
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subduction related volcanism spans a much larger depth range, and mid-depth venting of CO,
might be expected. Indeed, the recent NOAA Submarine Ring of Fire expeditions have already
led to the discovery of five mid-depth sites on the Mariana Arc, where bubbles venting from the
seafloor are thought to be composed dominantly of CO, (see Figure 3.2).

Initial examination of Figures 3.2 and 3.3 might suggest that CO, vent sites are concentrated in
the Mediterranean (Aeolian Islands and the Hellenic Arc), and along the Okinawa Trough and
Kermadec and Mariana Arcs. However, it would appear that the general global distribution of all
known or inferred CO, vent sites also strongly reflects the intensity of scientific exploration. For
example, the Mediterranean systems are easily accessible and have been studied in detail (see
the review by Dando et al., 1999). Similarly, the Japanese research community has made an
extensive study of the Okinawa Trough (see the review by Glasby & Notsu, 2003), with
numerous dives of both ROVs and manned submersibles, resulting in the discovery of 4 deep-
water sites where venting of CO, is known and 1 where it is inferred. Likewise, the NOAA
Submarine Ring of Fire expeditions from 2003 to 2006 focused on exploration of the Mariana
and Kermadec Arcs with the extensive use of ROV and submersible technology resulting in the
discovery of 1 confirmed and 7 possible CO, vent sites (for expedition summary from year 200X
see www.oceanexplorer.noaa.gov/explorations/0Xfire/welcome.html).  This pattern suggests
that vent sites may well exist in comparable locations that have not yet been fully explored.
Further CO, rich vents may also be associated with other hot-spot locations. CO, is expelled in
the gas or liquid phase at the Azores (D. Joao de Castro Seamount, ~90 mol%, Cardigos et al.,
2005), Iceland (offshore Grimsey Island, 1-41 mol%, Botz et al., 1999), and Samoan (Vailulu'u
Seamount, inferred, Staudigel et al., 2006) hotspots, while hydrothermal fluids particularly
enriched in CO, are vented at both the Hawaiian (Loihi Seamount, up to 418 mmol/kg, Sedwick
et al., 1992) and Cobb (Axial Seamount, up to 285 mmol/kg, Butterfield et al., 1990) hotspots.

To summarise, CO, vents have been located in the majority of tectonically active areas where
extensive scientific surveying has been carried out, with a high proportion of sites occurring in
subduction zones (associated with both island arcs and back-arc basin spreading centres). This
geographic distribution raises an interesting question. Although CO, storage might be
considered less safe in tectonically active regions due to a higher probability of leakage (e.g.
Bradshaw & Dance, 2005), should leakage occur is it perhaps less likely to result in a negative
impact on the local ecosystem? Given that natural venting is known, and in some cases
appears quite widespread at the regional scale, it might be concluded that a higher possibility of
leakage would be offset by a lower risk of significant negative impact on local ecosystems*.

3.2 A Good Analogue?

In a review paper Tyler (2003) addressed whether or not disposal of various types of waste in
the deep sea, including CO,, could be considered an analogue of natural processes. While
Tyler (2003) drew the general conclusion that “the natural processes and their apparent
anthropogenic counterparts are false analogies”, he also emphasized that both a better
understanding of natural processes and appropriately scaled experiments were vital to
determine the impact of disposal (of any waste) in the deep sea.

However, Tyler (2003) was examining oceanic disposal of CO,, i.e. the creation of seafloor
lakes or storage of CO, in the hydrate phase on the seafloor at a large scale, not the possibility
of a leak from a sub-seafloor storage site. While some of the Okinawa Trough CO, vent sites
had been discovered, these were considered a rarity, with no other deep sea CO, vent sites
known at that time. Furthermore, while the slow release of CO, at the deep water vent sites
bears little comparison to a large CO, lake or massive CO, hydrate deposit (as envisaged in
direct ocean sequestration scenarios), they seem likely to provide a much better comparison to
a small to medium scale CO, leak. This section therefore returns to the question of whether or

* It is noted here that negative impacts on ocean ecosystems are not the only reason that leakage is undesirable. For
geological storage to be an effective greenhouse gas mitigation strategy, the CO, must stay isolated from the
atmosphere for a sufficiently long period of time — desirably a minimum of ~1000 years. However, leakage from the
primary reservoir to the overburden is not necessarily followed by leakage to the seafloor, nor is leakage to the seafloor
necessarily followed by escape to the atmosphere. Thus there will be cases where leakage to the seafloor could be
classed as possible, while escape to the atmosphere is classed as highly unlikely (on a timescale of 1000 years, the
turnover time of the ocean).
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not natural releases of CO, could act as a good analogue for determining potential impacts of
leakage or seepage of CO, from sub-seafloor storage sites. The role of in-situ experiments is
discussed in Section 3.3.

In determining whether or not a natural CO, vent provides an analogue for a leakage/seepage
event it is important to identify both the similarities and the differences between these modes of
COs release. In particular:

(1) ENVIRONMENT: To what extent does the whole environment reflect that likely in the vicinity
of leakage or seepage from sub-seafloor storage sites?

(2) SCALE OF RELEASE: Does the area over which CO; is released, the rate of release, and
the duration of release, reflect potential leakage or seepage events?

(3) PHYSICAL & CHEMICAL CONDITIONS: To what extent do the physical conditions in the
vicinity of a vent site differ from that expected at a leakage/seepage site? Does the chemistry of
the released CO, reflect the likely composition of CO, leaking from a sub-seafloor storage
reservoir?

3.2.1 The Whole Environment

The analysis presented in Chapter 1 identified Africa, South East Asia, Western Europe and
Oceania as key regions where offshore storage could play a significant role in CCS due to the
dominance of offshore with respect to onshore storage capacity. With the exception of Africa,
all of these regions have current or planned sub-seafloor CO, storage programs. Despite some
assessments rating the offshore storage capacity of Japan as negligible (based on the regions
active tectonism and perceived lack of storage security), sub-seafloor storage is also being
actively pursued in this region and seems likely to occur in the near future.

The natural venting of CO, occurs in tectonically active areas. Thus for potential storage sites
located in such areas (e.g. The Pacific Rim, The Mediterranean Sea) there is likely to be a
natural site of CO, venting within reasonable proximity (at the local to regional scale), with the
current best match occurring between the Casablanca oil field and the Aeolian Island vent sites
in the Mediterranean Sea.

This regional scale match-up provides a good probability that possible leakage sites could be
correlated to nearby CO, vent sites with comparable characteristics (e.g. similar water depth,
latitude, substrate, and within the same biogeographic province), hence providing possible
analogue sites for studying impacts of CO, leakage. However, care must be taken when
deciding whether or not these sites do in fact represent a reasonable comparison.

For example, deep-sea venting of CO, is known to occur to the south of Japan over much of the
length of the Okinawa Trough (see Section 3.2.1 above). Thus, at the regional scale, there are
numerous CO, vents located in reasonable proximity to Japan. However, the primary targets for
Japanese offshore CO, storage reservoirs lie to the northwest of Honshu in the Sea of Japan.
Although the Okinawa Trough and the Sea of Japan are neighbouring deep basins, they are
semi-isolated, with different primary energy sources, and different hydrographic and faunistic
histories (see review by Tyler, 2002). The Sea of Japan was isolated from the main Pacific
during the last ice age and became anoxic, with the only link today through narrow shallow
straits. As a result the fauna is impoverished and is believed to be composed of cold-adapted
eurybathic (capable of living in a wide range of water depths) species rather than true deep-sea
species (Tyler, 2002). In contrast, in the Okinawa Trough the most noticeable fauna is
associated with hydrothermal activity and chemosynthesis forms the base of the food chain for
the bathyal community (Tyler, 2002).

In tectonically stable potential storage regimes the case is somewhat simpler - there are no
proximal sites of CO, venting at the regional scale. For example, the closest site of CO, venting
to the North Sea would be the Iceland Hotspot, or the Mediterranean vent sites. Both of these
systems exhibit markedly different characteristics (in terms of geology, oceanography, and
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biology) to the North Sea. In these locations, impacts of CO, would need to be inferred based
on similar or model sites, and known biotic responses (for similar or model species) or based on
experimentation, e.g. controlled CO, release experiments or laboratory experiments.

In the absence of a natural vent site located in close proximity and within a similar environment
to an intended storage reservoir, it remains possible that an analogue vent site exists. The rapid
advances that have been made in the fields of remote surveying techniques, habitat mapping
and GIS (Geographical Information Systems) over recent years would be of great assistance in
the assessment of inter-site comparability, and thus in selecting similar or model sites and in
determining the validity of ‘impact’ comparisons. A habitat is defined as a place and its living
and non-living surroundings where an individual or population lives. Thus a particular habitat
type combines the essential physical, geological and biological data required to determine how
comparable two sites are. There is now a growing recognition of the need for such data to aid
policy decision making and regulatory processes in the marine environment. For example,
habitat mapping in the North Sea is now well advanced, with two major projects currently
underway.

The Mapping European Seabed Habitats (MESH — see Box 3.1) programme is funded by EU
INTERREG IlIB and involves 12 partners from the five countries within the north-west Europe
area (UK, lIreland, the Netherlands, Belgium and France). MESH aims to produce seabed
habitat maps for north-west Europe and develop international standards and protocols for
seabed mapping studies. The project started in spring 2004 and will end in January 2008,
although outputs are being made publicly available as they are completed at the excellent
project website (www.searchmesh.net). These include a meta database of mapping studies and
a web-delivered geographic information system (webGIS) showing the habitat maps (see Box
3.1 for examples). The MESH programme is also producing an interactive guide to marine
habitat mapping (web hosted version to be available in June 2007), including Recommended
Operating Guidelines (ROGs), and a Habitat Matching Programme (currently in the testing
phase) in an effort to introduce standardised methods and protocols, vital to ensure that true
comparisons can be made between different data sets.

Similarly, in 2005 the Norwegian government launched the MAREANO Programme which will
run to 2010 (http://www.mareano.no/english/index.html), a collaborative project between the
Institute of Marine Research, the Geological Survey of Norway and the Norwegian Hydrographic
Service. The objectives of the MAREANO Programme are to survey and study the physical,
biological and chemical environment of the seabed in Norway’s coastal and marine regions. As
with the MESH programme, this information will be made publicly accessible via a web portal
and marine area database. The early stages of the MAREANO Programme focussed on key
environmentally sensitive areas of the Barents Sea and Lofoten in which offshore activities are
now underway (e.g. development of the Snghvit and Goliat offshore petroleum fields). This
programme also includes a specific research component to examine deep sea corals and
biotopes®, and to assess relationships between biotopes, sediments, and oil and gas spills.

® A biotope defines the area of uniform environmental conditions that provide living space for a biological community (as
opposed to a habitat defining living space for a population or species).
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Box 3.1: Examples of Habitat Information for the North Sea from the MESH webGIS.
MESH: Mapping European Seabed Habitals

Information contained here has been derived from MESH Consortium webGIS data (www.searchmesh.net/webGIS)
which received funding from the INTERREG IlIB NWE programme (www.nweurope.org).

A: MESH EUNIS Model (displays at scales from 1:30,000,000 to 1:500,000).

Tha MESH EUNIS (European Nalure Information System) Model map layer is a predictive map based on combining physical data layers. The EUNIS habitat
types ion Is a pan-Europ: system to facilitate the description and collection of data across Europe through the use of criteria for
habitat identification. Level A describes all Marine Habitals. The aim of the MESH EUNIS Model was o use ‘habitat envelopes’ to predict/ model the distribution
of broad- sl:ale EUNIS marine habitat types, across the MESH area. Through the development of Lhe EUNIS marine habitat classification, key physical and

have been identified which are knovm o drwe the distribution of ies, and thus EUNIS habital types in our seas. Each
habitat type within EUNIS is defined by its unique of ferred to as the habitat envelope) logether with its associated
biclogical community. Please note that at this stage the EUNIS habitat types shuwn in this map have NOT been validated. The validation process using biclogical
point sample data is due to be completed before the end of the MESH Project (January 2008).

Modeled EUNIS Habitat (at level 2/3)
[[] As: Circalittoral rock & other hard substrata
[C] As.1: Sublittoral Coarse Sediment

[[] As.2: Sublittoral Sand

[] As.3: Sublittoral Mud

[ As.4: Sublittoral Mixed Sediments

[[] A6.3 or AB.4: Deep-Sea Sand or Muddy Sand
[ A6.5: Deop-Sea Mud

B: UK Marine Landscapes (displays at scales from 1:30,000,000 to 1:500,000).

The UK Marine landscapes map layer is a predn:nve map based on combmmg physanal data layers an:l was areated as part of the uKSeaMap pn:uen The aim
of the UKSeaMap project was lo use I, physical and h | data, d where p with , 10 produce
simple hmadsr.ale and ecologically relevant maps of the dominant seabed features for the whule sea under UK Jurisdiction. To create the UK Marme landscapes
layera tree was based on the following categorised data sets: seabed substrata, photic depth, wave base, bathymetry, bottom
temperature and tide-generated bed-suess The data were biologically validated with seabed sample data and confidence assessment carried out. For full details
sea: Connor, D.W., Gillland, P.M., Golding, N, Robinson, P., Todd, D., & Verling, E. 2006. UKSeaMap: the mapping of seabed and water column features of UK
seas. Joint Nature Conservation Commitiee, Peterborough. or www.jncc.gov.uk/UKSeaMap

[[] continental Slope B Aphotic Rock

[] shetf Trough [ Bay

E] Shelf Mound or Pinnacle ﬂ Estuary

Sand Plains Mud Plains

D Shallow [ shatiow

[ shenr O shen

D Warm Deep-Water D ‘Warm Deep-Water
] cold Deep-water [ cold Deep-water

Mixed Sediment Plains Coarse Sediment Plains
. Shallow - Weak Tide Stress . Shallow - Weak Tide Stress
[l shaliow - Moderate Tide Stress [[l] Shallow - Moderate Tide Stress
D Shallow - Strong Tide Stress D Shallow - Strong Tide Stress
[ shett - Weak Tide Stress [ sheit - Weak Tide Stress

B shelf - Moderate Tide Stress Shalf - Moderate Tide Stress
] sheit - Strong Tide Stress ] sheit - Strong Tide Stress

] warm Deep Water ] warm Deep-water

One of the key questions that will need to be addressed is the comparability of biota between
natural CO, vent sites and sites of potential leakage. In general, at deep vent sites the biota is
highly unlikely to be comparable as vent obligate taxa tend to dominate the area of the
hydrothermal field (i.e. tube worms, clams). However, in mid depth and shallow systems this is
not the case. In mid-depth systems, there may be a mixed hydrothermal/pelagic community
(e.g. Minami Ensei Knoll, Okinawa Trough), and vent obligate taxa are generally absent from
shallow sites (Tarasov et al., 2005). Thus a comparison between community assemblages in
the vicinity of CO, vents to the general local species distribution in the surrounding area (outside
the area chemically or physically influenced by the vents) is likely to provide valuable information
on tolerant and intolerant species.
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3.2.2 The Scale of CO, Release

The impact of leakage or seepage of CO, to the ocean will depend on the scale of the
leakage/seepage event, including the area over which CO, is released, the rate at which it is
released, and the duration of the leakage/seepage event. For example, the impact of a large
release of short duration (acute exposure) is likely to be very different to a small release of long
duration (chronic exposure).  Furthermore, the impact (or consequences) of a single
leakage/seepage event may evolve significantly over time and could conceivably pass through
different stages where the ‘direction’ of the system response changes. For example, in the case
of a small to moderate leak occurring at a seafloor depth and temperature where CO, is a
buoyant liquid, but where hydrate formation is possible, the impact on the local environment will
be (among other factors) dependent on whether or not hydrate is formed, where this may
change over time.

Potential rates of CO, release to the ocean range from slow seepage (e.g. from the overburden
through a self-limiting hydrate capped system) to vigorous or rapid release through a flow
conduit (such as an opened fault, gas chimney or well bore) following cap-rock failure, tectonic
displacement, or well-seal failure (see Chapter 4 for further discussion of these processes). The
duration of leakage will reflect a combination of factors, including site monitoring, the scale of
leakage (small leaks being harder to detect), and whether remedial action is possible, or natural
cessation occurs. It is widely acknowledged that the most probable site of large scale leakage is
via a well bore. As a recognized risk, well sites are those most likely to be continually
monitored, thus such a leak is also the most likely to be detected (except in the case where the
well bore is unmapped), and also allows remedial action to be taken. CO, leakage occurring
away from well bores could be detected as new sub-surface features in full site seismic surveys.
In this case, early detection is dependent on the frequency of monitoring. For example, at the
Sleipner project, time-lapse 3-D seismic surveys (also referred to as 4-D seismic surveys) have
been successfully employed to image the migration of CO, in the Utsira formation (Chadwick et
al., 2006). Surveys have been carried out on an approximately biennial basis since injection
commenced in 1996 (Chadwick et al., 2006). Compared to expected migration rates in the
subsurface, this frequency of monitoring should ensure early detection of any CO, leakage
through the caprock and provide prior warning of potential leakage to the seafloor. In the event
of release at the seafloor, CO, liquid droplets and gas bubbles in the water column could also be
readily detected using sonar. Nevertheless, despite the potential for detection, it is currently
unclear what could be done to ‘plug’ a non-well site leak.

Natural vent sites represent the transfer of CO, from a reservoir at depth (sourced from magma
chambers or thermal cracking of organic/carbonate rich sediments) through the overburden,
across the sediment-seawater interface, to the ocean. Given the high heat flow and the
presence of open faults and fractures through which the fluids migrate, these sites could be
considered representative of the upper limit on the rate at which leaked CO, might be expelled
from the seafloor. However, the deeper sites, where hydrates form in the uppermost sediments,
could also give an indication of expected rates of seepage through an impeding hydrate cap.
Visual descriptions provide anecdotal information, with release rates ranging from slow and
intermittent bubbling through a hydrate cap or hydrate pipes at deep water sites (e.g. Okinawa
Trough, Jade site, Sakai et al., 1990), to vigorous bubbling churning the upper sediment column
in shallow sites (e.g. Paleohori Bay Site 4, Milos, Mediterranean, Dando et al., 1995b). Although
estimates of volumetric CO, release rates at these end member sites are not available (not
reported for JADE site, and release rates too fast to measure at Paleohori Bay Site 4), venting
rates have been reported for more intermediate vent sites. For example, at the moderate
shallow water vent sites (3-110m) in the vicinity of Milos Island, measured total gas release
rates (of which ~80% is CO,) range from 0.09 to 17 L per hour per bubble stream under in-situ
conditions, equivalent to 0.16 to 26.23 L/hr at STP or 2-360 kgCO,/yr (Dando et al., 1995b). At
the deep water (1600m) Champagne Vent site on the Mariana Arc, estimated volumetric release
rates at in-situ conditions are directly comparable at ~12 L per hour per droplet stream, however
given the high compressibility of CO, this corresponds to a significantly higher flux, and is
equivalent to over 6000 L/hr at STP or ~100 tCO,/yr (Lupton et al., 2006).
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The density of venting and the total area over which CO, release occurs also varies widely
among the natural systems, and seems likely to bracket that which could be expected in a
leakage event, ranging from localized venting restrlcted to an area of 10s of m?, to regions
where venting extends over a total area of 10s of km?. For example in the waters surroundlng
Milos Island, CO, venting extends over an area of ~34 km?, consisting of numerous bubble
fields with up to ~6 gas outlets per m?, interspersed with regions where no venting occurs.
Average bubble stream densities are on the order of 0.2-0.9 outlets per m?, with an estimated
total flux on the order of 920-4620 ktCO./yr, or ~30-140 kgCO,/m /yr (Dando et al,, 1995b)
Conversely, at the Champagne Vent site, CO, venting occurs over an area of only ~30m with
around 10 droplet streams per m?, giving a total flux on the order of 30 ktCO,/yr or ~3500
kgCO,/m?/yr (Lupton et al., 2006).

On the question of scale and duration of venting, the primary limitation on whether a natural vent
site is an analogue for leakage may well be when venting of CO, commenced, and therefore for
how long the local environment has been exposed to elevated CO, levels. Many of these
systems may have been experiencing CO, release over long periods of time. They may
therefore provide an analogue for re-equilibration of a system following an initial perturbation —
but not provide information on the impact of the initial perturbation. Nevertheless, valuable
information on site history and evolution over time may be obtained through geochemical and
biological surveys and return visits.

3.2.3 The Physical & Chemical Conditions

As CO; rich vents occur in association with hydrothermal venting there are obvious questions to
ask regarding differences between physical and chemical conditions at the vent sites and
potential leakage sites, where hydrothermal fluids have elevated temperatures and altered
chemistry with respect to ambient bottom seawater (see Box 3.2). The implications of these
altered physical and chemical conditions are discussed below.

3.23.1 The Thermal Regime

In the case of leakage/seepage, it is expected that the CO, released to the seafloor will be at
ambient temperature. Conversely, venting of CO, typically occurs in association with venting of
hydrothermal fluids (~10-320°C, see Table 3.1). The question is then can the impacts of CO,
release on seafloor systems be separated from the effects exerted by injection of hot water?

The first point to be made here is that within a given system the venting of CO, is not
necessarily co-located with the high temperature hydrothermal vents. In some systems CO,
droplets are indeed expelled from the same orifice as high temperature fluids or emerge (at
lower temperatures) from the base of black or white smoker chimneys. However, in other
regimes CO, discharge occurs in association with diffuse low temperature fluid flow, or indeed
as separate streams of gas bubbles or liquid droplets emerging from the seafloor at ambient or
near ambient temperatures (see site summaries in Appendix 3.A).

The second point to consider is that mixing of high temperature hydrothermal fluids with ambient
bottom water quickly dissipates the temperature anomaly (the temperature difference between
waters influenced by hydrothermal fluids and ambient seawater; 8T = Topserved = Tambient)- High
temperature hydrothermal fluids are buoyant (due to the low density with respect to bottom
seawater) and rise rapidly through the water column in a focused plume. Shear flow at the
boundary between the ascending fluids and bottom waters produces eddies (Lupton, 1995)
causing turbulent mixing and the entrainment of large quantities of ambient seawater into the
plume (Kadko, 1993). This rapidly dilutes the rising plume, with typical mixing ratios of 100:1 to
1000:1 within the first 5 to 10 m of plume rise (Feely et al., 1994), causing temperatures and
particle concentrations within the plume to decrease within a short distance from the vent orifice.
For example, for a hydrothermal fluid with a high chimney exit temperature of ~400°C venting
into ambient bottom waters of 1°C, the temperature of the plume fluid would decrease to 1.4 to
5.0°C within 5-10m above the vent orifice (3T = 0.4-4.0°C), while a fluid with a lower exit
temperature of 100°C would reach near ambient temperatures within 5-10m (8T = 0.1-1.0°C).
The plume will continue to rise through the water column until sufficient entrainment of ambient
seawater has taken place for the hydrothermal plume to reach neutral buoyancy (typical mixing
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ratios of ~10,000:1) at a height of around 200-300m above the vent site. At this point the plume
is dispersed laterally by prevailing bottom currents and can be identified as both a hydrographic
and chemical anomaly in the water column (German et al., 1991; Baker et al., 1995).

Large water column temperature anomalies are therefore generally restricted to the immediate
vicinity of the hydrothermal vent and extend vertically through the water column above the vent
orifice, exerting little lateral influence at near seafloor depths. Nevertheless, both sediments
and near seafloor water temperatures in the near-field region are likely to be slightly elevated
compared to ambient levels due to the influence of low temperature diffuse fluid flow (see Box
3.2). Clam beds, which are often observed at CO, rich vents sites, form in this region. A broadly
consistent pattern of temperature anomalies has been reported for clam beds along the OSRs,
with near ambient temperatures near the clams’ siphons, and warmer temperatures in the
sediments beneath the shells (e.g. Fisher et al., 1988a; Hessler et al., 1985). For example, at
the Rose Garden vent site (Galapagos Rift) temperature anomalies below the clam shells were
8-9°C, decreasing to 0-2.4°C between the shells, and 0-0.25° at the clam siphons (Fisher et al.,
1988a). At the Clam Acre site (21°N East Pacific Rise), temperature anomalies were slightly
higher, at up to 14.5°C at a depth of 20-30cm below the clam shells, decreasing to 0.6-4.7°C
between the shells and 0.9°C at the clam siphons (Hessler et al., 1985).

Box 3.2: Hydrothermal Circulation.

Hydrothermal Circulation is the heat driven circulation of water through the Earths crust.

During hydroth i . cold though in  The concentrations of metals in hydrothermal
the bl st As the ater trates ba: nt, it to contact 1
with ot fock Zn"?;.?:,i“éme s et o <% fluids & seawater (Elderfield & Schultz, 1996)

degassing releases gases such as helium {He), methane (CH,), hydrogen (H,), carbon
monaoxide (CO), and carbon dioxide (CO,), and volatile elements such as mercury (Hg) Element Seawater Hydrothermal Fluid
and arsenic (As). In the reaction zone alteration temperatures are high (300-400°C), ymolka) ¥ (xmolkg) x
and the fluid composition is further changed though reaction with the host basalt.

ium and sulphate are d from solution, and fluids become acidic and 0 50.6470
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oxygen rich bottom water is critical in determining the composition of the hot-spring ook (Col 0.03 4] 22227 f
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temperature black smoker chimneys; (2) mid to low temperature white smoker chimneys; Ag 3 =
and (3) low temperature, diffuse fluid flow. A typical vent field might comprise several Calcium (Ca) 102 m 10556 m
black and white smoker chimney structures in an area of 100 to 150m’, with areas of Baviurn [Ba) 0.14 u >Bi0 =426 p
diffuse fluid flow visible through the shimmering of relatively warm fluids (~10-30°C) as Lt (U 2 4111322
they enter bottom waters (e.g. Murton et al., 1895; Schultz et al., 1992). fthium (L) H - H

At black smoker chimneys, high temperature fluids (300-
400°C) are expelled directly anto the seafloor al a rate of ca.
1-5 ms" and with a chemical composition that reflects that of
the basement fluid (MacDonald et al., 1980). These plumes
quck of hot, reducing, acidic hydrathermal fluids immediately

anirain cold, alkaline, oxygenated seawaler, resulting in
Smokers instantaneous precipitation of fine grained metal rich

sulphides and sulphates and (hydrjoxides that give the rising

plumes their characteristic colour and smoke like appearance
{Feely et al,, 1987, Lilley et al,, 1995).

Low to mid temperature fluids also vent through focused flow
paths directly on to the seafloor. In these white smoker
- systems the hot hydrothermal fluid has either cooled or
Whﬂ'e undergone sufficient sub-seafloor mixing with seawater to
deposit the metal rich sulphide precipitates in the walls of the
smoke[s channel up which the fluid is rising. When the ascending
fluid emerges at the seabed amnrphnus silica and various
Iphate and oxide mi d, giving the
appearance of white smoke (Thompsm et al., 1988; Tivey et
al., 1995; Edmond et al., 1995),
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Iderfield, 1 . Diffuse fluid flow can also result from the
Rec hq rge conductive nean?ng of seawater (or altered fluid) circulating
through the sediment celumn (Murton et al., 1999; Cooper et
al., 2000). In this second mode of diffuse fluid flow, heat is
transported from the vent site without a pronounced
geochemical exchange between the fluid and the host
system (Cooper et al., 2000; Murton et al,, 1999),

Some efforts can be made to carry out purposeful experiments at low temperature vent sites
that include an element of design intended to determine which is the dominant factor controlling
animal responses. For example, Vetter & Smith (2005) conducted a series of experiments
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(using ROV technology) at the Loihi seamount vent site, where vent fluids are particularly rich in
dissolved CO, (not separate venting of a CO, phase). In their experiments Vetter & Smith
(2005) collected amphipods in baited traps then placed the traps directly over and only 20cm
above low temperature vent outlets for periods of ~60 minutes. The amphipods were thus
exposed to CO, rich vent fluids with a moderately elevated temperature (vent fluids had an
average pH of 6.18 (minimum 5.7) and average temperature of 5°C (maximum 8°C) compared
to bottom water pH of 7.11 and temperature of 3.7°C). After 10-20 minutes of exposure the
amphipods became inactive and dropped to the bottom of the trap in a state of torpor. Following
removal of the trap from the vent plumes all amphipods recovered and began actively swimming
within 30 minutes. The question was then was torpor induced by the elevated CO, or the
elevated temperature of the vent fluids? As temperature also increases with decreasing water
depth (i.e. surface waters are warmer than deeper waters), while the partial pressure of CO,
remains approximately constant, Vetter & Smith (2005) compared the observed response of the
amphipods to plume exposure to the observed response of the amphipods during ascent
through the water column. Following recovery of the amphipods from ‘plume’ intoxication, the
traps were taken up through the water column, where amphipods remained active until ascent
yielded temperatures of ~10-11°C (300m), at which point amphipod swimming activity
decreased rapidly until all amphipods lay at the bottom of the trap at 13°C (250m). This result
suggests that the torpor induced by exposure to the lower temperature vent plumes (~6°C) can
be attributed to the elevated CO, concentration (Vetter & Smith, 2005).

3.2.3.2 The Chemistry of the CO, Rich Phase

The dominant effect exerted by hydrothermal circulation on biota in the near field region is not
necessarily temperature related. Rather it is the chemical composition of the vent fluids and
gases, and how these may differ to that observed in the case of CO, leakage that may be of
most significance. In particular, the presence (or absence) and concentration of both toxic
species and those compounds which constitute the basic building blocks of chemosynthesis (i.e.
heavy metals, H,S, CHy; pers. comm. George Somero).

Constraining the expected chemistry of CO, that has leaked or seeped out of a subseafloor
storage reservoir, and determining the extent to which it is similar or dissimilar to a CO, rich
phase vented from the seafloor, poses a complex problem.

The chemistry of ‘leaked’ CO, will depend on the initial purity of the injected CO,, and the nature
of both the storage reservoir and sediment column through which the CO, has migrated before
reaching the seafloor.

Recent amendments to international agreements pertaining to the storage of CO; in subseafloor
geological formations have implications for the chemistry of the CO, to be stored (see Box 3.3).
Both the London Protocol and the OSPAR Convention state that the CO, to be injected must
consist ‘overwhelmingly’ of CO,, but make allowance for the presence of additional compounds
derived from the source material or from the capture and sequestration processes (see Box 3.3).
However, there is no clarification (as yet) on what constitutes an ‘overwhelming’ amount of CO,,
or if limits will be set on the permissible levels of additional substances. For example, in the
case of CO, removal from sour hydrocarbon streams and re-injection (e.g. in the production of
natural gas from CO, rich gas fields), it might be decided to re-inject the extracted acid gas with
no further purification. In this case, the CO, may contain significant amounts of H,S in addition
to small amounts of hydrocarbons, treating solvents, and absorbents.

However, even if the CO, were injected as a chemically pure phase, in the event of leakage or
seepage it is highly unlikely to emerge as such. Indeed, supercritical fluid extraction using CO,
is a promising technology for the decontamination of environmental wastes, capable of
extracting organic contaminants (e.g. petroleum hydrocarbons, polyaromatic hydrocarbons,
polychlorinated biphenyls) and inorganic contaminants (e.g. heavy metals and radioactive
elements) from soils, sludge’s and aqueous solutions (Anitescu & Tavlarides, 2006; Erkey,
2000; Librando et al., 2004; Babel & del Mundo Dacera, 2006; Saldana et al., 2005).
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Box 3.3: Regulatory Issues

International agreements pertaining to sub-seafloor CO, storage have implications for the
chemical purity of the CO, to be stored and may impact the ability to carry out controlled release
experiments at the seafloor and in the water column.

A. The London Convention and London Protocol

The 1972 Convention on the Prevention of Marine Pallution by Dumping of Wastes and Other Matter, also called the ‘London Ci ion', is a global

designed to protect the marine the ing and of waste and any other material to the sea, Currenuy 32 states are parties to this
convention (IMO, 2007). In 1996 the London Prolocol was agreed to modemise and ultimately replace the London Convention. In 2006 the London Protocol was
amended to allow the storage of CO, in geclogical formations beneath the seafloor, where the amendment was adopted on 2 November 2006 and came into force on 10
February 2007. The 2006 Amendment to Annex 1 of the 1996 London Protocol siates that:

Carbon dioxide streams from carbon dioxide capture p for seq may only be for if:
1) disp is into @ sub- bed g g and
(2) they consist overwhelmingly of carbon dioxide. They may contain inci jated derived from the source
and the capiure and seq alion p used; and

{3) no wastes or other matter are added for the purpose of disposing of those wastes or other matier

Aware of the need for more precise regulation, the Convention also agreed that further guid for the ion of sub- bad loglh of CO,'ina
manner that is safe for the marine environment in the short and long term’ should be developed. These guideli will be idh for adoption at the 2nd Meelnng of
the Ci ing Parties in N ber 2007 and will form part of the regulatory scheme.

B. The OSPAR Convention

The Convention for the Protection of the Marine Environmental of the North-East Atlantic, the 'OSPAR Convention’ (1982) regulates the dumping of poliutants into the
Northeast Atlantic Ocean. In June 2007 amendmenis were agreed to Annex || and Annex Il of the Convention to allow for the storage of CO, in subseafloor geclogical
formations, such that:
The dumping of carbon dioxide streams I’mm carbon dioxide capture processes for storage is not prohibited, provided:
(1) i 1is into a sub-soil geol

(2) the consist ove of carbon dioxide. They may contain ! derived from the
source materfal and the capture, lranspm and storage processes used;

(3) no wastes or other matter are added for the purpose of disposing of those wastes or other matter;

(4) they are | ded to be ined in these ft P ly and will not lead to significant adverse consequences for the
marine environment, human health and other uses of the area.

The OSPAR Commission also adopted two decisions related to CO, disposal in the marine environment, which will enter into force on 15 January 2008. The first decision
(2007/1) legally rules out placement of CO, into the water column or on the seabed:

The placement of carbon dioxide streams in the water column or on the seabed is prohibited, unless it results from normal

operations as described in Article 1{g)(i) of the -“ fon or is for a purp other than the mere disposal thereof as described in
Article 1{g)(if) of the C: and is in with the provisi of the C:
The second decision (2007/2) provides a regulatory to ensure that point 4 above is met, stating that:

The storage in geological formations of carbon dioxide streams from carbon dioxide capture processes shall not be permitted by
Contracting Parties without authorisation or reg by their P Any or reg shall be in
accordance with the OSPAR for Risk and g of Storage of CO, in ical F

as updated from time to time.

Furthermore, the solvent properties of supercritical CO, can be extensively modified by the
addition of co-solvents (often polar compounds) resulting in a substantial increase in extraction
efficiency. Crude oil consists of ~90% hydrocarbon compounds such as napthenes, paraffins,
and aromatic hydrocarbons and ~10% polar compounds containing N, O, and S heteroatoms
(including H,S), and metal atoms (Hughey et al., 2002, 2004). The storage of CO, in a depleted
oil or gas reservoir is therefore likely to result in the uptake of a range of organic non-polar and
polar compounds, and possible extraction of metals. In the case of storage in a hydrocarbon
free reservoir, such as a deep saline aquifer, leaching of metals from the host rock may still
occur. In a leakage event, the CO, will migrate upwards through the overburden, and the
chemistry of the CO, phase will be further modified by interactions with the host sediment and
porewaters. For example, if the CO, passes through organic rich sediments a significant uptake
of organic compounds and microbially produced gases such as H,S and CH,4 can be expected.

As an example of the propensity of trace gases to partition into the CO; rich phase, the results
from a series of flash calculations are presented below in Table 3.2. The calculations were
carried out by Dr. Edward Peltzer (Monterey Bay Aquarium Research Institute) using Infochem
Multiflash to determine the equilibrium distribution of common volcanic gases between 1 litre of
seawater (salinity of 34.7) and 1 litre of the given CO, phase. Three cases were considered:

Case 1: Supercritical CO; in the sediment column — total depth of 1500m (15.247 MPa) and
temperature of 50°C.

Case 2: Liquid CO, at the sediment-seawater interface — water depth of 1000m (10.187 MPa)
and bottom water T of 2°C.

Case 3: Same conditions as Case 2, but considering CO, hydrate rather than CO; liquid.
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For supercritical and liquid CO,, He (and other non-polar gases) and H,S both partition strongly
into the CO, phase. However, in Case 3, we see a different picture. He does not form hydrates
(it is too small to be ‘trapped’ in the cages), thus all He resides in the aqueous phase.
Conversely, H,S is a hydrate former and remains strongly partitioned in the CO, phase.

Table 3.2: Partitioning of trace gases between aqueous (seawater) and CO, rich phases.

CASE 1: Supercritical CO,

S$=34.7,Z=1500 m, T =50°C, P = 15.25 MPa

CASE 2: Liquid CO,

S$=34.7,Z2=1000m, T=2.0°C, P =10.19 MPa

CASE 3: CO; Hydrate

S$=34.7,Z=1000 m, T =2.0°C, P = 10.19 MPa

Component Aqueous  SC-CO, Xcoz (%) Aqueous L-CO, Xcoz (%) Aqueous H-CO, Xcoz (%)
H,0 (mol) 54.6 0.0 0.0 55.3 0.0 0.0 55.3 44.9 44.8
co, (mol) 0.8 16.0 95.5 1.2 20.1 94.5 0.6 6.7 92.2
He (Hmol) 0.0 1.0 99.8 0.0 1.0 99.9 1.0 0.0 0.0
N, (mmol) 5.9 595.7 99.0 14.1 587.5 97.7 13.7 587.9 97.7
H,S  (mmol) 0.7 11.8 94.1 0.5 12.0 95.6 0.1 12.4 99.3

Density (g/cm?®)

1.015

0.575

1.035

0.884

1.030

1.106

To a first approximation, it seems likely that naturally vented CO, that has interacted with the
bedrock and sediment column is likely to provide a better analogue for CO, that has leaked from
a sub-seafloor storage site than a pure CO, phase. However, this requires significant further
investigation. While a number of researchers are investigating CO, reactions in storage
reservoirs, little attention has yet focused on interactions with sediments in the event of leakage.
The simple model presented above assumes chemical equilibrium is reached, whereas a natural
system is dynamic and may be far from equilibrium. Detailed geochemical models of CO,
interaction with the bedrock and overburden, incorporating fluid flow and kinetic constraints are
therefore required. The influence of altered chemistry on expected physical behaviour and
potential environmental impacts in the event of CO, leakage are discussed further in later
Chapters. In brief, the uptake of hydrate forming compounds such as H,S and CH,; can
significantly alter the hydrate stability field, thereby altering the conditions under which
secondary trapping mechanisms may operate. It may also prove that the leakage of CO, poses
a greater threat to ocean ecosystems through acting as a carrier of other toxic substances such
as H,S or heavy metals to the ocean, as opposed to the direct impact of the CO, itself
(bioaccumulation of Hg for example). This report therefore recommends that the likely
contamination of a pure CO, phase that would result from storage in a particular reservoir and/or
transfer through the overburden should be included in assessments of site suitability and
Environmental Impact Assessments. This would require site specific modeling and perhaps
additional directed research on the solvent properties of CO, under the intended storage
conditions with a given reservoir rock and/or hydrocarbon reserve composition.

3.3 Purposeful CO, Release Experiments

In the case of CO, leakage to the oceans there are inherent problems in designing and carrying
out an ‘appropriately scaled’ release experiment, as suggested by Tyler (2003). It seems
difficult to conceive a purposeful experiment that would completely mimic a leakage or seepage
event. For example, to determine the impact of CO, migrating upwards through the sediment
column on deep sediment infauna and microbial communities would essentially require
engineering a leakage event. Nevertheless, in-situ experiments can provide valuable
information, although conducting these experiments is a difficult task. Not only are there major
technical barriers to overcome, there is also the problem of permitting, where negative public
opinion has proved a substantial barrier to research in the past (e.g. de Figueiredo et al., 2003).
The question of permitting and regulation is non ftrivial. A decision recently adopted by the
OSPAR commission explicitly prohibits the placement of CO, streams in the water column or

the seafloor in the North East Atlantic (see Box 3.3). Although this decision is intended to
prevent large scale oceanic sequestration of CO,, it seems likely that this would also have the
(possibly unintended) side effect of preventing any purposeful release experiments from being
carried out in this region.

Notwithstanding the technical and regulatory challenges, a number of release experiments have
been successfully designed and carried out by scientists and engineers working at the Monterey
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Bay Aquarium Research Institute (MBARI) and their research partners. Over the past few years
(since 2001), the Ocean Chemistry of Greenhouse Gases Group, led by Dr Peter Brewer, and
the Benthic Biology Group, led by Dr. James Barry, have conducted a number of experiments to
examine the physico-chemical behaviour of CO, gas, CO; liquid and CO; hydrate in the ocean,
and the impact of CO, release on seafloor sediments and local biota.

Various aspects of these experiments are described in Boxes 3.4 (Transport and Delivery of
CO; in the Ocean), 3.5 (Monitoring Techniques), and 3.6 (Sustained Release Experiments).
Here we evaluate whether or not seafloor release of CO, can be considered an analogue of
leakage/ seepage under the same criteria used to assess natural vent sites.
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Box 3.4: Transport & Delivery of CO, at Depth in the Ocean.

Carrying out controlled CO, release experiments in the ocean is technically challenging. The information presented here
provides a summary of the technigues developed over the last 10 years by scientists and engineers at the Monterey Bay
Aquarium Research Institute (MBARI) to transport and deliver small volumes (~128 ml to ~50 L) of CO, in the ocean

using Remolely Operated Vehicle (ROV) technology, thereby enabling a variety of release experiments to be carried out
across a range of water depths.

Small volumes (<1L)

This system consists of two d in tandem. One cylinder is filled with CO,. The second cylinder is controlled using the
hydraulic system on the ROV. When lhls device is activated, it moves the piston in the first cylinder, expelling liquid CO, into the ocean.

Larger Volumes (up to ~50L)

For larger volumes, the core delivery system consisis of two - a piston and a tandem pump - mounted in the tocl sled of an ROV, The
size of the piston accumulator determines the total volume of CO, that can be delivered to the ocean on a single ROV dive, while the size of the tandem pump
provides controls on the volume dispensad.

Two acct have been (see figure below). A steel 9L accumulator provides a medium sized CO, reservoir, delivering ~8L CO, at 1000m depth,
or~7L at 3m0m (see Tahle heluw] Whille this is sufficient for many experimental needs, to provide the larger volumes required for many release experiments, a
56L was d d to allow of the possible volume of CO, to the seafloor, limited only by the ROV payload capacity in terms of
weight and size. This sysiem consisis of a carbon-fibre composite piston accumulator of 56L internal capacity constructed by Hydratech Fresno CA. At 23cm
outside diameter and 194cm length it is close to 1ha Iargest object the ROV can carry within the tool-sled. The use of a carbon fibre reinforced fiber glass
composite for of the fficient strength (3000 psig rating) at a fraction of the weight of a steel cylinder of comparable
size. Tandem cylinder pumps are used o aduata bollh the 9L and the 561 accumulator.

9L Accumulator &
Single Tandem Pump

56L Accumulator &
Twin Tandem Pumps

Piston Accumulators

seawater end-cap (;.‘(D, end-cap
from ] " | fo y

tandem —w Seawater | Liquid CO, ;- dispensing
pump . walve

sliding ma:-'um piston

On deck, the accumulator is initially filled with seawates, pushing
the piston flush to the CO, end-cap. Liquid CO, is then added
through thie CO, end-cap, pushing the piston back and expalling
seawater until the entire accumulator is filled with CO,. During the
ROV dive, seawaler is pumped into the seawater side (using the
tandem pumg) to maintain P.T condiions within the accumulator
such that CO, remains in the liquid phase. To dispanse CO,. tha
hydraulic dispensing valve is opened, and seawater is pumped
into the seawater side to push the piston forward and expel CO

Tandem Cylinder Pumps - Controlled Delivery

Atandem cyfinder pump (pushing on both the forward and backward stroke) is used to force seawaler into the seawaler side of the piston accumulator. This
pumping action drives the internal piston and expels liquid CO, from the other end. The use of a tandem pump allows delivery of CO, free from the constraints of
the ROV hydraulic system reservoir and provides a precise measure of the amount of liquid CO, dispensed.

Two tandem pumps provide a choice of dispensing volume, with a small pump dispensing 128 ml per stroke, and a large pump dispensing 970ml per stroke
Using the two pumps together in a twin configuration (see photograph of 56L accumulator above) provides a choice between fine control of small dispensing
volumes, and the capacity to delfiver larger volumes relatively quickly. This also provides a level of redundancy should one of the pumps fail during a dive.

Delivery Volumes

Because of the compressibility of liquid CO,, the volume of CO, deli at depth is d on the p and of the CO, at the time the
accumulator is filled, and the ambient PT conditions at depth. Theoretical delivery volumes for the 9 L an:l 56 L accumulators are given below,

8 - - . . 9L Fill @& 200 psig Theoretical Delivery Volume for 8 L Accumulator @ Depth a
B L Ac I 1 56 L Ad Lat
~ g FT | Massco, | 1000m, 3.9°C | 2000m,21°C | 3000m, 1.7 | 4000m, 16°C peslee gl -~
3 (c) (ka) w w L (8} =
H 10 80 83 7.9 7.6 7.4 A
: 15 76 80 75 72 71 | ]
£ 20 7.2 75 7.0 6.8 66 £
'E Theoretical Delivery Volume for 56 L Accumulator @ Depth { g
i 1000m, 39°C | 2000m, 21°C | 3000m, 1.7°C | 4000m, 1.6°C R
(L) (L) (L) L)
519 48.0 473 6.5 - PP 5 w
495 487 45.1 444
Detivery Volume (L) 16,4 438 423 416 Delivery Volume (L)

Dispensing

The CO, cutlet on the accumulator is
attached to a dispensing nozzle via flexible
fubing. This allows the dispensing nozzle
to be moved into the required position for
CO, release using the manipulator arm on
the ROV. A hydraulically actualed valve on
the end of the nozzle is opened to allow
CO, to be dispensed, and kept closed at all
other times to prevent water from entering

jj the system (if water entered the system at
depth CO, hydrate could form inside the
tubing or accumulator). In the image o the

Dispensing
Nozzle Tip
Manipulator
Arm

-

Hydraulic
Valve

\

‘D"Sampler
x Flexible tubing 555
=
L from accumulator ~

Key Reference: Peltzer et al. (2002).

left, the ‘D" Sampler has already been filled
with ~10L of buoyant CO,. In the image to
the right, the lid of the 'D’ Sampler has been
opened (hydraulically acluated), releasing
the 10L of CO, in one go. Immediately after
release the buoyant liquid begins to break
down into small cm size droplets.
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Box 3.5: CO, Monitoring Techniques in the Ocean.

This Box provides an overview of some of the in-situ technigues that have been developed and used in both small scale
release experiments and at natural vent sites to detect and track CO, releases in the ocean, and to investigate the
chemical behaviour of CO. in the ocean. [t does not provide an exhaustive summary of all techniques that may be
relevant to the monitoring of CO, leakage or seepage from a subseafloor storage site.

Visual Observations

Careful visual observations can provide inf ion on the ior of CO,

in the ocean. For example, HD video footage has been used to determine the in-siu A: Free release of CO, B: The ‘Bubble Box’
dissolution rates of both rising CO. droplets (Brewer et al., 2002 and see below) and

CO, hydrate (Rehder et al., 2004), The i ined from such i |

serves as input for sophisticated models of CO, behaviour in the ocean

(e.g. Alendal & Drange, 2001; Chen et al., 2003; Sato, 2004; Gangsle et al., 2005).

Examining droplet behaviour using a bubble box (see figure opposite):
Observing free CO, droplets in the ocean can be a difficult task (see panel A - this
figure shows a small cloud of CO, droplats that are almost impossible to see against
a backdrop of marine mow and ﬁlly l'zsh] To allow clear imaging of CO lePlE‘tS
MBARI scientists and using a i

constructed ‘bubble box' tpanel B). The bubble box which is open al the top and
battom, is mounted at the front of an ROV within the field of view of the HD camera.
CO, dropleis are injected at the base of the box and the ROV is flown upwards (or
downwards) through the water column so as to keep the freely rising (or sinking)
droplets within the field of view. The ROV ascent/descent rate then gives the
risa/sink rate of the CO, droplets, while detailed analysis of frame grabs (still pictures
acquired from the HD video footage - panel C) allows the shrinkage rate (and
therefore dissolution rate) of the droplets to be calculated. This technigue has since
been adopted by scientists investigating the fate of CO, at natural vent sites in the
Okinawa Trough (Shitashima & Maeda, 2005).

C: CO, droplets

Acoustic Monitoring (Sonar)

Sonar has bean widely used to locate naturally occurring
gas bubble streams (CO, or other gases such as CH,)
rising from the seafloar. Similarly, should leakage of CO,
from a subseafloor storage site to the ocean occur,
acoustic monitoring would provide a valuable tool with
which to locate and determine the extent of the resultant
CO, droplet/bubble plume.

3-D imaging of a CO, droplet cloud (see figure
opposite): Sonar can also be used in release

= £ o the d and
7 minutes since | dispersion of a CO, droplet cloud as it rises through the
water column. In a novel experiment Brewer et al. (2006)
used a downward looking ship sonar (panel D) in
combination with a forward locking sonar mounted on an
ROV (panel E) to obtain 3 dimensional information cn a
CO, droplet cloud over a 150 m (30 minute) ascent. The
ships sonar provides information on the vertical extent of
the cloud, while the ROV sonar provides a cross section
through the cloud giving the lateral extent. Experiments
such as this provide important information with which to
test and validate theoretical models.

Tracking dissolved CO, in the ocean

The eventual fate of CO, released to the ocean is to dissolve
into seawater, increasing the total amount of dissolved CO,
(TCO,) and decreasing pH. pH probes can therafore be used
to track and map the flow of seawaler rich in dissclved CO,
during both small scale release experiments (e.g. Brewer et
al., 2000, see also Box 3.6) and at natural vent sites (e.g.
Shitashima & Maeda, 2005). The figure opposite
{reproduced with kind parmlssmn of Shitashima-: san} shows
the pH anomaly
mapped at the Hatoma Knoll CO, vent sune it :an be seen
that large decreases in pH (0.5-0.6 uniis) are limited to the
immediale vicinity of the vent outlets, with plumes of low pH
water extending upwards through the water column with little

lateral dispersion (panels F & G). While pH probes certainly e (B
provide a valuable tool, there are also limitations to their use. (X
Firstly, response drift and sensor failure frequently occurs "
during long term deployments (e.g. Barry et al,, 2005).
Secondly, the slow kinetics of CO, hydration (Zeebe & Wolf -
Gladrow 2001) means Ihat in a dynamic open system, pH s 3
will s the TCO, 2
loaclmg {a g. Brewer el al,, 2005a). Work therefore continues i i
robust rapid pH and pCO, ;i 2 g

SENSOTS lorr |r7 situ measummenm of the CO, system in
seawater (e.g. Someya et al., 2004; Shitashima et al.. 2005).

Raman Spectroscopy in the Ocean

MEBARI's Deep Ocean Raman In Situ Spectrometer (DORISS) and
the 2nd generation instrument DORISS 2 have now been
deployed on numerous ROV dives (panal H) with the successful
acqulsmon of spectra from a wide range of targets including
gases, gas al species (e.g. Brewer
et al., 2004a; Dunk et al., 2005; Hester et al., 2006, 2007a,b;
White et al., 2005, 2006a,b). Of particular interest here is the
potential for direct detection of the CO, system, since each species
has a characteristic Raman signal (e.g. Brewer et al., 2004b; Dunk
el al.. 2005). While current instrument sensitivity does not permit
detection of the CO, system at ambient seawater concentrations, it
does allow detection at the elevated levels that might be expected
in the vicinity of a release site (see panel |). Furthermore, Raman
mdmscopy woulc! Dﬂ:WIde an extremely valuable fool in
ition of leaked CO,, allowing

od' minar P (e.g. H.S), and i
fi ion during p such as di
hydrate formation (e.9. White et al., 2008a).

The farmi diad of dissolved
€O, (CO,")in seawater that |
has been progressively
enriched in TCO,

or
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Box 3.6: Investigating Impacts of CO, Release on Ocean Biota.

This Box provides an overview of the methods used during small scale release experiments to investigate the impact of
sustained exposure to elevated CO, on ocean biota. In addition to these in-situ techniques, laboratory and mesocosm
studies also provide valuable information on the biological impacts of elevated CO,, particularly with respect to surface
waler ecosystems. For example, the Pelagic Ecosystem CO, Enrichment Study (PeECE - see peece.ifm-
geomar.defindex.htm) conducted a range of experiments at the Bergen Marine Mesocosm Laboratory
(www.bio.uib.no/eksternesider/bergenmarine/inst2.html) that focused on the impact of elevated CO, on plankton
communities (e.g. Riebesell 2004), while experiments conducted at the Biosphere-2 facility in Arizona (www.b2science.org)
investigated the impacts of elevated CO. on a large coral reef mesocosm (Langdon et al., 2003).

Sustained release from pools of liquid CO,

Scientists at MBARI have investigated the impact of CO, on deep sea biota in a series of release experiments conducted off the
coast of central California at water depths of ~3100-3600m (Barry et al., 2001, 2004, 2005; Barry & Drazen, 2007; Carmen et
al., 2004; Fleeger et al., 2006; Thistle et al., 2005; 2006, 2007). The m:enﬁon of the expenmenl!; was to perturb the CO,
content of bottom seawaler for a period of around 1 month through to the di plume ad! d from pools of
CO, on the seaflcor. Details on experimental designs are given in Barry et al. (2005) and a brief overview is provided here.

The CO, pools: At the depths of these experiments CO, is more dense than the surrounding seawater and will sink to form
gravitationally stable poals of liquid CO, on the seafloor. To contain the pools (and prevent the CO, from flowing downslope or
being “blown’ away by bottom currenis) the CO, was injecied into plastic corrals (panel A). Various sizes and clusters of comral
have basrl used to create CO, pools with total volumes of -ZDL to ~100L. 0!1 m;actlun a hychte film immediately forms at the
the CO, and (panel Afa)). In some i of hydrate was also observed
during the deployment (panel A{b)). The trapped CO, slowly dissolves, produmg a plume of CO.-rich low-pH seawater that is
advected and dispersed by near-bottom currents. The CO,-rich plume is more dense than ambient seawater and sinks, thus
surficial sediments downstream from the CO. pools are also exposed to high CO, conditions. To date all experiments have
lasted for =1 month (27- 41 days), sometimes requiring the CO, pools to be refilled during the deployment. Although accurate
dissolution rates cannot be d ined (due o inties in the volume of CO, dispensed, the surface area of the CO,.
infrequent imaging, and in some cases all CO, being dissolved by the time of the return visits), apparent dissoclution rates were
on the order of 0.1-0.2 pmolicm’s. This is significantly lower (by an order of magnitude) than the dissolution rate of liquid CO,

through a fresh hydrate by asd ined by pH during one of these experiments (Dunk et al., 2002)
and is more comparable to that determined for CO, hydrate (Rehder et al., 2004). This difference could be due to the formation
of a thick hydrate or the p ofa ive thin layer of sedi ited on top of the hydrale membrane,
or may simply reflect the difference between initial and steady state dissolution rates.
B Exarplas of sxparinianial layout Distancs fm) Monitoring the CO,-rich low-pH plume & the extent of perturbation: Experimental
P o v ST designs can be divided into two groups (panel B): In point source experiments the CO,

jpool is located at the centre of the target study area, while in enclosure experiments the
study area is encircled by multiple CO, pools. The intensity and variability of the CO,
dissolution plume within the study area is monitored using an array of pH prabes positioned
ahom the ssaﬂmr (~5cm) al various dnshames from the CO, pools (<1m to ~10m, with

point source 2 types of enclosure

baing datad of 50-100m from the pools). In some
axpenmem; a vertical array was nlso used, with pH prol:es positioned at heights up o
50cm above the seafloor. The mag and y of pH p has
varied widely different i flecti lhe il layout, the rate of
CO, dissolution, and the extent of mixing between Ihe CQ, rich plume and ambient bottom
water. The two latter factors both with i ing speed and turbul of near

baottom flow. In point source experiments sensors and sludy' organisms were exposed to
high-CO, low-pH water for around 30 minutes every ~12 hours (panel C, ApH = pH___ -
pH....). This pattern of exposure reflects the inertial and tidal periodicity of bottom
currents in this location, with a given point falling downstream of the CO, poal every 12
hours and near background pH experienced the rest of the time. Acute perturbations with a
decrease of up to 1.7 pH units have been recarded in the immediate vicinity (<1m) of the

CO pools {panel C), with rnote i at di of 5-10m (ApH,_, ~0.3).
were designed to achieve a more stable pH regime within the target
0 study area. The use of multiple CO, sources in these dsslgns means that a given location
small animal cages Time since CO, doployment (days) within the study area is 1o a di ion plume more f than in the point
source thus d ing the tidal dicity of
Impacts on megafauna: The impact of CO, release on IF has been evall d by ing the survival rate and

physiological conditions of animals held in cages within the study area to those held in control locations some 50-100m distant
from a CO, pool. Slow moving benthic animals are collected using a ‘slurp’ sampler and deposited in small cages, while more
mabile benthopelagic species are caught in larger baited traps (panel D). This approach has been used to investigate the
impact of high CO, on two echinoderms (a sea urchin and a sea cucumber; Barry et al., 2001) and three abyssal scavengers
(Barry & Drazen, 2007), an octopus (Benthoctopus sp.) and two fish species (eelpout and grenadier). Rates of survival for sea
urching and cucumbers held in cages adjacent to CO, pools were very low, with decalcification of urchin spines and skeletal
elements also evident. All grenadiers (CO, and conirol cages) died, possibly due 1o stress, predation (from Benthoctopus in the

same cage), or exp to the CO, dissoluti plume Ci . high survlval of Benthoctopus and ea'lpmrt over a month-
long exp i ap gl y to cope (at least P ) with exp to in CO,.

I dii inf; The tol of sedi infauna to high CO, has been i d by g the
abundame of live taxa found in near surface sediments close to the CO, poors to that in corltrut locatlnns 40-75m frorn a CO
pool. Mortality rates for 3 major meiofs ps were from in

biovolume along a point source exposure gr;uleﬂL In sediments adjacent o a CO, poal {<0.5m) the impact of exposure was
savere with ~90% mortality in all 3 groups (Barry et al., 2004). At distances of 5-10m from the CO, pools the abundancﬁ of
nematodes showed no significant difference to that at control sites (0% ity), while bae and flagell

decreased from ~70% at 5m to ~25% at 10m (Barry et al., 2005). This suggests that either the latter two taxa are sensnwe to
relatively small brief changes in pH or that pH pi ions in surface are greater than those measured in bottom
waters (Barry et al., 2005). The impact of CO, exposure on another important infaunal group, the harpacticoid copepods, has
also been | i d. In this case lity rates were determined from analysis of striated muscle appearance, a technigue
developed to allow individuals that were alive (or recently dead) at the time of collection to be distinguished from those that had
been dead for many days (Thistle et al., 2005). Copepod mortality in sediments from the centre of an enclosure experiment
{~2m from the CO, pools with a measured purel'ru-d ApH of -a .6) was around 50-80% (Thistle et al., 2005). Some harpacticoid
copepod species wera found to be signifi o CO, than others, with & out of 34 species showing
m drﬂamncﬂ in mortality between study and cunlml sites (Thistle et al., 2008). These differences most likely reflect different

ities lo wil high CO, conditions and could affect the pattern of recovery following an exposure event.

Experiments above the depth of CO, neutral buoyancy

Baited plume release experiment: The first empirical in-situ study that directly i animal resp to CO, di ion plumes was a small scale release
experiment conducted at a water depth of ~625m above the CO, point of neutrally buoyancy (Tamburri et al., 2000). Animals were altracted to a release point by pumping
fish edour solution into the water column. Liquid CO, was then rapidly injected into an inverted 4L beaker lo form a buoyant flocculent hydrate. The fish odour solution
continued o be discharged through the porous hydrate material, to create a CO, rich odour plume (ApH of =1 at the beaker opening). After hydrate formalion there was
no noticeable change in animal bahaviour, with animals continuing to accumulate at the release site. One hagfish that entered the CO, beaker quickly lost consciousness
(~5s) and sank lo the seafloor, recovering after it had rolled downstream away from the CO,. This narcotic effect was most likely a result of respiratory stress caused by
elevated seawater pCO, (e.g. Burnett, 1997). A similar approach to in-situ studies has also been taken at Loihi seamount near Hawail, where hydrothermal vent solutions.
are rich in dissolved CO, (Vetter & Smith, 2005). In these experiments, the authors created odor plumes by placing bait balls within the CO, rich vent plumes, and also
placed trapped animals directly within the plumes (see main text and Chapler 6 for further di ion of these exp ).
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3.3.1 The Whole Environment

In principal, CO, release experiments can be performed in any area, providing it is accessible to
research vessels and ROVs. This could be considered a major advantage, allowing
experiments to be carried out in areas immediately overlying storage reservoirs. In practice, the
issue of permitting may well prevent release experiments from being carried out in certain areas
(see Box 3.3).

3.3.2 The Scale of CO, Release

At present, all purposeful release experiments are transient in nature. Given the current
technical limitations on the amount of CO, that can be transported to depth (see Box 3.4), the
duration of release is inherently limited. It is helpful to consider release experiments in two
categories: those taking place above and below the neutrally buoyant point of CO, in the ocean.

3.3.2.1 Experiments Above the Neutrally Buoyant Point

Discrete releases of CO, at depths above the neutrally buoyant point to form a rising droplet or
bubble plume can provide valuable information regarding droplet and bubble rise rates and
shrinkage rates, and allow new detection and monitoring methods to be tested in-situ (see Box
3.5). However, given the limited volumes of CO, that can be transported to depth in the ocean,
the release cannot be sustained for long periods. As an illustrative example, we can compare

the flux of CO, observed at a natural vent site, to that which could be achieved in a release
experiment using current available technology.

The Champagne vent site, located on NW Eifuku at a water depth of 1600m, consists of a ~10
m? field within which ~300 individual streams of CO, droplets emanate from the seafloor with an
exit temperature of ~4°C (Lupton et al., 2006). Each droplet stream is releasing CO, at a rate of
2 droplets with a diameter of 1.5 cm every second. This gives a CO, release rate of ~3.5 g/s for
an individual stream, 105 g/s per m? of the vent field, and a little over 1 kg/s (~33 kton CO,/yr)
for the entire vent field.

In comparison, if the 56L accumulator is used, and filled to a pressure of 900 psig at 10-20°C,
this gives a total mass of 44.5-49.8 kg CO, transported to depth (see Box 3.4). If a purposeful
experiment were then to attempt to simulate an individual droplet stream at the Champagne vent
site, a 1m? area of the vent field, or the entire vent field, the release would last for 3.5-4.0 hours,
7-8 minutes, or 45 seconds respectively.

The short duration of such a release means that (at present) biological impacts can not be
assessed in free release experiments at depths above the neutrally buoyant point. However,
an inverted container (open to seawater on its bottom face), can be used to trap a buoyant
volume of CO,, thereby modifying the CO, content of a seawater plume that passes beneath the
container (e.g. Tamburri et al., 2000), where this technique is similar to that employed in deep
release experiments below the neutrally buoyant point (see Box 3.6).

3.3.2.2 Experiments Below the Neutrally Buoyant Point:

At depths below the neutrally buoyant point, CO, is more dense than seawater and will sink,
forming a pool of liquid CO, on the seafloor.

Under these conditions, it becomes somewhat easier to design and carry out a wide range of
experiments to examine the physico-chemical behaviour of CO, in the deep ocean (including
measurements of the in-situ dissolution rate of liquid CO,, hydrate formation and dissolution
processes, and the creation of plumes of CO, enriched seawater) and to investigate the impacts
of CO, release on seafloor biota (see Box 3.6). For example, creating small contained pools of
CO; on the seafloor (~20-100L) allows experiments and observations to be carried out over a
period of days to weeks (before the CO, has fully dissolved and requires replenishing). In
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addition, multiple deliveries of CO, to the seafloor can be made, thereby increasing the total
volume of CO, that can be incorporated into the experimental design.

It is noted that the formation of a pool of liquid CO, on the seafloor as a consequence of leakage
or seepage from a geological storage site is highly unlikely. If the sediment-seawater interface
is deeper than the point of CO, neutral buoyancy, then leaked CO, will be trapped at some
depth in the sediments, whereas if the interface is shallower, then the CO, will remain buoyant
and rise up through the water column. Nevertheless, the dissolution plume of CO, enriched
seawater (and the impact that this exerts on local bottom water conditions, the surficial
sediments, and local biota) that is formed from a static pool of CO, emplaced on the seafloor will
share numerous similarities with that formed from a constant stream of CO, droplets emanating
from the seafloor, or a CO, saturated sediment-seawater interface. Similarly, the impact of
elevated CO, levels on surficial sediments (and associated infauna) will also provide some
insights into the impact of elevated CO, levels deeper in the sediment column. Thus these
experiments provide the ability to assess the initial perturbation of oceanic systems on addition
of CO,, i.e. what happens when CO, is first released to the seafloor. As such, they provide
information complementary to that gained by studying CO, vent sites.

3.3.2.3 Sustained Release Experiments

Barry et al., (2005) assessed the utility of deep sea CO, release experiments in understanding
the effects of elevated CO, levels on deep sea biota. In their discussion these authors noted
that the high spatial and temporal variability of CO, and pH that animals in release experiments
are exposed to (see Box 3.6) impairs the ability to interpret dose tolerance responses of animals
to hypercapnia (excess CO, in the bloodstream). Furthermore, it is not possible to distinguish
the importance of episodic moderate hypercapnia from chronic mild hypercapnia on animal
survival (Barry et al., 2005). Such information is certainly necessary to develop a clear
understanding of the consequences of elevated CO, concentrations on marine ecosystems, and
would significantly improve confidence in our ability to predict the full extent of impacts related to
either leakage of CO, from a sub-seafloor storage reservoir, ocean disposal scenarios or the
future high-CO, low-pH ocean.

Of the three elevated oceanic CO, scenarios (leakage - local, storage - regional, the high-CO,
low-pH ocean - global), the current methods employed in release experiments perhaps simulate
most closely the conditions expected in a leakage event (e.g. a point source of CO, resulting in
the formation of a relatively narrow dissolution plume that oscillates with bottom currents,
periodically exposing the local seafloor and water column to elevated CO, and decreased pH).
Nevertheless, experimental designs that allow either a controlled release of CO, sustained over
longer periods of time and/or provide relatively stable perturbations (of CO, and pH) within the
range of variation expected would allow significant advances in our general understanding of the
impacts of high CO, on ocean biota. The enclosure design experiments described in Box 3.6
represented the first step towards this goal by damping the high pH variation observed in point
source experiments. Furthermore, although at present release experiments cannot simulate
CO, emissions over an extended time period, particularly at water depths above the point of
neutral buoyancy, they may be able to do so in the future.

Current research efforts are focused on the design and testing of a Free Ocean Carbon Dioxide
Enrichment (FOCE) experimental system that would enable creation of a lowered seawater pH
environmental condition, control it within discrete limits, and allow for in-situ multi-disciplinary
science experiments while also conducting monitoring observations (Brewer et al., 2005b;
Kirkwood et al., 2005, 2007). A FOCE experiment can be considered analogous to the on-land
Free Air Carbon Dioxide Enrichment (FACE) experiments used to measure the response of
terrestrial ecosystems to elevated atmospheric CO, levels (e.g. McLeod & Long, 1999;
cdiac.esd.ornl.gov/programs/FACE/face.html). FACE experiments regulate the partial pressure
of atmospheric CO, (pCO,) over a control zone through sophisticated feedback between rapid
response pCO, and wind sensors located within the control zone and CO, injectors that encircle
the control zone, such that additional CO, is added across the upwind sector of injectors so as
to maintain near constant pCO, within the control zone. Similarly, a FOCE system would
elevate the H* and TCO, concentration in a free volume of sea water using active feedback of
current velocity and pH data. A FOCE system would provide a knowledge base for predictive
experiments to better understand the impacts of elevated CO, on ocean biota and important
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biogeochemical processes, allowing studies (for example) on coral reefs, benthic fauna, and
carbonate dissolution. Primarily targeted at investigating the future high-CO, low-pH ocean,
such data could also provide valuable information regarding the impact of moderately depressed
pH (ApH = 0.1-0.3) in the vicinity of a leakage or seepage site. If successful, this project will
provide the ability to conduct mid to long term (weeks to years) CO, release experiments. For
short term testing small volumes of acid or CO, may be delivered from self-contained packages.
Looking to the future, the promise of cabled observatories in the ocean, which would provide the
power and communications necessary for extended experimental control, in combination with a
small bore pipeline delivering CO, (or acid) to the observatory would allow long term
experiments to be carried out over a number of years. Furthermore, continued monitoring
following cessation of CO, (or acid) delivery would allow the rate and extent of system recovery
from any negative impacts to be evaluated.

3.3.3 The Physical and Chemical Conditions

To date the vast majority of CO, release experiments have been conducted using a pure CO,
phase. However, unlike a natural vent site, a purposeful release experiment does provide the
opportunity to define the composition of the CO, rich phase. For example, it would be extremely
interesting to conduct experiments using CO, from an impure capture stream, and compare
behaviour (and impacts) to that of the pure CO, phase, thus perhaps informing decisions on
what should constitute an ‘overwhelming’ proportion of CO, (see overview of regulations in Box
3.3). Similarly, mixtures could be created to simulate the expected composition of CO,
emerging from a given storage reservoir or sediment column. Indeed, targeted experiments on
CO; mixtures have the potential to provide valuable information regarding the physico-chemical
behaviour (and potential impacts) of the ‘leakage’ fluid or gas.

For example, a study on the differential dissolution of CO, and H,S using in-situ Raman
spectroscopy (see Box 3.5) could provide insight into the extent to which a leaking CO, phase
could act as a carrier for reservoir H,S. Such experiments have already been carried out on
CH4/N, mixtures (White et al., 2006a) and CH4/H,S mixtures (Dunk et al., in prep).

In summary, release experiments can provide a wealth of information regarding the physico-
chemical behaviour of CO,, allow the ability to develop and improve on experimental and
monitoring techniques, and allow a first order assessment of the immediate impact of CO, on
biota. To date they do not provide information on the longer term impacts of continuous CO,
emissions, although some progress has now been made toward establishing the required
technology.

3.4 Summary & Recommendations

Both natural CO, vents and purposeful release experiments can provide valuable
information regarding the behavior, impact, and fate of CO, in the environment. In
general, the weaknesses of CO, vents as analogues are offset by the strengths of
purposeful release experiments and vice versa.

Further investigation of both the expected composition of ‘leaked’ CO, and the
composition of CO, emitted at natural vent sites is needed. A combination of
experiments and modeling is most likely required to determine the possible chemical
composition of the leakage fluid. In particular, interactions between supercritical CO,
and depleted hydrocarbon reservoir rocks should be explored in more detail to determine
if leakage of CO, will act as an efficient transport mechanism delivering toxic substances
from the storage reservoir to the ocean.

The creation of a CO, vent site database, including details regarding the hydrothermal
regime, chemical composition of the CO, rich phase, an estimate of the CO, flux, and a
full habitat/biotope description could provide an invaluable tool with which to assess
potential impacts of leakage or seepage of CO, from a subseafloor storage reservoir for
the purposes of Environmental Impact Assessments. A summary of currently known
sites is provided in Appendix 3.A.
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This report raised the question that although CO, storage might be considered less safe
in tectonically active regions due to a higher probability of leakage (e.g. Bradshaw &
Dance, 2005), should leakage occur is it perhaps less likely to result in a negative impact
on the local ecosystem? This question warrants further investigation, and could perhaps
be usefully addressed in site selection criteria and Environmental Impact Assessments in
tectonically active regions (e.g. Japan, South East Asia, New Zealand). This would
require a site specific understanding of the likelihood of leakage, the potential rate of
leakage, the natural flux of CO, to bottom waters, and the impact of CO, venting on the
biota (at the local and regional scales). To determine regional fluxes of CO, for this
purpose would require a more detailed consideration than that presented in Chapter 2. It
is worth noting that the intermediate and deep-water CO; vent sites have been discovered
primarily through the use of ROVs and manned submersibles. As deep-ocean
exploration, and in particular the exploration of island arc systems, continues, it seems
likely that new CO, vent sites will continue to be discovered. Indeed, if the rate at which
new discoveries have been made over the least 2 years is sustained, then reasonably
robust regional CO, flux estimates may be available in the near future.

4: Primary Leakage or Seepage of CO, from
Subseafloor Geological Storage Reservoirs

This Chapter examines the possibility of primary leakage or seepage of CO, from a subseafloor
storage reservoir — that is the movement of CO, out of the target storage formation.

The global distribution and storage capacity of potential offshore CO, storage reservoirs (in
particular depleted natural gas and oil fields, and deep saline aquifers) have been discussed in
Chapter 1. Within these target storage reservoirs, the retention of CO, is achieved through a
number of different trapping mechanisms (IPCC, 2005):

trapping below an impermeable confining layer (caprock)

retention as an immobile phase trapped in the pore spaces of the storage formation
dissolution in the in situ formation fluids

adsorption onto organic matter (i.e. in coal and shale)

reacting with the minerals in the reservoir and seal rocks to produce carbonate minerals

Here we focus on the first of these mechanisms. When supercritical CO; is injected into a
storage reservoir it is more buoyant than the formation fluid in the pore spaces and will rise to
the top of the reservoir. |Initial retention of CO, is therefore almost entirely dependent on
physical trapping beneath the caprock, and the primary characteristic of a secure CO, storage
reservoir is a good reservoir/seal pair: that is the presence of a permeable high porosity
reservoir rock that is capped by an extensive cover of impermeable low porosity rocks acting as
a seal and preventing the CO, from migrating vertically. Indeed, all possible mechanisms for
CO; leakage or seepage from the primary storage are related to breaching or bypassing of the
caprock seal. Over time, the amount of CO, trapped via the other mechanisms (and therefore
the overall security of storage) will increase, and the possibility of leakage will diminish.

As it is vital that site selection criteria ensure that a target storage reservoir is confined by an
adequate caprock, this Chapter first considers the desired characteristics of the caprock seal.
Potential leakage mechanisms related to the seal and wellbores are then discussed.

When we consider migration of CO, out of the primary storage reservoir we also need to make
a distinction as to whether the CO, leaks (or seeps) to the overburden, to the ocean, or to the
atmosphere. It does not necessarily follow that leakage to the overburden will result in the
release of CO, to the ocean, nor does it follow that release to the ocean will automatically result
in escape to the atmosphere. Secondary trapping mechanisms and the fate of CO, in the
overburden and the water column are discussed in later chapters.
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4.1 Characteristics of the Caprock

A large amount of expertise regarding caprock performance is available from hydrocarbon
exploration, production, and storage operations. However, while there are many similarities in
seal performance criteria, there are also key differences that must be considered when storage
of CO, is being evaluated, as a caprock that is adequate for hydrocarbon storage may not be
adequate for CO, storage. For example, in terms of seal capacity and resistance to fracturing,
the most effective sedimentary seals for hydrocarbons are gas hydrates followed by evaporites
(Figure 4.1; Downey 1984; Warren 2007). In comparison, methane gas hydrates should not
under any circumstances be considered as a potential seal for CO, storage reservoirs due to
the high probability of an exchange reaction occurring, indeed they should be classed as a
geohazard and avoided (see Chapter 7 for further discussion). To form an effective seal for
CO, storage purposes the sealing lithology needs to be:

e impermeable to CO,
e unfaulted and relatively ductile (resistance to fracturing)
¢ laterally continuous, maintaining a constancy of properties over a large area

Best Seals Hydrocarbon Seals Most Ductile
Clathrates

Preferred
CO, Seals
s|eas ‘09
paiiajaid

Carbonate mudstone '
Tightly cemented sandstone
Sandy shales
Anhydrite plugged dolomite
Carbonate/silica cemented sandstones
Chert

Lesser Seals Least Ductile

Figure 4.1: Preferred seals for CO, storage reservoirs in comparison to hydrocarbon reservoir seals.
Differing ability to form a hydrocarbon seal is related to inherent ductility in the subsurface (after Warren, 2007
& Downey, 1984). For CO, storage additional factors must be taken into account - most notably potential
chemical interactions with methane hydrates and carbonates.

Caprocks considered suitable for CO, storage operations include evaporites (e.g. halite or
anhydrite), shales and mudstones (e.g. Bachu, 2005). In their site selection framework, Pawar
et al. (2006) also include carbonates. These caprock types are discussed below in relation to
their ability to form an effective seal for CO, storage purposes.
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4.1.1 Seal Capacity & Permeability

A fundamental requirement for an effective seal is that the entry pressure of the caprock be
greater than the buoyancy pressure of the CO, stored in the reservoir beneath.

The seal entry pressure or seal capacity is the capillary pressure at which CO, will leak into the
pore space of the caprock. This is dependent on both rock and fluid parameters. Rock
parameters include the size distribution of continuous pore throats — the small space at the point
where two grains meet which connects two larger pore spaces. Fluid parameters include the
fluids (or gases) present (e.g. CO,, hydrocarbons, water), the density of the fluids, and the
interfacial tension of the fluids.

The permeability of a rock is a measure of its ability to transmit fluids, and is a function of pore
space distribution and connectivity (e.g. porosity and pore throat distribution). The units of
permeability are length?, and it is typically quoted in darcies (d) or millidarcies (md), where 1 d
(10° md) is approximately equal to 10> m®. Formations that transmit fluids readily, such as
sandstones, are described as permeable and tend to have many large, well-connected pores.
Impermeable formations, such as evaporites, shales and siltstones, tend to be finer grained or
of a mixed grain size, with smaller, fewer, or less interconnected pores.

Massive bedded halite (sodium chloride; NaCl) units contain few if any interconnected pore
throats, and the permeability of halite is very low with typical values less than 10 md, and
some of the tighter halites having permeabilities as low as 107 to 10° md (Ehgartner & Tidwell,
2000; Beauheim and Roberts, 2002; Warren, 2007). Massive anhydrites (calcium sulphate;
CaS0,) also have low permeabilities in the region of 10° md (Beauheim and Roberts, 2002),
and entry pressures for massive evaporite deposits are correspondingly high (Warren, 2007).
Molecular diffusion of CO, through halite is also restricted, as the distance between NaCl lattice
units is 2.8 x10™'° m (2.8 A), while the molecular diameter of CO, is somewhat larger at 3.34
x10"% m (3.34 A).

A typical shale seal has a permeability of 10" to 10° md, with rare values as low as 107
(Warren, 2007). Shales tend to be water bearing, and typically have entry pressures that are
lower than those of evaporites by a factor of 2-3 (Warren, 2007).  Even though shales are
respectable seals, over time shale can allow substantial diffusive leakage of methane and even
liquid hydrocarbons via inherent microporosity (less so if the shales are organic rich), and could
be expected to also allow diffusive leakage of CO..

4.1.2 Faulting & Fracturing

The caprock should ideally be unfaulted, as faults could provide migration pathways for the CO,
to leak out of the reservoir. Thus, extensively faulted and fractured sedimentary basins are not
good candidates for CO, storage, unless the faults and fractures are sealed (closed) and CO,
injection will not reopen them (Bachu, 2005). It is this selection criterion that makes seismically
active areas unattractive as potential storage targets (Bachu, 2005).

In some situations, for example in faulted halite layers, faults can become resealed, and
therefore do not present a migration pathway. Other types of sealed faults also exist (e.g. clay
or shale fault smears or gouges), and are indeed often responsible for the formation of
structural traps. However, their sealing nature would need to be confirmed by detailed analysis
to ensure the integrity of the storage site. In some instances, while the fault itself is effectively
impermeable and sealed to lateral cross-fault flow, there may be a high permeability damage
zone in the adjacent rocks that will act as a migration pathway through the top seal (e.g. CO,
leakage in the northern Paradox Basin, Utah; Shipton et al., 2005). As highlighted by Fisher &
Knipe (2001), there is a lack of definitive models to explain why in some circumstances faults
act as conduits for fluids, whereas in others they form barriers. In an effort to improve
understanding, these authors recommended the creation of a quality controlled database
containing examples of how faults affect fluid flow in petroleum reservoirs, noting that ultimately
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any method developed to predict fluid flow properties of faults requires an understanding of the
main controls on fault permeability (Fisher & Knipe, 2001).

The importance of faults as flow conduits can be simply illustrated by comparing flow through a
rock with low permeability to flow through an unsealed fault or damage zone. Assuming Darcian
flow (flow is directly proportional to permeability), then if we consider a rock unit 1 km in length
on each side with a relatively low permeability of 10® md, and cut by a fault with a permeability
of 1 md (low compared to a typical reservoir permeability of ~100-200 md), then that fault only
has to be 10 um wide for flow through the fault to equal flow through the entire rock unit (or
looking at it another way, flow through a unit area of the fault will be 10° times faster than flow
through the rock).

With the probable exception of thick halite deposits, almost all potential caprocks will at some
time in their burial history be subject to microfracturing and leakage — i.e. most reservoirs are
inherently ‘leaky’. In a study considering the world’s giant oilfields, Macgregor (1996) concluded
that on a geological timescale oil pools are dynamic short lived phenomena, where the median
age of 350 giant oilfields is 35 Ma, and one third of these fields show evidence for post-
entrapment destructive processes. Indeed, only 1 in 10 prospective hydrocarbon reservoirs
(where geological surveys indicated the presence of potential source, reservoir and seal rocks)
are found to actually contain petroleum reserves, suggesting that up to 90% have leaked over
geological time (Deffeyes, 2005). In the present day petroleum leakage to the surface is
thought to be occurring in roughly 50% of the 370 basins worldwide (both onshore and offshore)
with known petroleum reserves (Clarke and Cleverly, 1991). Migration through faults also
represents the principal mechanism that delivers CO, to the seafloor at natural CO, vent sites
(see Chapter 3 and the summary of known vent sites provided in Appendix 3.A).

Further understanding of fluid and gas migration through fault zones can be obtained through
the study of leaking systems as an analogue for failed storage reservoirs. To date, detailed
studies on CO, migration pathways in natural systems have focused on the more readily
accessible on land systems, such as the Paradox Basin in Utah (e.g. Shipton et al., 2005).
Nevertheless, hydrocarbon migration from subseafloor storage reservoirs through the seal and
overburden has been widely studied and can provide valuable information on potential
pathways for CO, leakage. In particular, the identification of hydrocarbon leakage sites above a
target storage reservoir (e.g. the presence of cold seeps, gas chimneys, pock marks or
carbonate mounds) could signal the presence of flow paths through both the seal and
overburden. Such a site should not be considered for CO, storage, unless it can be proven that
the hydrocarbons originate from a different reservoir (e.g. if the target CO, storage reservoir
underlies the hydrocarbon reserve and is separated from it by an intact seal).

4.1.3 Seal Thickness and Continuity

Theoretically, the thickness of a seal does not contribute to seal capacity. In reality, a bed only
a few cm thick is unlikely to be laterally continuous unbroken unit capable of maintaining a
stable lithic character over a sizeable area. Thus seal continuity rather than measured seal
capacity (e.g. entry pressure) becomes the most important factor in assessing seal quality.
Indeed, as noted by Warren (2007), average values of seal properties measured on discrete
core samples are next to useless without a reliable geological model for the reservoir - what is
needed is the knowledge of the likeliest weakest point in the seal across the structure of interest.
A thicker seal provides many layers of contingent sealing beds and so gives a larger probability
of a sealing surface being continuous over an entire target storage reservoir. In hydrocarbon
exploration, shale seals more than 50m thick and evaporate seals more than 10m thick are
considered adequate for hydrocarbon trapping, while evaporate seals more than 30m thick are
considered excellent (Warren, 2007).

4.1.4 The Preferred Seal Type I - Halite Caprocks

Macgregor (1996) found the main controls on oilfield preservation to be post-entrapment
tectonism and seal type, concluding that the potential for giant oilfields is the greatest in
quiescent basins with evaporite seals. By the same token, the greatest potential for secure
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storage of CO, on geological timescales would also be in quiescent basins with evaporite seals
(personal communication S. Hazledine & Z. Shipton).

Evaporite seals with their extremely high entry pressures, very low permeability, and large
lateral extents can maintain seal integrity over wide areas even when exposed to a wide range
of subsurface temperature and pressure conditions. Furthermore, unlike most other rock types,
halite is ductile at relatively low temperatures and pressures and will flow under differential
pressure at (geologically) rapid rates of up to meters per year. This not only gives halite a low
susceptibility to fracturing, but even if a halite bed fractures, those fractures will quickly reanneal
and crystal lattice binding will be reestablished by a combination of flow and pressure solution
induced recrystallisation (Warren, 2007). Indeed, it would appear that the only way that CO,
could migrate through an unfractured halite bed, even by diffusion, is if the halite contains
impurities than render it locally porous and make it brittle during deformation.

The ability of evaporites to form highly efficient seals is clearly demonstrated by consideration of
the number of hydrocarbon reserves that are sealed by evaporites. Even though evaporites
constitute less than 2% of the worlds sedimentary rocks (compared to mudstones and shales
which comprise 65%), 14 of the worlds 25 largest oil fields and 9 of the worlds 25 largest gas
fields are sealed by evaporites (Grunau, 1987; Warren, 2007). The plastic self sealing
properties of halite have also been exploited in salt cavern storage operations, where purpose
made salt caverns (formed by dissolution mining of large salt deposits) have been used as
hydrocarbon storage facilities and contaminated waste repositories for over 60 years (see for
example the US Waste Isolation Project Plant www.wipp.energy.gov). Salt caverns have also
been discussed as potential CO, sequestration sites (Dusseault et al., 2002; Shi & Durucan,
2005). A large body of literature regarding the self sealing behaviour of halite in relation to
cavern closure is available — see for example the Bibliography for Cavern Abandonment
compiled by the Solution Mining Research Institute (SMRI) and available at the Salt Cavern
Information Centre at web.ead.anl.gov/saltcaverns/studies.

Despite the excellent properties of halite seals with respect to safety of CO, storage, they may
not be widely utilized as storage reservoir caprocks due to economic driving forces (personal
communication S. Haszledine). For example, the North Sea Basin contains a widespread
Permian salt layer (the Zechstein Salt) which stretches from the East Coast of England to
Northern Poland and reaches a depositional thickness of c. 1 km in the basin centre (salt
tectonics in the North Sea Basin are discussed by Stewart, 2007). Indeed, this formation forms
the seal of the K1-2B demonstration storage project in the North Sea. However, the Permian
salt layer is overlain by other potential storage targets such as sandstone aquifers capped by
mudrocks (e.g. the Triassic Bunder Sandstone in the southern North Sea). These shallower
sites may well be utilized more widely for CO, storage, despite the better sealing qualities of the
deeper salt layer, as the costs of storage would be significantly lower.

4.1.5 The Preferred Seal Type Il - Multiple Confining Layers

The ideal storage reservoir would be overlain by multiple confining layers, where if primary
leakage were to occur, the CO, would migrate vertically through the overburden and become
trapped under a second confining layer (and so on).

The new CO, storage facility at the Snghvit LNG Project (operated by Statoil) is an example of a
storage reservoir overlain by multiple confining layers. The following summary of the Snghvit
storage project is after Maldal & Tappel (2004):

In the Snehvit field, the main recoverable gas volume is located in the Stg Jurassic formation.
This reserve is CO, rich, where CO, is separated from the well stream and re-injected into the
subsurface. The target CO, storage reservoir is the Tubaen formation, which is located
approximately 60m beneath the Stg formation and separated from it by the Nordmela 1 and 2
formations. The Tubaen formation is dominantly sandstone, with a formation thickness of 45-
75m and is expected to store 23 Mt of CO, over the lifetime of the Snghvit project. Nordmela 1
and especially Nordmela 2 contain extensive shale layers (25-30 m thickness of massive shale)
providing barriers to vertical migration of CO,. A CO, content of 5 mol% in an existing gas cap
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in the Tubden formation, as well as proven gas reservoirs in the area with up to 80 mol% of CO,,
are strong indicators that CO, will be permanently sealed in this formation. Nevertheless,
should leakage through the caprock occur, the CO, will enter the Stg formation from which it
was initially extracted, i.e. it will remain separated from the ocean and atmosphere.
Furthermore, primary leakage would be readily identified through an increase in the CO, content
of the producing well streams.

4.1.6 Cautionary Note - The Importance of High Quality Seismic
Surveys

Targeted discovery of a potential storage site must conduct a detailed seismic survey of the
caprock seal, specifically a high resolution 3D seismic survey. The spatial resolution of
traditional 2-D seismic techniques is on the order of 30m at reservoir depths of 3-4 km (at
shallower depths resolution will be correspondingly better). This may well prove insufficient to
resolve key features that are determinant in the performance of the caprock (personal
communication, Z. Shipton & S. Haszeldine). For example, if a salt deposit is interbedded with
permeable layers with thicknesses on the order of 10m, this would most likely appear as a
continuous salt deposit in a 2-D seismic survey. Similarly, faulting where the fault throw is less
than the seismic resolution would not be identified. Either of these scenarios (or a combination
of the two) could result in the deposit being assessed as a suitable seal, where in fact low
permeability flow paths are present. In comparison, 3-D seismics offer spatial resolution on the
order of ~10m, and should provide sufficient resolution for correct caprock assessment.

4.2 Failure of the Caprock Seal
4.2.1 Mechanical Failure

The most likely way in which a shale or mudrock seal could fail is fracturing induced by a
change in the pressure differential across the seal (personal communication, S. Haszledine).

The initial pressure in potential target storage reservoirs may vary widely, ranging from zero
overpressure (hydrostatic pressure) to hard overpressured (up to 10s of MPa greater than
hydrostatic, e.g. natural gas reservoirs). As a general guideline, CO, storage operations should
not exceed the initial pressure of the reservoir, as this demonstrates a known pressure that the
caprock is capable of withstanding. However, this constraint (a) may be hard to meet and (b)
may not in itself ensure safe operating pressures are established.

Firstly, during pipeline transport and injection, CO, will likely be pressured to ~200 atm (20 MPa,
2000 dbar) to ensure the supercritical phase for ease of pumping. Secondly, storage in saline
aquifers requires injection at pressures higher than the initial value to compress and displace
water from the pore space (Katz and Tek, 1981). This overpressuring increases the risk of
leakage to overlying strata and the surface. Indeed, leakage due to overpressuring has
occurred in natural gas storage operations. For example, at the Leroy Aquifer natural gas
storage facility in Wyoming, the initial pressure in the storage reservoir (sandstone aquifer in the
Lower Thaynes Formation at a depth of 900m) was 10.3 MPa (~hydrostatic). When the
reservoir pressure reached 12.6 MPa (22% overpressured with respect to the initial pressure)
leakage of natural gas occurred, detected through the appearance of gas bubbling at a pond
and creek over the storage reservoir site (Araktingi et al., 1984). After the initiation of leakage,
although the rate of leakage could be controlled by limiting the maximum pressure in the
reservoir, it could not be eliminated, with a loss rate on the order of 0.7% of the volume of gas
injected per year (Araktingi et al., 1984). The relationship between reservoir pressure and
leakage rate indicated hydraulic failure of the caprock seal through pressure induced faulting
(Araktingi et al., 1984).

Depleted oil and gas reservoirs also pose some potential problems. Firstly, as the reserves are
extracted water invasion can occur, and the reservoir becomes like an aquifer, requiring an
overpressure to achieve injection. Secondly, in systems that are initially overpressured, the
reservoir pressure decreases as the reserves are extracted. This decrease in reservoir
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pressure may damage the integrity of the caprock seal, potentially causing fracturing,
particularly in the immediate vicinity of the bore hole. If a reservoir were then re-pressured to its
initial virgin pressure (pressure prior to extraction), the seal could well prove to be ‘leaky’. This
potential weakening of caprocks represents a known unknown, and requires further
investigation (personal communication, S. Hazledine). Precautionary measures should be
taken. For example, although detailed characterization of the caprock was most likely carried
out during exploration, all depleted reservoirs that are CO, storage targets should be
resurveyed prior to injection. For reserves that are not depleted, an alternative (and attractive)
strategy would be to initiate CO, storage via EOR or EGR in the early stages of reserve
extraction. This would not only maintain reservoir pressure, but also maximise storage capacity
by limiting water invasion (see discussion of storage capacity in Chapter 1). During injection,
monitoring of micro-seismicity would alert the operator if faults or fractures were activated, and
injection rates and pressures could be reduced accordingly (c.f. Hooper et al., 2005).

4.2.2 Chemical Interactions - Impacts on Seal Integrity

Chemical interactions between CO,, formation water, the reservoir host rock and the caprock
are potentially of importance to storage integrity and may impact the quality of the seal in a
number of ways (e.g. Watson, 2004; Bentham & Kirby, 2005; van der Meer, 2005; Kharaka et
al., 2006; Haszeldine et al., 2006; Busch et al., 2007).

As discussed in Chapter 3 (Section 3.2.3.2), supercritical CO, is a highly efficient solvent
capable of extracting organic contaminants (e.g. petroleum hydrocarbons) and inorganic
contaminants (e.g. heavy metals) from soils, sludge’s and aqueous solutions. Furthermore, the
solvent properties of supercritical CO, can be extensively modified by the addition of co-
solvents resulting in a substantial increase in extraction efficiency. However, little (if anything) is
yet known regarding interactions between supercritical CO, and storage formations, and this
topic warrants further investigation.

While little is known regarding the direct impact of supercritical CO,, more information is
available regarding reactions involving CO, in the aqueous phase. Unlike hydrocarbons, CO,
readily dissolves in water, where the circulation of CO,-rich saline waters can lead to
geochemical reactions with the surrounding rocks, resulting in either mineral dissolution or
mineral precipitation. Dissolution usually yields an increase in porosity/permeability, while
precipitation yields a decrease. Depending on where such reactions occur they can have either
negative or positive effects with respect to storage integrity:

Potential Negative Consequences

1 Dehydration of the cap rock by reaction with the dry injected CO, (dry to minimise well
corrosion issues and ensure hydrate is not formed), leading to shrinkage and the creation
of new flow pathways for COz2.

2 Corrosion of the reservoir rock matrix by CO./water mixtures, leading to the compaction or
collapse of the formation and thus to the development of cracks and new migration paths
through the cap rock.

3 Dissolution of components of the cap rock by CO,/water mixtures, leading to its collapse or
failure as a seal.

Potential Positive Consequences

4 Infilling of faults and fractures in the seal due to precipitation of secondary minerals

With respect to point 1 above, any reaction between CO, and a water bearing caprock could
change the characteristics of the water and so change the impervious properties of the seal.

This has led some authors to recommend that only gas fields where the original gas contained
high CO, should be considered as target geological storage sites (e.g. van der Meer, 2005).
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With respect to point 2, dissolution of minerals in the reservoir host rock could lead to an
increase in storage capacity without resulting in failure of the caprock seal.

With respect to point 4, precipitation of carbonate minerals within the reservoir rock could also
confer a positive benefit (mineral trapping), although a reduction of porosity and permeability
due to mineral precipitation near to the injection well could yield technical problems during the
injection of CO,.

In addition (although not specifically seal failure), dissolution of CO; into the pore fluid and
transport out of the structure by natural or induced pore fluid flow would also represent CO,
leakage (Bentham & Kirby, 2005).

Understanding how CO, potentially affects reservoir and seal rocks is therefore a crucial
component of successful long term containment of injected CO, (Watson, 2004). The reactions
that may occur are dependant on geochemical and physical conditions such as the composition
of the formation water, pH, redox status, mineralogy and texture of the formation rock and
caprock, temperature, pressure, fluid flow rates, and the timing of the reactions (e.g. Bentham &
Kirby, 2005; van der Meer, 2005). They are therefore highly site specific, and within a specific
storage site are likely to vary both spatially (according to the exact mineralogy and petrography
of the reservoir and seal) and temporally.

Information on potential chemical reactions can be obtained by studying natural analogues (e.g.
CO, rich reservoirs), monitoring reactions in current storage projects, and carrying out
laboratory experiments on mineral samples (preferably samples of specific reservoir and seal
rocks). It should be noted that a number of reactions are likely to occur on very long timescales,
thus monitoring and laboratory experiments are inherently limited in the data they can provide,
and long timescale interactions can only be directly investigated through evaluation of natural
analogues. Nevertheless, all of these sources of information can be used to refine predictive
geochemical models of CO,-water-rock interactions. At present, such models are somewhat
inadequate, where predicted mineral assemblages in CO, altered rocks do not match with
observations (e.g. Haszeldine et al., 2005).

The potential interactions that are likely of most importance with respect to CO, storage security
are reactions with carbonates (either in the reservoir or seal) and shale or mudrock seals.
These are discussed further below.

4221 Reaction with Carbonates

Possible reservoir storage formations include limestones, chalks and carbonate-cemented
sandstones. In addition, some hydrocarbon caprocks include carbonate materials (see Figure
4.1). Czernichowski-Lauriol et al. (1996) made the following generalisations regarding reaction
of aqueous CO, with carbonate reservoir rocks (see also the discussion of carbonate dissolution
in the overburden in Chapter 5):

In areas where the CO, pressure is high, carbonate will dissolve and the formation water will
become saturated with CO,. The carbonate may reprecipitate if the pressure falls or the
temperature risese, for example in areas further from the well. Because of this local dissolution,
the porosity and the permeability will increase near the injection point, but can decrease further
along the flow path because of carbonate precipitation.

This dissolution of carbonate can have a negative impact on storage integrity through multiple
mechanisms. Firstly, dissolution of seal carbonate could open high permeability flow channels
through the seal, or indeed lead to seal compaction and structural collapse. Similarly,
dissolution of reservoir carbonate may lead to reservoir compaction, potentially also resulting in
seal collapse and failure.

® Note that calcite (CaCOs), the most common carbonate mineral in sedimentary rocks, exhibits retrograde solubility,
becoming less soluble as the temperature increases.
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Based on experimental observations, Kharaka et al. (2006) highlight that rapid dissolution of
carbonate (and other minerals) could ultimately create leakage pathways in reservoir seals.
The Frio CO, Test Injection Site on the U.S. Gulf Coast is an on land facility designed to
investigate the potential for CO, storage in saline aquifers and to achieve experience in CO,
storage and monitoring operations. As such it is a valuable source of information regarding
early stage reactions between CO, and the reservoir rocks. Following injection of a relatively
small volume (1600 t) of CO, into a Frio Formation sandstone (1500 m depth), the chemical
composition of the formation water was shown to change markedly (Kharaka et al., 2006).
Comparison of water chemistry from before and after CO, injection showed sharp drops in pH
(from 6.5 to 5.7) and pronounced increases in alkalinity (from 100 to 3000 mg/dm® as HCO;)
and Fe (from 30 to 1100 mg/dm?®). Geochemical modeling indicated that brine pH would have
dropped lower but for buffering by dissolution of carbonate and iron oxyhydroxides.

Liteanu et al., (2007) highlight the potential for reservoir compaction leading to collapse. They
note that in addition to minor dissolution effects, modelling work has suggested that CO,
injection into carbonate can enhance compaction creep by 7 orders of magnitude due to
acidification of the pore fluid. They therefore carried out an experimental study of compaction in
carbonates in order to provide essential data to inform models of the long term behaviour of
carbonate reservoirs. The results demonstrated that compaction of calcite in the presence of
water is dependent on grain size, applied stress and the pH of the solution, where injection of
CO; into the system increased compaction rates by up to 3 orders of magnitude.

In summary, the propensity of CO, rich aqueous solutions to dissolve carbonate minerals, in
addition to predicted and observed increases in the rate of carbonate compaction as a function
of pH and CO, content, strongly suggests that both carbonate reservoir formations and
caprocks should be avoided.

42272 Reaction with Shales & Mudstones

Shales and mudstones seem likely to comprise the dominant form of seal in offshore CO,
storage operations. Indeed, all of the commercial scale projects currently in operation or at the
advanced planning stage (Sleipner, Snghvit, Gorgon, see Chapter 1) are sealed by shales or
mudstones, while the smaller K1-2B demonstration project is sealed by the Zechstein Salt.
Furthermore, there are numerous known CO; rich (or indeed CO, dominant) reservoirs that are
sealed by shales and mudrocks. Such reservoirs provide (a) surety that CO, can be safely
stored in these systems and (b) valuable analogues for studying CO, — caprock interactions.

The Miller oilfield in the North Sea may form the first offshore CO, storage site located in UK
waters (see Chapter 1). This field is CO, rich, with ~20 mol% CO; in the oil phase and 60-70
mol% in the water phase (representing equilibrium partitioning). Haszeldine et al. (2006) report
an investigation of long-timescale interactions between CO, and the mudrock seal of the Miller
oilfield. = These authors examined mudrock samples from a number of oilfield wells and
compared them to mudrocks from the same stratigraphic level obtained from a well bore located
some 20 km distant in an area with ‘normal’ CO, levels (<5 mol% in water). While the control
bore hole showed no evidence for vertical changes in mudrock mineralogy, some of the oilfield
samples were depleted in feldspar, and enriched in kaolin and calcite, which could be due to the
CO, induced reaction of feldspar to kaolin and calcite.

Another storage project due to start injecting in the near future (this time on-shore) will also be
utilising a caprock known to be capable of retaining CO,. The Otway Basin Pilot Project in
Australia will inject CO, into the depleted Naylor Gas Field (for more information see
www.co2crc.com.au/pilot/ OBPP.html). The target reservoir is the Late Cretaceous Waarre C
Sandstone at a depth of about 2100 m, which is overlain and sealed by the Belfast Mudstone.
The Belfast Mudstone forms a regional seal, and indeed comprises the main seal for natural
CO, accumulations in the Otway Basin. In a fractured form, it is also the reservoir rock at the
Pine Lodge Gas Field, which comprises 97% CO, of volcanic origin (Watson et al., 2004).
Watson et al., (2004) investigated the effects of CO, on the lithology of the Belfast Mudstone
using core samples and well data from a Pine Lodge exploration well. These authors report
substantial CO, — seal rock interaction, with alteration of feldspar, clays, and volcanic fragments.
Overall, they found that precipitation of CO, in the form of siderite (iron carbonate, FeCO;) has
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enhanced the capacity of the seal, where capacity enhancement correlated with the original
(pre-CO; influx) porosity and permeability of the rock. This indicates that CO, influx migrated
predominantly to the natural fractures present in the mudstone, and only infiltrated a small way
into the low permeable units proximal to the fractures. Dissolution — precipitation reactions
generated through CO, — brine — rock interactions then led to siderite cement filling fractures
and all available pore space near facture edges. Watson et al. (2004) highlight that
enhancement of seal capacity only occurred due to the availability of Fe?" cations (most likely
sourced from Fe rich volcanogenic fragments) for siderite precipitation. They note that labile
mineral dissolution (i.e. feldspar, calcite) could also lead to a decrease in seal capacity in the
absence of appropriate cations for secondary mineral formation.

As noted above, shales could be expected to allow diffusive leakage of CO,, although this
process will be slow in comparison to flow through porous faults and fractures. Busch et al.
(2007) measured molecular diffusion of CO, in water saturated shales, reporting effective
diffusion coefficients between 10° and 10" m%s. These values agree with those reported for
other pelitic rocks by Hildenbrand & Kroos (2003), who concluded that diffusive transport is not
an important process for CO, leakage, even on geological timescales, although these authors
also noted that diffusion does represent a rate controlling factor in the deterioration of caprocks
and cements. Busch et al. (2007) also investigated the sorptive storage potential of shales,
reporting capacities up to 0.14 mmol CO,/g sample, significantly higher than the solubility of
CO; in water present in the system. The large capacities were not solely related to organic
carbon content, with significant sorption to clay minerals such as montmorillonite and kaolinite
also observed. Thus in addition to their sealing properties, natural non-sealing shale sequences
within a storage reservoir could represent a sink for CO, deposited in the subsurface by fixing
and immobilising it, hence reducing the risk of leakage to the surface (Busch et al., 2007).

4.3 Leakage via Wellbores

In addition to leakage of CO, from reservoirs via the ‘natural’ pathways discussed above,
potential release via wellbores must also be considered. There are two principal ways in which
wellbore leakage can occur. The first is catastrophic well failure, or blowout, resulting in the
rapid release of large volumes of CO, to the atmosphere. The second is leakage or seepage of
CO, along high permeability channels associated with the wellbore, delivering CO, to higher
stratigraphic levels, and potentially delivering CO, to the seafloor or the ocean surface. Indeed,
while the probabilities of catastrophic release are slight, the migration of CO, along preferential
pathways associated with the wellbore is widely accepted to be the most likely mode of leakage
or seepage of CO, from a geological storage reservoir.

4.3.1 Well Blowout

A well blowout is the uncontrolled flow of reservoir fluids into the wellbore, and sometimes
catastrophically to the surface. If reservoir fluids flow into another formation and do not flow to
the surface, the result is called an underground blowout. In this case, if the wellbore has
significant openhole intervals, it is possible that the well will bridge over downhole (seal itself
with rock fragments from collapsing formations). However, in the event of catastrophic failure,
large volumes of CO, would be released directly to the atmosphere. Due to the possibility of
severe accidents, the main concern in the event of blowout must be the hazard to workers in the
vicinity of the release (both at the time of blowout and during remediation).

The likelihood of well blowout can be assessed from offshore Oil & Gas experience through the
use of an analogue database from which the relative frequency, duration, and magnitude of well
releases for a given well category can be ascertained. Combining this with the number and
type of wells in the storage reservoir then allows a site specific risk of blowout to be estimated
(e.g. FutureGen, 2007). Commercial databases (restricted access) are available to the industry
sector, such as the SINTEF Offshore Blowout Database which includes information on 515
offshore blowouts and well releases that have occurred world-wide since 1955 (see
www.sintef.no for more details). Table 4.1 shows the mean well blowout frequency from North
Sea and US Offshore Oil & Gas experience (after Holland, 1997). The frequency of production
well blowout is low, at 1 event every 16,000-20,000 well-years, with slightly higher frequencies
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of blowout in the US during well workover (repair and maintenance). Blowout frequency during
drilling suggests 1 event for every 150-600 wells drilled. While these frequencies indicate that
the likelihood of catastrophic well blow-outs is exceedingly slight, the eventuality that stored CO,
escapes rapidly in great amounts at once cannot be completely neglected.

Table 4.1: Offshore well blowout frequency - Oil & Gas
experience (after Holland, 1997)

North Sea us

Production Well
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& =)
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Exploration Well Drilling

a -3
(perwell d-ied) 6.66x10° | 5.93x10

Development Well Drilling
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In the event of blowout, the maximum rate at which CO, will vent to the atmosphere is
constrained by choked flow through the well bore. For an ideal gas, the mass flow rate under
choked flow is given by’

Yco, +1
2 Yco, -1

Qco, = CAY|¥co, Peo, Peo,| ——— [Eq. 4.1]
Yeo, T 1
Where
C
Veo, = —PE) [Eq. 4.2]
Cv(COz)

Where Qco; is the mass flow rate of CO, (kg/s), C is the discharge coefficient for the orifice
(typical values are near 1), A is the cross sectional area of the orifice (m?), ycoz is the specific
heat ratio (the specific heat capacity of CO, at constant pressure divided by the specific heat
capacity of CO, at constant volume, Cpco2)/Cycoz), 1.308 at STP), pco2 is the density of CO,
(kg/m*), and Pgo; is the pressure of CO, in the wellbore (Pa).

CO, will continue to flow at this maximum rate while pressure in the wellbore meets the
pressure criterion:

[Eq. 4.3]

For example, for yco, of 1.308, choked flow will continue while Pco, is more than 1.84 times
higher than atmospheric pressure (P.m). Thus in the case of storage in an overpressured
reservoir, choked flow could be expected to continue until the wellbore is controlled.

" Note: As CO; is a non-ideal gas this equation provides an approximation for the mass flow rate under choked flow.
For an accurate description of CO, mass flow rates real gas effects such as compressibility and variable specific heats
need to be taken into account, where these effects can make a significant difference to the mass flow rate.
Nevertheless, this equation allows an order of magnitude calculation to be made for illustrative purposes.

80



Although the rate of CO, release is very fast in the event of blowout, such events are readily
detected (primarily due to the rapid rate of release) and remedial action is possible, where
Offshore Oil and Gas experience indicates that the typical duration of a high release event (time
from blowout to control) ranges from 0.5 to 5 days (Holland, 1997; average duration for all North
Sea and US well blowouts). The total amount of CO, likely to be released in the event of a
catastrophic blowout can be estimated from the mass flow rate and the duration of the leakage
event. For a simple illustration, Figure 4.2 shows the mass flow rate of CO, assuming choked
flow at typical injection conditions (T=35°C, P=15-20 MPa) as a function of wellbore diameter. If
it is assumed that pressure in the wellbore does not decrease significantly over time, then for a
wellbore diameter of ~10cm approximately 50 ktCO, would be released per day.

Figure 4.2: CO, release rate under choked flow conditions.
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4.3.2 Leakage or Seepage along a Wellbore

As noted above, existing well penetrations represent the most likely pathway for CO, migration
out of the storage reservoir. When CO, dissolves in water it creates an acidic environment that
is detrimental to the long term integrity of both cement and casings (e.g. Davis & McDonald,
2005; Scherer et al., 2005). Over time, cement degradation and casing corrosion could create
preferential channels for CO, migration. In addition, there may be formation damage due to
drilling of the well, and wells may be poorly completed, with poor bonding between the cement
and formation or cement and casing, contaminated cement, or the absence of cement
altogether (e.g. Watson et al., 2002). Potential leakage pathways along an individual wellbore
include (see Figure 4.3):

through damage zones in the formation immediately adjacent to the wellbore
between the cement sheath and the formation

between the cement sheath and the casing

through the cement (sheath and plug)

through corroded casing

through fractures in the cement or regions without cement
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Figure 4.3: Potential CO, leakage pathways via wellbores (after Celia et al., 2004).
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Any wellbore within the spatial footprint of the storage reservoir may act as a conduit for
leakage. This includes wells that penetrate either deeper or shallower strata than the target
storage reservoir, abandoned wells, exploration wells, producing wells, and the CO, injection
wells themselves. In the case of leakage up an improperly abandoned wellbore, the CO, could
leak through a corroded casing wall and travel upward through the casing to the surface. This
represents a potential escape route that not only breaches the seal, but also the overburden,
thereby bypassing any potential secondary trapping mechanisms that may act in the
overburden (see Chapter 5). Alternatively, migration outside the casing could deliver CO, into
shallower formations, which may eventually release CO, to the sediment-seawater interface.
Similarly, in the case of leakage up a poorly sealed or failed injection well casing, the CO, could
leak out the well through a corroded casing wall travel upward outside the casing or migrate into
adjacent formations, again potentially reaching the seafloor.

The principal control on the actual migration path is the distribution of high and low permeability
segments both along a single well and between different wells (Celia et al., 2006). For example,
CO; may migrate out of the storage formation along one wellbore, then migrate laterally through
a permeable formation and find another flow path along a second wellbore to the sediment-
seawater interface. While intact cements have low permeability (~10° md), degraded cements
will have significantly increased permeability, and an annular opening (a ring shaped gap)
around 1mm wide between the rock and the cement sheath (due to poor bonding) has an
effective permeability on the order of 100 d (10° md) (Celia et al., 2004). Furthermore, at the 10s
of cm scale there could be large pockets with no cement between the formation and the casing.
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4.3.3 Relative Risk of Leakage along Different Wellbore Types

Decommissioned wellbores are the most likely to have high permeability segments along the
wellbore, and therefore the probability of leakage is highest along these wells. Specifically, the
highest probabilities of leakage are associated with:

e Undocumented Wells
e Poorly Constructed &/or Improperly Abandoned Deep Wells (penetrates primary seal)
e  Poorly Constructed &/or Improperly Abandoned Shallow Wells (above primary seal)

In comparison, the likelihood of leakage along currently producing wells is expected to be lower,
and the lowest probability of leakage is associated with the CO, injection wells themselves.

4.3.3.1 Undocumented Wells & House Keeping Records

Undocumented wells represent the highest risk of leakage as no remedial action can be taken
to ensure seal and plug integrity prior to CO, injection. Furthermore, should leakage along an
undocumented wellbore occur, it is highly unlikely to be detected. Thus to determine the overall
likelihood of leakage from a storage reservoir an assessment of the number of undocumented
wells within the plume footprint will need to be made.

For the North Sea, the number of undocumented wells is expected to be low, if not zero, as
house keeping records are understood to be excellent. In areas where records are not as good,
a judgement will have to be made using information based on historical exploration in the area
(c.f. FutureGen, 2007).

In all cases, care should be taken both to preserve and catalogue existing documentation of
drilling activities, and to ensure excellent records are kept and maintained in the future. Indeed,
a continuously updated record of storage sites, including wellbore characteristics, monitoring
and repair activities, can be considered vital to the long term success and stewardship of
storage projects. Given the importance of such records, and the need to preserve them over
long timescales (1000+ years) it seems sensible to suggest they should be lodged with a
regulatory body (be it national or international).

43.3.2 Decommissioned Wells & Abandonment Procedures

At present there are no specific abandonment procedures for ‘CO,” wells (defined here as any
well that falls within the footprint of a target CO, storage reservoir), and a review and adaptation
of standard plugging-and-abandonment (P&A) procedures is required to ensure that both
sheaths and plugs are fit for purpose (e.g. Barlet-Gouédard et al., 2006).

At abandonment, the well is typically sealed by a cement plug. For the vast majority of
abandoned wells, CO, injection would not have been contemplated at the time of
decommissioning. Thus inappropriate decommissioning of wells (e.g. insufficient plug) seems
likely to be a widespread problem (Barlet-Gouédard et al., 2006). For all ‘CO; wells, an
assessment should be made of the location, thickness and material (e.g. type of cement) of the
plug and casing sheath, and the likely continuity of the sheath. If required, remedial action can
be taken prior to CO, injection, where documented wellbores can be re-entered and re-plugged.
Barlet-Gouédard et al., (2006) suggest that if deemed necessary by the criticality of the plug,
the casing and cement can be milled all the way to the storage formation before placing a
cement plug directly in contact with the formation. Ideally, all ‘CO," wells should be resealed
using chemically resistant cements (see Section 4.3.3.5 below). However, given the expense of
this procedure it seems more likely that existing wells with intact Portland cement seals will be
monitored for leakage during storage operations, and if leakage is detected, then the wellbore
will be re-entered and resealed (see for example the Gorgon project risk assessment,
ChevronTexaco Australia Pty Ltd., 2005).
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4.3.3.3 Current Wells & CO, Injection Wells

For current producing or exploration wells that penetrate a potential future CO, storage reservoir,
there exists an opportunity while the wells remain accessible to ensure that both the plug and
casing sheath are of sufficient quality for CO, storage purposes. For example, for a well that
will continue to produce during CO, storage operations (e.g. via EOR, or if it penetrates a
hydrocarbon reservoir that either over or underlies the storage reservoir) an assessment should
be made of the quality of the sheath prior to CO, injection, and remedial action taken if
necessary. Likewise, for a well that is to be decommissioned, the sheath should be checked (or
the casing removed altogether) prior to plugging.

As CO; injection wells will be specifically engineered and constructed to withstand the corrosive
conditions in the storage reservoir (e.g. using chemically resistant cements), these wells can
reasonably be considered to represent the lowest risk of leakage.

4334 Other Drill Holes

In addition to Offshore Oil & Gas operations, there may be other drill holes located in a target
storage reservoir. For example, the Integrated Ocean Drilling Program (previously the Deep
Sea Drilling Program, then the Ocean Drilling Program) is an international research program
that explores the history and structure of the earth as recorded in seafloor sediments and rocks.
These scientific drilling programs have now cored seafloor sediments and rocks at over 1300
sites. While the majority of drill holes at these sites only extend a few hundred metres into the
overburden, 28% have drill holes that extend beyond 500m, and 5% have drill holes that extend
beyond 1000m. While the likelihood of a deep DSDP/ODP/IODP drill hole occurring within the
footprint of a target storage reservoir is low, it should nevertheless be checked.

4.3.3.5 Cement Integrity

Traditionally wells have been sealed (both sheaths and plugs) with standard Portland cement, a
material that is inherently unstable with respect to reactions with CO,. New materials are now
becoming available that offer either flexibility and expansion (lightweight or foam cements, of
benefit to ensure good cement distribution in horizontal or deviated wells) or long term durability
to CO, attack (chemically resistant cements). Data is needed on the long-term integrity of these
materials when exposed to a CO,-rich environment. At the decade scale, this can be obtained
either by studying the condition of cement seals that are known to have been exposed to CO,
over a given period of time (e.g. Carey et al., 2006), or by carrying out laboratory testing, and
using data obtained over a comparatively short period to extrapolate to long term seal
performance (e.g. Barlet-Gouédard et al., 2006).

Carey et al. (2006) investigated the impact of CO,-cement interactions on wellbore samples
from the world's second oldest continuous CO,-flooding operation, the SACROC unit, located in
the Permian Basin of West Texas. The SCAROC unit is a limestone oil reservoir with a shale
caprock. Samples were analysed from a region extending from the limestone-shale contact, to
6m above the reservoir, where the well from which samples were taken was drilled and
cemented in 1950 (using an additive-free Portland type 1 cement) and first exposed to CO, in
1975. The analytical results (structural integrity, permeability, and petrography) indicate that the
cement retained its capacity to prevent significant flux through the cement matrix itself.
However, significant carbonate precipitation was observed at both the interface between the
shale caprock and the cement, and between the casing and cement, indicating migration of CO,
along the shale-cement and casing-cement interfaces. The origin of the CO, at the casing-
cement interface may have been derived by migration along this interface from the reservoir or
from the interior of the well at casing joints or regions of casing corrosion (Carey et al., 2006).
Carey et al. (2006) therefore concluded that the integrity of these interfaces appears to be the
most critical issue in wellbore performance for CO, sequestration (Carey et al., 20086).

In a laboratory study, Barlet-Gouédard et al. (2006) tested the integrity of Portland cement and
a new resistant cement with respect to both CO, saturated aqueous fluid and wet supercritical
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CO,. They conducted their experiments over a range of temperatures and pressures that
encompass expected in-situ conditions (T = 30-300°C, P = 1-50 MPa) with experiment durations
ranging from 2 days to 3 months. The evolution of the cement chemical composition and
porosity with time was fully characterized by scanning electron microscopy, chemical analyses,
backscattered electron image analysis and Hg-porosimetry measurements (Barlet-Gouédard et
al.,, 2006). The alteration observed was then used to create a predictive model of cement
integrity over longer time periods. They found that Portland cement was not mechanically
resistant to either wet supercritical CO, or to CO,-saturated water, where an initial sealing by
carbonation is followed by a dissolution stage, which starts earlier in CO,-saturated water than
in wet supercritical CO,. The model predicts an alteration front of 100 mm after 20 years of CO,-
attack possibly, potentially destroying zonal isolation and triggering casing corrosion. In contrast,
the CO; resistant cement was found to be comparably inert, where the good stability of this
material was confirmed by weight, density, compressive strength, microstructural
characterizations and Hg porosity measurements.

The differences between these two studies, with the laboratory tests indicating Portland cement
failure after a period of 20 years, and the SACROC data indicating the cement itself had
maintained its integrity over a period of 30 years, will reflect a number of different parameters,
the most obvious of which will be CO,-water-cement ratio (e.g. a cement plug completely
immersed in either wet supercritical CO, or to CO,-saturated water versus a cement plug where
supply of CO, is limited by migration). Nevertheless, the laboratory study indicates that
carbonation does not continuously plug Portland cement, suggesting that the SACROC cement
can be expected to deteriorate further over time. Given the requirement for secure storage over
1000+ years, all new wells and any remedial measures taken to reseal existing wells should
utilise chemically resistant cements.

4.3.3.6 Site Screening

The existence of multiple known wellbores and/or a high possibility of multiple undocumented
wells may render a site unsuitable for storage purposes (i.e. if the cumulative probability of
leakage along wellbores is deemed too high, or if costs of any required remedial action
outweighs any economic benefits associated with that site).

Based on analysis of documented wellbore leakage in Alberta Canada, a mature on-shore
sedimentary basin with a statistically significant number of wells (over 300,000), Bachu et al.
(2006) recommended that risk assessments should be based on the following criteria:

Well age

Well status (active, inactive, abandoned)

Well casing, or lack thereof

Well direction (vertical, deviated, horizontal)

Cementing intervals

Level of drilling activity

Global and local events that may have affected drilling practices
Regulations and their timeline of being introduced.

While offshore basins do not generally face the same level of difficulties as onshore basins in
North America (e.g. generally lower drilling densities), these criteria seem equally valid for
preliminary screening of offshore storage sites. In the absence of hard data, the categorisation
of wells according to this scheme, combined with the use of an analogue database, would allow
a preliminary assessment of the likely distribution of permeability along the wellbores that fall
within the footprint of the storage reservoir.

If the permeability distribution along all wellbores is known, then potential leakage pathways and
rates can readily be determined using computationally fast semi-analytical models (e.g. Celia et
al., 2006). The use of such a model at the site selection stage would allow identification of any
critical wellbores that require remedial action prior to CO, injection.
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As an illustrative example, Figure 4.4 shows a simulated permeability distribution for 1000
segments along wellbore casings. This example assumes a log-normal distribution for two

classes of cement segments (1) intact cement segments with a mean permeability k4 of 10° md
and a variance (c?) of var[logs,k4]=1% and (2) degraded or poorly bonded cement segments with

a mean permeability i, of 0.1 md and a variance of var{logqo K,]=2° (after Celia et al., 2006). In
the example shown in Figure 4.4(a) a 1:1 ratio of intact to degraded segments is assumed.
Figure 4.4(b) shows the cumulative permeability distribution for varying proportions of intact to
degraded segments. If we compare these permeability distributions to caprock permeabilities,
the following becomes apparent: All well segments (even when 100% intact segments) are
more permeable than the best evaporite seals (halite, 10® to 10° md). A significant proportion
of well segments will be more permeable than the poorest quality shale seals (~1O'1 md), where
as the proportion of degraded segments increases from 25% to 50% to 75%, the number of
segments with relatively high permeability (=0.1 md) increases from 12.5% to 25% to 37.5%.

Figure 4.4: (a) Permeabiity distribution for 1:1 ratio of intact to degraded cement segments (b) Cumulative
permeability distribution for varying proportions of intact to degraded cement segments (after Celia et al., 2006).
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4.3.3.7 Well Monitoring & Repair

Evaluating and monitoring the integrity over time of steel casings and cement sheaths and plugs
is of the utmost importance for the long term security of CO, storage.

In CO, injection wells, and other active wells in the footprint of the storage reservoir, well
integrity should be regularly checked across the injection interval, the cap rock and shallower
zones (Barlet-Gouédard et al., 2006). Over the past 20-30 years there has been considerable
improvement in the tools available for this task, and in active wells it is possible to assess the
integrity of both the steel casing and the sealing material in the annulus behind the casing (see
review by Vu-Hoang et al., 2006). For example, modern tools such as the Isolation Scanner
and Sonic Scanner enable both identification of channelling and examination of the full cement
sheath between the casing and formation, with high vertical and azimuthal resolution, thus
providing the ability to create a detailed Cement Bond Log (Vu-Hoang et al., 2006). In addition,
casing corrosion can be evaluated by combining electromagnetic and ultrasonic measurements
of the metal thickness (Vu-Hoang et al., 2006).

However, as these techniques require passing the measurement instrument down the wellbore
(wireline logging), they cannot be readily employed on decommissioned wells. Monitoring the
integrity of abandoned wells thus requires more attention, and new research on appropriate
monitoring techniques will most likely be required. Methods for monitoring these aspects are
currently under investigation  within the Carbon Dioxide Capture  project
(www.co2captureproject.org/), the results of which are not yet publicly available.
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Adequate remedial operations must also be concurrently developed to re-establish zonal
isolation when a potential leakage path has been detected. For instance, squeeze jobs will allow
repair of any faulty primary cement job (Barlet-Gouédard et al., 2006).

4.3.3 Scale & Duration of Leakage along Wellbores

The potential scale of leakage along wellbores ranges from relatively slow migration through a
high permeability pathway, to faster flow along an annulus or via surface casing vent flow, to
rapid release due to well blowout. Based on expert opinion, a number of risk assessments for
on-shore geological storage sites have estimated probable slow leakage rates on the order of
~200 tCOy/yr (e.g. Hooper et al., 2005; FutureGen, 2007). Release of CO, at such low rates
(~6 gCO./s) is likely to go undetected, and could therefore remain active for long periods of time
(in excess of 1000 years). Conversely, rapid release (at rates in excess of 10,000 tCO,/yr, or
over 300 gCO./s) due to well blowout, can be assumed to be detected and mitigated, and
therefore be active for short periods only (e.g. 0.5 to 5 days).

4.4 Summary

The relative likelihood of leakage or seepage via the different mechanisms discussed in
this Chapter is summarised in Figure 4.5. This assessment is based on published risk
assessments for geological CO, storage projects (ChevronTexaco Australia Pty Ltd.,
2005; Hooper, 2005; FutureGen, 2007), and represents a general case, where site specific
criteria may result in a different assessment of the probability of leakage or indeed a re-
ordering of the likelihood of leakage via the various different mechanisms.

Events per Item
per 1000 yrs

Qualitative
Likelihood

Leakage Scenario

1t/Well Head Equipm

Injection Wélls

Unlikely 0.001

Very Unlikely Existing Faults through Seals 0.0001
Highly Improbable Regional Overpressurisation 0.00001
Almost Impossible Permeable Zones in Seals 0.000001

Exceeding the Reservoir Spill Point

Figure 4.5: Qualitative likelihood of leakage via different mechanisms and probability of a leakage event
occurring per item per 1000 years.

The low probability of leakage or seepage via existing faults through seals or via
permeable zones in seals assumes an appropriate storage reservoir has been selected,
i.e. the presence of a laterally continuous low permeability caprock has been confirmed
by a 3-D seismic grid over the entire footprint of the storage reservoir, and that therefore
the probability of faults or high permeability zones remaining undetected is minimal.
Similarly, the leakage of CO, along faults or fractures activated due to regional scale
overpressurisation is considered to be low if (and only if) an appropriate storage
reservoir is selected (i.e. the presence of faults that may be reactivated by the pressure
required for injection should automatically disqualify a site from CO, storage activities).
Should leakage occur via any of these mechanisms, the loss rate is expected to be low
(<10 tCO,/yr). Leakage at such low rates is unlikely to be detected, and can be expected
to continue over the life of the storage reservoir. If we consider a storage reservoir with
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50 years of injection at a rate of ~IMtCO,/yr, this would be equivalent to a percentage
loss rate of less than 0.00002% per year, where 99.8% of the stored CO, would remain
trapped after 10,000 years of leakage, thus meeting storage performance targets
(retention of greater than 99% CO, over a period of at least 1,000 years).

The possibility of fault activation due to earthquake activity should also be assessed,
and in tectonically active areas this could be significant. The approach taken in other
risk assessments is to evaluate the frequency of magnitude 5 earthquakes occurring in
the area of the storage reservoir (e.g. Hooper et al., 2005). In the instance of earthquake
induced faulting, initially high loss rates (~1000 tCO.,/yr) might be expected during the
earthquake, but once the earthquake has stopped, leakage rates might decrease to lower
values typical for leakage through faults (<10 tCO,/yr) (e.g. Hooper et al., 2005).

A further low probability leakage mechanism that has not been discussed here is
exceeding the spill point of a storage reservoir, that is the CO, spilling out underneath a
structural trap into an unconfined formation. Again, with adequate site selection, and
ongoing monitoring of the CO, plume, such an event should not occur (classed as
almost impossible), although in this case potential loss rates are high (essentially
equivalent to the rate of injection, on the order of ~MtCO,/yr).

Local overpressurisation resulting in faulting or fracturing in the immediate vicinity of an
injection well is generally thought possible, and it is recommended that continuous
monitoring for micro-seismicity be carried out during CO; injection to allow early
detection. Potential loss rates via this mechanism are on the order of 10s tCO,/yr.

By far the most probable leakage mechanism is via wellbores, where slow leakage along
undocumented, exploration and production wells is classed as highly probable to
possible and wellblow out is possible, with potential release rates ranging from ~200
tCO,/yr to in excess of 10,000 tCO,/yr. Rapid release of CO, via wellbores is highly likely
to be detected, and as remedial action is possible, these events are expected to be
mitigated in a matter of hours to days, thereby limiting the total volume of CO, released.
For example, if we consider a worst case scenario, that is release at choked flow rates for
a period of 5 days, then the total volume released will be on the order of ~250 ktCO,. For
the storage reservoir considered above, with 50 years injection at a rate of 1Mt/CO, per
year, this represents 0.5% of the total volume stored, and thus (in the absence of other
leakage events) the reservoir would still meet required retention standards. However,
slow leakage at a rate of ~200 tCO,/yr may remain undetected, particularly if it occurs via
an undocumented wellbore. If leakage at rates of this order were to continue unmitigated,
and potentially at multiple locations across the footprint of the reservoir, then storage
sites may not meet required performance standards. This illustrates the importance of
adequate screening of wellbores during site selection and ongoing monitoring of wells
during CO, injection and long-term stewardship of storage sites. It would appear that
new research is required to develop methods to allow detection of leakage at low rates
along wellbores.

5: The Fate of CO; in the Overburden

This Chapter considers what might happen in the event of CO, leakage from a geological
storage reservoir into the unconfined overburden. In these discussions it is assumed that the
overburden consists of sedimentary rock overlain by unconsolidated sediments (referred to
hereafter as the sediment column).

When CO, migrates into the sediment column, a number of additional or secondary trapping
mechanisms may come into effect, acting to either limit or prevent the release of CO, to the
ocean. Indeed, purposeful storage of CO, in deep-sea sediments has been proposed (e.g.
Koide et al.,, 1997a,b; House et al., 2006; Camps et al., 2006), and as such, under certain
circumstances the leakage or seepage of CO, from a geological formation to the sediment
column could be viewed as a transfer between two valid storage reservoirs, albeit unplanned.
Conversely, there may exist high permeability channels through the overburden, providing a
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preferential flow path along which CO, could migrate to the sediment-seawater interface at
relatively rapid rates.

Here we first examine CO, ascent profiles and migration pathways, including the possibility of
buoyancy trapping, the existence of preferential flow paths, residual gas trapping, and an
assessment of the maximum rate at which CO, could migrate upwards through the sediment
column. This is followed by a discussion of CO, hydrate formation, potentially the most effective
of all the secondary trapping mechanisms. These processes are then discussed in reference to
site specific case studies, examining the fate of CO; in the event of leakage or seepage from a
sub-seafloor storage reservoir, including the likely CO, ascent rate, potential for secondary
trapping mechanisms, and probability of CO, escape to the ocean and atmosphere. Finally, we
discuss the reaction of CO, with carbonates, another important process that could act to
significantly limit CO, escape. In general, both the rise rate and the efficacy of sediment column
trapping mechanisms will depend to a large extent on in-situ temperature (T) and pressure (P)
as together these factors determine the physical properties and phase behavior of CO,,
including the potential to form CO, hydrate.

In some instances, leakage of CO; into the sediment column could have serious negative
consequences. An example of this is if CO, migrates into methane hydrate bearing sediments.
This is discussed further in Chapter 7 as an example of a high risk scenario.

5.1 CO; Migration Pathways

In this section we focus on CO, buoyancy and the rate at which CO, migrates upwards through
the sediment column, where these parameters are dependent on the density (which defines
buoyancy forcing) and viscosity (resistance to flow) of the CO,. For further details on the
physical properties of CO, please see the background information.

5.1.1 Density & Viscosity of CO,

CO, density and viscosity increase with increasing P and decreasing T, where the P-T
conditions within the sediment column are dependent on:

i The depth of the overlying water column

ii The temperature of bottom waters (defining the sediment-water interface)
iii) The depth within the sediment column

iv) The geothermal gradient

o~~~ o~

T decreases and P increases with depth in the water column, where 1m of water depth is
approximately equivalent to 1 dbar of hydrostatic pressure. In the sediment column, P
continues to increase with depth and is approximately equal to hydrostatic pressure. However,
T increases with depth due to the geothermal gradient, which typically varies from 0.02°C/m to
0.04°C/m, although in areas influenced by volcanic activity a significantly higher thermal
gradient might be expected. An important consequence of the geothermal gradient is that the
minimum temperature point in the system occurs at the sediment-seawater interface and is
defined by the bottom water temperature.

At depth in the sediment column both P and T are high and are likely to exceed the critical
temperature and pressure for CO, (T¢ = 30.98°C, Pc = 737.73 dbar absolute or 727.60 dbar
hydrostatic), thus CO, will be in the supercritical phase. Supercritical CO, is less dense (more
buoyant) than the surrounding pore fluids and will rise through the sediment column. As the
leaked CO, migrates upwards it moves into a lower P, lower T regime. Eventually,
temperatures will fall below T¢ and (if P remains greater than Pc) the CO, will become a liquid
as opposed to a supercritical fluid. In the liquid phase, the decrease in T (defined by the
geothermal gradient) exerts a stronger effect than the decrease in P (~1 dbar/m) on the physical
properties of CO,, and the CO, will become both more dense and more viscous as it continues
to ascend, and the rise rate will slow accordingly. In the general case, the liquid CO, will
continue to rise at a gradually slowing rate until one of three things happens:
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CASE 1: In deep/cold sediments the density of the rising CO, will eventually equal that of the
surrounding pore fluid. At this point the net buoyancy force is zero and the CO, will stop moving
upwards. This is the point of neutral buoyancy or gravitational stability. Above this depth, the
CO; would be more dense that the surrounding pore fluids and would sink. Thus under these
conditions the CO, is trapped (buoyancy trapping) in the sediment column and will not leak to
the ocean. Remembering that the minimum temperature in the system is defined by the
sediment-seawater interface, this scenario requires a minimum water depth of ~2300-2800m
(depending of the temperature profile of the water column — see BACKGROUND
INFORMATION for a regional breakdown). It is therefore the least likely to occur in the case of
leakage from near future sub-seafloor geological storage sites as the vast majority of current
and planned sites are located in near coastal regions underlying relatively shallow water
columns. Nevertheless, two examples are considered in Section 5.3 where cold deep waters
are found comparatively close to shore and geological storage of CO, may occur in the future —
see the Japan (Sea of Japan) and North West Europe (Norwegian Sea) case studies.

CASE 2: In mid-depth/mid-temperature sediments the point of neutral buoyancy is not reached,
and the CO, will continue to migrate upwards, eventually leaking to the ocean. See the Japan
(Sea of Japan), South East Asia (East Natuna Sea) and North West Europe (Norwegian Sea)
case studies below. For a discussion of the fate of CO, in the water column see Chapter 6.

CASE 3: In shallow or warm sediments, the CO, continues to become more dense and more
viscous until the CO, liquid-gas phase transition is reached, at which point there is an abrupt
decrease in CO, density and viscosity and increase in buoyancy forcing. The volume increase
on the transition from CO, liquid to CO, gas is large and depends on the P-T conditions at
which the phase boundary is reached. The shallower the transition (comparatively cold
sediments), the greater the volume increase. See the Australia (North Western Shelf), and
North West Europe (North Sea and Barents Sea) case studies in Section 5.3. In these
examples, the predicted volume increase ranges from a factor of 3.72 in relatively warm deep
sediments (Australian Shelf: 575.5m total depth and 21.3°C), to a factor of 6.42 in relatively
shallow cold sediments (Barents Sea: 432.0 m and 9.7°C). This will pressurize the pore fluids
and presumably under certain circumstances could have an effect similar to that of methane
hydrate dissociation, destabilizing the sediment column and potentially causing sediment slides
(see discussion presented in Chapter 7).

There is also a fourth case, corresponding to warm and shallow sediments. In this type of
environment, P will fall below Pc while T still exceeds Tc, thus the CO, will change from a
supercritical fluid to a superheated vapour, eventually becoming a gas when T falls below Tc.

CASE 4: In shallow and warm sediments, the CO, will not become a liquid, but will pass from a
supercritical fluid to a superheated vapour to a gas. Under this scenario the density and
viscosity of CO, will always decrease with decreasing depth, thus the rise rate of CO, increases
as it ascends through the sediment column. See the South East Asia (East Natuna Sea) and
Australia (North Western Shelf) case studies in Section 5.3.

5.1.2 Single-Phase and Two-Phase Flow

Here we examine in more detail the principal controls on the CO, rise rate. For a single phase
flowing through a porous media, such as CO, flowing through a sediment column, the flow
velocity is governed by Darcys law:

Uco, =~ a (Vp+pcozg) [Eq. 5.1]

o,

Where uco, is the flow rate of CO, (in m/s), K is the intrinsic permeability of the sediments
(typical range in values of ~107° to 10™? m?), pco, is the viscosity of CO,, (a function of T and P,
in Pa.s or kg/ms), Ap is the pressure gradient, pco, is the density of CO, (a function of T and P
in kg/m®), and g is gravity (9.8 m/s?). This equation is valid when the fluid is homogenous (a
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single phase), fluid flow is of seepage type (low flow rates, or more specifically low Reynolds
number), and the permeability of the porous phase is low (kK v1).

However, this equation does not account for the presence of the pore fluid. The presence of
more than one fluid generally inhibits flow due to occupation of pore space and the reciprocated
drag forces that the phases exert on each other. When two immiscible phases are present
(referred to as a wetting or liquid phase, and a non-wetting or gas phase) the flow is described
as two-phase, and in the case we are considering the flow of CO, (the non wetting phase) is
described by Darcys law with the addition of a relative permeability parameter, Kco, :

kK
o3 (9p+ peo,) [Eq. 5.2]
Hco,

Uco, =

Where Kco, is a multiplier (between 0 and 1, 1 representing single phase flow) which accounts
for the reduction in flow due to the mutual interaction of the CO, and the pore fluid. At the
simplest level, Kco, is a function of the proportion of pore space that the CO, phase occupies:

Keo, =(1—S*)2(1—S*2) [Eq. 5.3]
Where:
* (Sp _Spr)

5" = [Eq. 5.4]
(1_ Spr - SCOzr )

Where S, is the saturation of the pore fluid (the proportion of the pore-space occupied by the
pore fluid), Sy and Sco, are the residual saturations (the saturation below which the phase
becomes immobile) of the pore fluid and CO; respectively. Values of Kco, calculated according
to Egs. 5.3 and 5.4 are presented in Figure 5.1. It is noted that Kco, will depend on many other
sediment and fluid descriptors, including wettability, possible additional phases (e.g.
hydrocarbons), fluid viscosity, interfacial tension, flow rate and saturation history (Avraam &
Payatakes, 1995). However, a detailed discussion of two-phase and multi-phase flow is beyond
the scope of this report, and the reader is referred to the growing literature base addressing
multiphase flow with respect to CO, storage and leakage, and in particular with regard to the
development of fluid flow models such as TOUGH2 (e.g. Doughty, 2007). Here discussion is
limited to general points that can be clearly illustrated by the simple forms of these equations.

5121 Single Phase Flow & Preferential Flow Paths

For a given sediment column, single phase flow represents the fastest potential CO, flow rate.
As such, the existence of dry channels through the overburden (or a portion thereof) would act
as a conduit, leading to rapid migration of CO, through the overburden to the seafloor.

Subsurface leakage of gas from a poorly sealed hydrocarbon accumulation can efficiently dry
the sediments through which it travels, creating a ‘gas chimney’. These features can reach the
seafloor, creating a preferential flow path linking a leakage point (e.g. fault) directly to the ocean.
Gas chimneys can be recognized in seismic data as areas of poor quality data or push downs.
Indeed, seismic detection of chimneys is now being used to detect fluid migration pathways and
assess the sealing quality of faults in reservoir exploration (Ligtenberg & Connolly, 2003).

If a CO, storage facility has either a modern or paleo gas chimney located above it, then any
CO, that leaks from the reservoir may find the preferential flow pathway. This would not only
result in the fastest possible escape time for CO, to reach the seafloor, but would also bypass
secondary trapping mechanisms that would operate in water bearing sediments. As such, care
should be taken during site selection to assess the possible occurrence of methane seeps and
gas chimneys in the overburden.
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Detailed seismic surveying of the overburden, and in particular the upper ~100 m, is highly
unlikely to have featured as part of hydrocarbon exploration surveys. Furthermore, fluid
migration structures on reflection seismic data are often difficult to map manually, and subtle
features that are related to hydrocarbon migration are often overlooked (Ligtenberg & Connolly,
2003). Best Practice would therefore be to carry out a seismic survey of the overburden, and
to utilize advanced analytical tools in combination with other indicators of gas seepage to
assess potential flow paths (e.g. the ChimneyCube processing technique; Ligtenberg &
Connolly, 2003). Other potential expressions of shallow gas and gas seepage include seafloor
pock marks, seepage plumes in the water column, acoustic blanking, shallow enhanced
reflectors (e.g. Schroot et al., 2005), carbonate mounds (Naeth et al., 2005), and deep water
coral reefs (Hovland & Risk, 2003).

5.1.2.2 Two Phase Flow & Residual Trapping

In wet sediments, before leakage occurs the sediment column will be water saturated (S,=1),
and the residual saturation of CO; (Sco,) Will be zero. At the point of leakage, two-phase flow
will be initiated when the capillary entry pressure of the sediment is exceeded. This is called a
drainage process, where the non-wetting phase (CO,) is replacing the wetting phase (pore fluid).
Initially, the flow rate of CO, (uco,) will be low, and if the supply rate of CO, is sparse uco, is
likely to remain low. However, if there is a sufficient and continuous supply of CO, (where the
amount of CO; entering a unit volume of sediment from below is greater than that leaving it from
above), then the saturation of CO, (Sco,), the relative permeability of CO, (Kco,) and uco, will
increase over time (see ‘Slippery Plume’ curve in Figure 5.1). Eventually, the sediment column
will become saturated in CO, (Sco, = 1 — S;), at which point uce, is at its maximum value.
Should the flow of CO, into the sediment column cease (e.g. due to suspension of CO, injection
and reduction of reservoir pressure), then the behavior of the system will change, switching
from a drainage process to a wetting process (the wetting phase replacing the non-wetting
phase). As water re-enters the sediment column (due to the continuing upward flow of the CO,
already within the sediment column), the flow rate of CO, will slow. However, for a given water
saturation, the flow rate will now be slower than that experienced during the drainage phase
(see ‘Sticky Plume’ curve in Figure 5.1). This is due to residual trapping of CO, occupying pore
space, where a proportion of the CO, present in the sediment column at the point that the flux of
‘new’ CO; into the system ceases will become permanently trapped in the sediments.

Figure 5.1: The Relative Permeability of CO, as a Function of CO, and Pore Fluid Saturation.
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The efficacy of residual trapping (the proportion of total leaked CO, that is retained) depends on
the trapping cafacity of the sediments and the total volume of leaked CO,. For example, if we
consider a 1m® sediment column of 1000m depth with a porosity of 0.5, then for an Sco, of
0.25+0.05, the residual trapping capacity of the sediments will be 125+25 m? of CO,. Assuming
a water depth of 1000m, a bottom water temperature of 1°C and a geothermal gradient of
~0.03°C/m, this is equal to 116+23 tCO,. Order of magnitude calculations of trapping efficacy
for this example are shown in Figure 5.2. For slow leakage rates of ~10 tCO./yr (e.g. through
faults), all of the CO, would be trapped for leakage events lasting up to ~10 years. However, if
leakage is sustained over longer periods of ~100 to ~1000 years (highly likely as leakage at
such low rates is unlikely to be detected), then between 10% and 1% of the total leaked volume
would be retained via this mechanism. Similarly, for leakage rates of ~100 tCO,/yr (e.g. through
high permeability flow paths such as poorly sealed wellbores), 100%, 10% and 1% of the
leaked CO, would be retained for leakage events lasting ~1, ~10 and ~100 years respectively.

Figure 5.2: The Efficacy of Residual Trapping as a Function of Leakage Rate & Duration of Leakage
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5.1.3 CO,; Escape Times

Here we consider illustrative examples of CO, escape times, that is the period of time it will take
for CO, to travel from the top of a caprock seal to the seafloor.

As an order of magnitude calculation for the instantaneous flow rate at a particular point in
space and time, the driving force of the flow is the difference between the density of CO, and
the porefluid, and Eq. 5.2 can be approximated by (after equation 3 in House et al., 2006):

kKo, 9 (

Pco, = Ph,0 ) [Eq. 5.9]
Hco,

Uco, ® —
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Given the large range in values for the intrinsic permeability of seafloor sediments, the CO, rise
rate that will be observed for a given set of physical conditions is strongly dependent on this
parameter. This is illustrated in Figure 5.3 where rise parameters are given as a function of x
for the upper ~1000 m of a model sediment column. This simple model is based on a water
column depth of 1000 m, a bottom water temperature of 1°C, a geothermal gradient of 0.03°C/m,
and assumes a uniform seawater and pore fluid density of 1.04 g/cm®. This example also
assumes single phase flow with Keo, set to 1 (that is either transport through a dry or CO,

saturated sediment column), and thus represents maximum potential flow rates, and shortest
potential escape times.

Panel A shows the density (pco,) and viscosity (Uco,) of CO, as a function of depth in the
sediment column, and the rise rate (uco,) as a function of depth and x. For a given value of x,
the CO, rise rate decreases by a factor of ~2.9 from 1000 m depth in the sediments to the
sediment-seawater interface due to the decrease in buoyancy forcing and increase in viscosity
of CO; as it moves into colder sediments. For example, for a reasonable value of x for sandy
sediments of ~10™"® m? (-~102 md; Fetter, 1994) the rise rate slows from ~52 m/yr at 1000 m
sediment depth to ~18 m/yr in the upper 10 m of the sediment column. However, the migration
rate is a much stronger function of the value of x. For example, silts have a permeability

approximately two orders of magnitude lower than sands, with a Kk of ~10"° m? (~1 md; Fetter,
1994), thus the rise rate is also two orders of magnitude lower, decreasing from ~52 cm/yr at
1000m depth to 18 cm/yr in the upper sediments. As the permeability of marine sediments can
vary over at least 7 orders of magnitude, with & ranging from ~10"° m? to 10™? m?, (~10" to 10?
md; e.g. Bryant and Rack, 1990), the rise rate of liquid CO, may also vary over more than 7
orders of magnitude, ranging from significantly less than 1 mm/yr to 100s of m/yr. If we also
consider migration along high permeability flow paths such as poorly sealed wellbores,
degraded cement segments are likely to have permeabilities similar to high permeability
sediments, extending upwards to ~10"° m? for a 1 mm wide annulus (105 md; Celia et al.,

2004), thus a continuous narrow annulus would result in extremely rapid migration rates on the
order of 10s of km/yr, or 100s m/day.

Panel B shows the estimated time that it would take for CO, to migrate through the upper
1000m of sediments and escape into the ocean as a function of k. For a k¥ of 10'15, 10'14, 1013
and 107", the escape times are 3130 yrs, 313 yrs, 31.3 yrs (31 years 111 days), and 3.13 yrs (3
years 48 days) respectively. Thus CO, leakage through low permeability sediments such as silts
is relatively slow, taking on the order of 1000 years or longer. However, migration through high

Figure 5.3: Rise parameters for buoyant CO, migrating upward through the sediment column. All calculations are based on a water depth
of 1000 m, a bottom water temperature of 1°C and a geothermal gradient of 0.03°C/m. It is assumed that 1 m depth is equal to 1 dbar pressure.

| (A) CO, density, viscosity and rise rate as a function of depth in the sediments. | (B) Total time taken for CO, to ascend through
Rise rate is shown for a range of k, the intrinsic permeability of the sediments. 1000 m of sediments as a function of the
intrinsic permeability K.
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permeability sandy sediments or via a high permeability pathway (e.g. associated with degraded
cement segments along a wellbore) could result in delivery of CO, to the seafloor on a years to
decades timescale. For leakage along a narrow annulus, delivery times would be substantially
shorter, on the order of 1-2 weeks.

5.2. Hydrate Trapping

Gas hydrates are ice-like solid phases that form at low T and high P in a reaction between the
‘host’ water molecules and ‘guest’ gas molecules. CO, readily forms a gas hydrate, where the
stability conditions for CO, hydrate are reasonably well known, and overlap significantly with
expected T, P conditions in the upper layers of cool/deep sediments. Thus in cool marine
sedimentary basins deeper than two or three hundred meters, CO, migrating upwards through
the sediment column will move into a T, P regime where hydrate formation is possible (e.g.
Koide et al., 1995). The formation of CO, hydrate in the sediment column would limit, and may
even prevent, CO, escape to the ocean.

The reaction for CO, hydrate formation is:
COQ + anO > COQ'nHQO [Eq 56]

Where n is the hydration number (average moles of water required to cage one mole of CO,).
In a perfect crystalline hydrate (full cage occupancy) n will be 5.75, but typically varies from 6.1
to 7.8 (Yamamuro & Suga, 1989; Sloan 1991; Uchida et al. 1995), i.e. CO, hydrate formation
requires an approximate ratio of 6-8 moles of water to 1 mole of CO,. Therefore in addition to
high pressures and low temperatures, CO, hydrate formation also depends on the extent of CO,
saturation, requiring the presence of a free CO, phase (liquid or gas) to generate and sustain
(super)saturated conditions in the aqueous phase.

CO, hydrate has a density of 1.054-1.143 g/cm3 (Chen, 1972; Bozzo et al., 1975; Uchida et al.,
1995; Aya et al., 1997; Circone et al., 2003; Rehder et al., 2004). Thus unlike CH, hydrate, CO,
hydrate is more dense than the expected density of pore fluids or seawater. This means that
any CO, hydrate formed in the sediment column or at the sediment-seawater interface is
gravitationally stable, and does not rely on the overburden or cementation of sediment grains to
hold it in place.

This section explores in more detail the potential for hydrate trapping in the overburden.
5.2.1 Hydrate Trapping & Capping — a Self Sealing System?

When CO, migrating upwards through the sediment column enters the hydrate stability zone,
CO, hydrate will begin to precipitate. These hydrate particles will block pore spaces, reducing
the permeability of the sediments and impeding further upwards flow of buoyant liquid or
gaseous CO,. Indeed, the hydrate could create an impermeable ‘cap’, effectively trapping
buoyant liquid or gaseous CO, below. The CO, hydrate may also cement sediment grains,
increasing the mechanical strength of the sediment, and potentially forming a cap capable of
withstanding a significant build-up of pressure beneath the hydrate layer.

The potential of CO, hydrate to act as a cap capable of preventing leakage of CO, to the ocean
has recently gained significant interest, with a number of researchers examining the possibility
of CO, storage under a self forming hydrate layer in deep-sea sediments (e.g. Koide et al.,
1996; Camps et al., 2006; House et al., 2006; Someya et al., 2006). These studies provide a
direct analogue for a leakage or seepage event, in that they require injection of CO, into
sediments at a depth beneath the hydrate formation zone, where the CO, then migrates
upwards into cooler sediments where hydrate formation is possible. In the general model
(summarised from House et al., 2006) the assumption is that hydrate formation will start as soon
as upwardly migrating CO, enters the hydrate formation zone, resulting in the formation of an
impermeable barrier. Additional CO, flowing up beneath this ‘cap’ would then be forced to
spread laterally. As the CO, flows laterally, the hydrate cap will grow, where the hydrate cap
will be stable as long as it is in contact with CO, or CO, saturated pore fluid. Should the CO,
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supply cease (e.g. cessation of leakage or cessation of injection in the direct storage case) the
hydrate cap is therefore expected to remain intact until the trapped plume of CO, has fully
dissolved. As the plume (followed by the hydrate cap) dissolves, the surrounding pore fluids will
become saturated in CO, and will sink (as they are more dense than either liquid CO, or the
pristine pore fluids). Thus formation of a hydrate cap followed by dissolution dissipation of the
trapped CO; is expected to prevent any transport of CO, to the seafloor.

Research in this area is at an early stage, and further studies should be encouraged. In
particular, the current simple models need to be developed to include the complexity of the real
system and differences between the leakage case and direct storage need to be explored. The
most important question is whether or not CO, hydrate formation will prevent leakage to the
ocean. This is likely to depend on the supply rate of CO,, the permeability of the sediments,
and the thickness of the potential hydrate formation zone, among other factors (e.g. Liu &
Flemings, 2007). As highlighted by Camps et al. (2006), although there have been numerous
studies on CO, hydrate, few merge sediments, water of appropriate salinity, and conditions
appropriate to geological storage. The principal factors that will exert a strong influence on
hydrate formation (and the prediction thereof) are discussed below.

5.2.2 Small Scales — Hydrate within Pore Spaces

The initial permeability of the hydrate free sediments may exert a strong control on whether or
not an impermeable barrier is formed (Liu & Flemings, 2007). The capillary entry pressure of a
sediment is inversely proportional to the square root of the permeability, thus a hydrate free

sand (k ~10™" m?) has a capillary entry pressure 10 times lower than a hydrate free silt (k£ ~10"
15 m2). As hydrate is formed, permeability decreases and the capillary entry pressure increases,
where for the same amount of hydrate formation silt will experience a greater increase in
capillary pressure than sand (Liu & Flemings, 2007). Thus not only is the initial permeability
lower for silt, the decrease in permeability is more rapid, and an impermeable barrier (high
capillary entry pressure) will be formed more readily. Indeed, in their model of CH, hydrate
formation in marine sediments Liu & Flemings (2007) predict that hydrate formation in coarse-
grained sandy sediments cannot form an effective capillary barrier to upward migration of free
gas. Although the same conclusion cannot be simply extrapolated to CO, hydrate formation
(due to the different properties of CH, and CO,, such as the interfacial tension with water), the
possibility of a sediment permeability threshold above which CO, hydrate formation cannot form
an impermeable barrier should be explored.

As recognised by Camps et al., (2006) there is a need for more information on the impact of
CO, hydrate formation on sediments. This includes determining whether hydrate will form in the
centre of pores or on grain surfaces (pore filling results in a more rapid decrease in permeability
than pore coating; Kleinberg et al., 2003), whether it will cement grains thereby increasing the
strength of the sediment, and ultimately whether precipitation will indeed create an effective
impermeable barrier to upward CO, migration. It may also be important to consider whether the
state of the CO, influences hydrate precipitation (Camps et al., 2006). For example, there may
be differences in the nature of the hydrate when formed purely from dissolved CO, (i.e. in water-
saturated rock or sediments adjacent to any CO, ‘pool’), compared to that formed from within
the CO,-rich phase (i.e. within the CO, ‘pool’).

To gain some insight into these processes, Camps et al., (2006) conducted a series of
laboratory-based studies examining CO, hydrate formation within synthetic sandy sediments
under seawater-saturated and seawater-poor conditions.  Cryogenic scanning electron
microscopy revealed that complex hydrate fabrics were formed. Where CO, was abundant, but
water was limited, hydrate appears to cement the sediment grains together, filling inter-granular
pores, and in some larger pores forming crystals of ~100um in size. In water-rich areas of lower
CO, abundance, hydrate appears to form in the centre of the pores. The formation of complex
dendritic crystals of halite disseminated within the hydrate suggests that in some areas hydrate
growth was sufficiently fast that Na and Cl ions were not able to diffuse away from the growth
front. The experimental results also indicated that a very thin (~2mm) hydrate layer was enough
to impede flow of CO,, at least over timescale of days to weeks, supporting the concept that a
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relatively thin ‘cap’ of CO, hydrate may be able to trap a slightly buoyant pool of liquid CO,
beneath it (Camps et al., 2006).

5.2.3 Influences on CO, Hydrate Stability in the Sediment Column

Most studies examining CO, hydrate formation as a potential trapping mechanism compare
expected T,P conditions in the sediment column to stability fields for pure CO, hydrate in the
bulk phase, either based on a fit to data for CO, hydrate in seawater or model calculations for
CO; hydrate in 3.5 wt% sodium chloride (NaCl). Indeed, this is the approach taken in the case
studies presented later in this Chapter. While these simple comparisons are valuable in that
they provide a broad picture for the potential to form hydrate, the results must be treated with
caution. Firstly, all model predictions carry some error (e.g. Ballard & Sloan, 2004). Secondly,
P, T conditions that define a hydrate-gas-water or hydrate-liquid-water equilibrium curve will
depend on dissolved ion and trace gas concentrations (Sloan, 1990). Thirdly, the actual
hydrate stability in sediment pore spaces may differ considerably from the predicted bulk phase
stability (e.g. Llamedo et al., 1997). Finally, the supply rate of CO, is likely to exert a strong
control on the location of hydrate formation in the sediment column in relation to the predicted
hydrate stability zone (e.g. Liu & Flemings, 2007). The variation introduced by these
parameters is significant and will not only impact the depth to which hydrates are stable in the
sediment column, but may be the controlling influence on whether or not hydrate formation
prevents CO, escape to the ocean. These considerations should therefore be kept firmly in
mind when examining the simple models of hydrate prediction presented later in this Chapter.

523.1 Hydrate Stability Prediction Programs

There are a variety of programs available to predict hydrate stability. For an assessment of five
of the most frequently used programs (CSMHYD, CSMGem, DBRHydrate, Multiflash and
PVTSim) see Ballard & Sloan (2004). In a comparison to experimental data, these authors
found CSMGem to be the most accurate, where the most notable differences between
CSMGem and the other programs are for CO, and CH, single hydrates (Ballard & Sloan, 2004).
All of the programs under- or over-predict the effect of adding an inhibitor such as NaCl on
hydrate stability. However, for nearly all inhibited systems, CSMGem predicts the data with less
error than the other programs (Ballard & Sloan, 2004).

The upper panel of Figure 5.4 presents a comparison of the stability fields for CO, and CH,
single hydrates in 3.5wt% NaCl predicted by CSMHYD and CSMGem. The plotted lines show
the hydrate-gas-water (for CO, and CH,) and hydrate-liquid-water (for CO,) equilibrium curves,
where hydrate is stable below and to left of the line (low temperature, high pressure). It can be
seen that while the models agree well at low pressure (up to ~300 and ~600 dbar hydrostatic
pressure for CO, and CH, hydrates respectively), at higher pressures the models diverge, with a
difference in T of ~1°C for a given P. For a typical geothermal gradient of ~0.03°C/m, this is
equivalent to a difference in the predicted depth of hydrate formation of ~30m.
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Figure 5.4: Hydrate stability curves for pure CO, and pure CH, hydrate. Upper panel - a comparison of
two models, CSMGem and CSMHYD. Lower panel - the inhibitory effect of salt on hydrate formation.
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5.2.3.2 The Effect of Inhibitors

Addition of dissolved ions to water (salinity) shifts the hydrate equilibrium curve such that the
hydrate will form and/or dissociate at a lower T for a given P, i.e. hydrate in salt water is less
stable than hydrate in pure water. Most evaluations of CO, hydrate formation in the sediment
column assume that pore fluid salinity is well approximated by 3.5 wt% NaCl solution. Similarly,
the approach taken in the case studies presented in this Chapter is to assume that pore fluid
salinity approximates to seawater salinity. However, pore fluids are chemically distinct from
seawater due to processes such as fluid flow, diagenetic reactions, and ionic diffusion. In near
coast sediments there may be a significant influx of meteoric (rain) waters through coastal
aquifer systems, and pore fluid salinity may be near zero. Sedimentary diagenesis can
significantly change the ionic composition of the pore fluids. For example, organic matter
degradation proceeds via oxic respiration, denitrification, Fe-Mn oxide reduction, sulphate
reduction and methanogenesis, and the porewaters become depleted in O, and S0,%, deficient
in Ca®" and Mg®" (via carbonate precipitation), enriched in NH," and various trace metal ions
and elevated in Br, and enriched in the trace gases H,S and CH, (see below for further
discussion of the influence of trace gases on hydrate stability). Furthermore, salt rejection
during hydrate formation in confined sediment pore-spaces will also increase the ionic strength
of the porewaters in proportion to the volume of hydrate formed. Thus actual conditions may
range from near zero salinity to hypersaline, where not only the total ionic strength but also the
ions present in solution may be significantly different to seawater.

For methane hydrate it has been shown that hydrate stability is dependent on the activity of

water in the solution, which can be calculated if the ionic composition of the solution is known
(Dickens & Quinby-Hunt, 1997). Thus predictions of hydrate stability in simple ionic solutions
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such as NaCl can still be used if the concentration of NaCl is chosen to reflect the water activity
(rather than the ionic strength) of the pore fluid. The lower panel of Figure 5.4 shows a
comparison of the hydrate stability curves for CO, and CH, hydrate in pure water, 3.5 wt% NaCl
and 10 wt% NaCl as predicted by CSMGem. The activity of water in these solutions is
equivalent to oxic water/seawater with salinities of 0, 31.5 and 97.7 (following the methods
described in Dickens & Quinby-Hunt (1997)). The strong inhibitory effect of salt on hydrate
stability can be clearly seen. For a given P in the CO, hydrate-liquid-water system, the addition
of 3.5 wt% NaCl decreases the temperature of hydrate formation by ~2°C in comparison to the
pure water system. Increasing the salt concentration from 3.5 wt% to 10 wt% (e.g. by
consuming ~2/3rds of the water) decreases hydrate stability by a further ~4°C. This implies that
(in a closed system) there may be a salinity-imposed limit to hydrate growth, as the expulsion of
salts during the crystallization process increases the concentration of salts in the remaining pore
waters to a point beyond which continued formation of gas hydrate cannot be sustained.

5233 The Effect of Capillary Inhibition

As noted above, the models and data used to predict potential hydrate formation in the
sediment column are typically based on the bulk (unconfined) phase. However, hydrate stability
conditions in confined pore spaces can be significantly different. In tight capillaries, the high
curvature of phase interfaces results in a higher fugacity and chemical potential of components.
This can cause a significant shift in the T,P conditions at which solid-liquid transitions occur with
respect to bulk (unconfined) conditions. The magnitude of this shift depends on numerous
factors, including pore radius, pore shape, phase contact angles, and surface properties.
Indeed, capillary inhibition of hydrate stability in narrow pores is considered a possible
explanation for reported differences between predicted (from bulk data) and actual CH, hydrate
stability zones in marine sediments (e.g. Clennell et al. 1999; Henry et al. 1999). For an
accessible discussion of the effect of capillary inhibition on hydrate stability the reader is
referred to Llamedo et al. (2004).

5234 The Effect of Minor/Trace Gas Components

Incorporation of traces gases (e.g. CH4, HoS, N,) into the hydrate lattice will also displace the
hydrate equilibrium curve. Whether the shift is such that the hydrate will form and/or dissociate
at a higher or lower temperature is dependent on the gas or combination of gases added.

As discussed in Chapter 3, many compounds, including hydrate forming gases, will
preferentially partition into a CO; rich phase (gas, liquid or hydrate). Thus the conditions under
which hydrates can or will form (in either natural systems or in the case of leakage/seepage)
may differ considerably from those for the pure CO, phase. The effects exerted by three
hydrate forming gases N,, CH, and H,S are discussed below. These gases were chosen for
illustrative purposes as (1) all three gases are common components in naturally occurring CO,
vent systems, which provide potentially valuable analogues to leakage/seepage events (see
Section 5.2.4); (2) in the case of leakage or seepage, it is reasonable to suppose that the CO,
may well contain minor amounts of CH, and H,S (see Chapter 3 Section 3.4.4.2).

Calculations of incipient hydrate formation temperatures (Thyqgrate) for various mixtures of CO,
with the hydrate forming gases N,, CH, and H,S are presented in Figure 5.5. All calculations
were carried out by Dr. Keith Hester using the Colorado School of Mines Gibbs energy
minimization program (CSMGem; Ballard & Sloan, 2003). To approximate seawater, a salt
content of 3.5 wt% NaCl in the water phase was used. Note these calculations are based on
the mol% additional gas in the hydrate phase — not in the precursor gas phase.

Figure 5.5a shows the hydrate stability curves for the single hydrate phases, and Figure 5.5b
shows the curves for binary mixtures of 95% CO, + 5% trace gas. Comparison of these curves
demonstrates that the stability of a mixed gas hydrate cannot be simply derived from the
stability of the individual hydrate phases. Nevertheless, the influence exerted by including a
minor component in a CO, mixture does broadly correspond to the relative stability of the
individual hydrate phases, where the addition of H,S strongly stabilizes the CO, hydrate, while
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the addition of CH, and N, exert little effect at low pressures and are moderately stabilizing at
higher pressures.

The influence of trace gas content and composition was then examined by considering a variety
of gas mixtures (binary, tertiary and quaternary, with total trace gas contents of 0-20%) at two
fixed pressures, 2.5 and 10MPa, roughly equivalent to 250 and 1000 m total depth. In simple
binary mixtures, the addition of 1-20 mol% of either CH, or N, (the most common secondary gas
components in natural CO; rich vents, see Table 3.1 in Chapter 3) results in a destabilization of
the hydrate phase at 2.5 MPa, reducing Thygrae by 0.0-0.3°C and 0.1-1.7°C respectively (Figure
5.5c). Conversely, at 10 MPa the presence of these gases increases hydrate stability (Figure
5.5d). For N, a poor hydrate former, the effect is minor, with an increase in Thygrate 0f 0.6°C at 5
mol%. For CHy, the effect is more significant, with an increase of 0.6°C at 1 mol%, and 2.0°C at
20 mol%. The inclusion of a small amount of H,S, a particularly strong hydrate former, leads to
a more stable hydrate phase at both pressures, where addition of 1-5 mol% increases Thygrate DY
2.1-6.0°C at 2.5 MPa and 2.2-6.2°C at 10 MPa.

In more complex mixtures (Figure 5.5e-h), the combined addition of CH, and N, has an effect
intermediate between the single additions of these gases, where the addition of 1-20 mol% CH,
+ N, lowers Thygrate by 0.0-0.9°C at 2.5 MPa and increases Thygrate by 0.4-2.5°C at 10MPa.
When H,S is added, the effect of this strong hydrate former is dominant.
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Figure 5.5: The effect of trace gas (N,, CH,, H,S) content on CO, hydrate stability.

(a) & (b) - hydrate stability curves for single phase hydrates and simple binary mixtures; (c), (e) & (g) - hydrate stability
as a function of trace gas content for binary, tertiary and quaternary mixtures at 2.5 MPa; (d), (f) & (h) - hydrate stability

as a function of trace gas content for the same mixtures at 10 MPa.
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These calculations underline the large differences in CO, hydrate stability that arise from the
consideration of additional minor gas components, in particular the stabilising effect exerted by
the presence of H,S. Given the efficiency of both supercritical and liquid CO, as solvents, a
significant partitioning of species such as H,S into the CO, phase can be expected to occur,
both within the storage reservoir, and as the CO, ascends through the sediment column. Note
also that the stability data considered here are quoted in terms of the proportion of gases
present within the hydrate structure, where to achieve an H,S content of 5 mol% in the hydrate
requires a feedstock with a significantly lower concentration of ~0.5 mol%. Thus current models
considering a pure CO, phase are likely to under predict the extent of the hydrate stability zone.

5235 The CO, Supply Rate

The rate at which the CO; is supplied to the hydrate formation zone is also likely to exert a
strong influence on where, when and how much hydrate is formed. For example, at high flow
rates equilibrium conditions may not be met, and hydrate formation could become limited by the
availability of water, or inhibited by an increase in salinity. For example, Liu & Flemings (2007)
model of CH, hydrate formation indicates that under high gas flux conditions, rapid hydrate
formation consumes water and increases salinity, inhibiting further hydrate formation, and
allowing the transport of free gas upwards through the hydrate stability zone. Thus in the event
of leakage at fast rates, it might be expected that both salinity and CO, hydrate concentration
will increase upwards from the base of the hydrate stability zone to the seafloor, with delivery of
the free CO, phase to the ocean (c.f. Liu & Flemings, 2007). In general, there is a need to
develop dynamic models of CO, hydrate formation within the sediment column that account for
the various factors discussed above, in addition to other parameters such as the possibility of
pore fluid advection, which may also significantly perturb the base of the hydrate stability zone.

5.2.4 A Potential Analogue: Hydrate Formation at Natural Vent Sites

Natural CO, hydrate deposits have been observed at a number of locations, including Minami-
Ensei Knoll (695-705m), Iheya North Knoll (970m), Yonaguni Knoll IV (1370-1385m), the JADE
hydrothermal field (1300-1450m), and Hatoma Knoll (~1500m) in the Okinawa Trough, and
have been inferred to exist in the subsurface at the Champagne Vent site (1604m) on the
Mariana Arc (for site locations and composition of the CO, phase see Chapter 3, Figure 3.1,
Figure 3.2, and Table 3.1, for further site information see Appendix 3.A).

At Minami-Ensei Knoll (695-705m) CO, rich droplets emerge from the sandy seafloor and
mussel beds among crowded hydrothermal chimneys (Hashimoto et al., 1995). CO, hydrate
has also been observed at the seafloor in this region, where the hydrate texture is described as
a ‘sherbet-like’ substance (Chiba et al., 1992; Hashimoto et al. 1995). The hydrate material was
seen to intermittently emerge from the seafloor and rise up through the water column, where
this phenomenon decreased with increasing distance from the most active vent (Hashimoto et
al. 1995). The description of the hydrate fabric and its positive buoyancy strongly suggests that
buoyant CO;, liquid is trapped inside void spaces within the hydrate, or that the ‘hydrate’ material
is actually formed through the amalgamation of hydrate coated droplets.

Chiba et al., (1996) report the occurrence of CO, hydrates at the seafloor at Iheya North Knoll
(970m), with no mention of CO, venting as a discrete phase, suggesting that the hydrate may
well form a barrier to flow in this region.

At Yonaguni Knoll IV (1370-1385m), small liquid CO, droplets emerge from the seafloor in the
immediate vicinity of two black smoker chimneys, with a hydrate formation zone some distance
from the vent sites (Inagaki et al., 2006). First descriptions of the possible presence of CO,
hydrate in the subsurface at this site reported ‘bubbles’ from gas hydrates being released from
the sediment after sampling it with a corer (Fujikura et al., 2001, Glasby & Notsu, 2003). A later
study established the existence of a CO, hydrate layer in the shallow subsurface, where this
layer traps a pool of liquid CO, beneath it (Inagaki et al., 2006). The ‘CO,-hydrate-zone’ is
located approximately 50m down-slope from the black smoker chimneys and covers an area of
~200m? (Inagaki et al., 2006). The zone is characterized by a thin sediment cover (~5cm), with
abundant white patches and pavements, and a temperature gradient increasing from 3.9°C at
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the sediment-seawater interface to 9.9°C at 35cm sediment depth (at the in-situ pressure, CO,
hydrate formation can occur at temperatures less than 10°C). Small CO, droplets were seen to
emerge from cracks in the pavement, and coring of the material confirmed the presence of a
thin CO, hydrate layer of less than 10cm thickness beneath the sediment cover. When the
hydrate layer was punctured by the collection of the sediment core, a continuous emission of
liquid CO, was observed from the cored hole, indicating that the hydrate layer was acting as a
cap with a pool of buoyant liquid CO, trapped beneath.

At the JADE site (1300-1450m) CO, liquid droplets are expelled to the ocean through hydrate
pipes that grow out of the sediments (Sakai et al., 1990). Sakai et al. (1990) and Hou et al.
(1999a,b) suggested that an impermeable CO, hydrate layer forms beneath the seafloor in the
vicinity of these hydrate pipes, where this hydrate layer was assumed to act as a trap. However,
Glasby & Notsu (2003) argued that temperatures in the sub-surface are likely to be too high for
CO, hydrate to form as this site occurs in close proximity to a black smoker discharging
hydrothermal fluids at a temperature of 320°C. Nevertheless, Sakai et al. (1990) report a
temperature of 3.8°C at the sediment-seawater interface, with a temperature gradient of
~0.8°C/cm, indicating that hydrate formation would be possible in the upper 8cm of the
sediments where temperatures are below 10°C. They suggest that leakage of droplets through
the impeding hydrate layer occurs when the seal is ruptured, most likely due to shifts in
hydrothermal fluid circulation patterns leading to elevation of the 10°C isotherm, where this
hypothesis is consistent with the general observation that seepage of CO, is occurring in areas
of high heat flow (Sakai et al., 1990).

At the Hatoma Knoll site (~1500m) both CO, venting and hydrate deposits at the sediment-
seawater interface have been observed, with small droplets of CO, leaking through the hydrate
layer (Shitashima & Maeda, 2005 and personal communication).

A photograph of the hydrate deposit outcropping at the seafloor in close proximity to a clam bed
is shown in Figure 5.6 (reproduced by kind permission of Shitashima-san). It can be seen that
the hydrate outcrops in close proximity to a healthy clam bed. Galatheid crabs can also be
seen on the clam bed and sediment surface close to the hydrate deposit.

Figure 5.6: CO, Hydrate outcropping at the
seafloor, Hatoma Knoll, Okinawa Trough.
Photograph reproduced by kind permission
of Shitashima-san.
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More recently, Lupton et al. (2006) hypothesized the existence of a CO, hydrate layer in
sediments at the Champagne vent site, NW Eifuku, on the Marina Arc. At this site CO, droplets
were seen to emerge out of crevices in the seafloor, where the flux of droplets increased
dramatically whenever the seafloor was disturbed. Lupton et al. (2006) interpret this
phenomenon as being consistent with the presence of a layer of liquid CO, beneath the

surface capped by an impeding layer of CO, hydrate. Careful probing of the sediments in this
region give temperatures less that 4°C, consistent with the presence of CO, in either the liquid
or hydrate states (at the in-situ pressure, CO, hydrate formation can occur at temperatures less
than 9°C).

Figure 5.7 shows a simple cartoon illustrating the formation of an impeding hydrate cap in these
environments, and comparing it to expected conditions in a non hydrothermal ‘leakage’ location.
The natural vent sites span a range in bottom depths from ~700m to ~1600m, with cold ambient
bottom water temperatures of 1-4°C. As such these sites provide a reasonable analogue for
deep waters overlying a storage reservoir.

104



Figure 5.7: Schematic diagram comparing hydrate formation and distribution at deep water CO,
vent sites to potential leakage sites. The general case considered is for a water depth of 1000m and
a bottom water temperature of 2°C, with a geothermal gradient of 0.03°C/m at the leakage site.
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depth of the ~9°C isatharm, which will sceur a1 relatively
constant depth in the sediment.

The limit of hydrate formation is dependent on the poaling
of CO, beneath the hydrate layer, which reflects a balance
between supply from below and loss through CO,
dissolution and hydrate formation.

, The hydrate’ fabric may include or be dominated by
hydrate coated liquid CO, droplets. Water supply may be
mass transpo limited. Hydrate coated channals could
Form, allowing CO, 1o flow upwards and either...

_..emerge a8 & stream of small regulary sized hydrate
coated CO, droplats, or...

- form mare hydrat o in the upper
andior oulcropping at the sediment-seawater interface.

However, the difficulty in drawing direct comparisons to these sites arises from the difference in
thermal regime when compared to the regime expected in sediments overlying a storage site.
All of these sites are associated with hydrothermal activity, and are characterised by both high
and spatially variable heat flow in the sediment column. As such, the hydrate stability zone will
also be spatially variable and generally shallow, most likely limited to the sediment-seawater
interface in near proximity to the hydrothermal vents.

In contrast, for a ‘leakage’ site at the same water depth, rising CO, will enter the hydrate
formation zone at considerable depth. Indeed, when considering the liquid CO,-hydrate stability
curve, the base of the hydrate formation zone will likely always occur at significant depth in the
sediment (due to the generally low temperature of ocean bottom waters). For example, if we
consider a shallow water column of 500m with a relatively warm bottom water temperature of
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~5°C, and a comparatively high geothermal gradient of 0.04°C/m, then the base of the hydrate
stability zone (~8°C in this case) occurs at the still considerable depth of ~75m. However, by
comparison to disseminated and massive methane hydrate deposits, the formation of flow
pathways through the hydrate is conceivable (for example, hydrate coated pipes, where liquid
CO; flowing through the pipe does not come into contact with water), delivering liquid CO, into
upper levels of the sediments and potentially to the ocean. Under these circumstances CO,
hydrate may well extend throughout the potential hydrate formation zone, and potentially
outcrop at the seafloor.

Despite the difference in thermal regimes, observations of CO, behaviour at vent sites
(particularly in the far field region at some distance from a high temperature vent) seem likely to
provide information regarding hydrate formation that would be of considerable relevance to a
leakage/seepage event. Of particular interest would be a detailed analysis of hydrate
composition, fabric, and distribution in the sediments, and how these relate to the composition
of the CO, feed liquid and the CO, supply rate. Although the base of the hydrate formation
zone is likely to be shallow at these sites (even in the far field), that nearly all observations
report droplets emerging through the hydrate cap and overlying sediments suggests that
leakage of CO, can still occur, albeit at a slower rate, in areas where hydrate formation is
possible. A cross site comparison of the depth of the hydrate stability zone, the thickness of the
hydrate cap and the rate at which CO, is leaking through the cap, may provide valuable
information regarding the conditions required (e.g. minimum thickness of hydrate cap, maximum
limit on CO, supply) to prevent CO, leakage.

5.3 Case Study Examples

The analysis presented in Chapter 1 identified Japan, South East Asia (Natuna), Australia
(Gorgon), and Western Europe as key regions where sub-seafloor storage of CO; is either in
the active or planning stage. The phase behaviour and possibility of secondary trapping
mechanisms operating in the sediment column in these regions is discussed below and
summarised in Table 5.1. In all cases, water column depth and temperature profiles were
extracted from the BODC (British Oceanographic Data Centre) and NODC (National
Oceanographic Data Center) data bases.

For each region, typical water and sediment column T-P profiles are presented overlaid on a
CO, phase diagram. Figure 5.8 provides the colour key to all phase diagrams in this section,
where different keys are used to define the CO, phase space in the water column and the
sediments. The hydrate stability zone is based on a simple fit to stability data for bulk phase
CO, hydrate in seawater (Ohgaki et al., 1993; fit of type P = exp(a + b/T). For a comparison of
this stability curve to those predicted by CSMHYD and CSMGem, and a discussion of the
sources of uncertainty in this simplistic model of hydrate behaviour, see Section 5.2.3 above.
Also shown are the changes in CO, viscosity and density as a function of depth (for the free
CO, phase, i.e. supercritical fluid, liquid, superheated vapour and gas phases). T-P profiles and
the corresponding viscosity and density of CO, are described by solid black lines, with
uncertainties arising from a difference in geothermal gradient of +0.01°C/m shown by dashed
black lines. The seawater-sediment interface is marked by a thick horizontal brown line, with
500m depth intervals in the sediment column marked by dashed brown lines. The dark blue
vertical line on the density plots marks the range of expected seawater density.
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Figure 5.8: CO, phase diagram colour key for case study examples.
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Each case study profile is categorized according to the buoyancy regime (CASE 1-4 scenarios
described in Section 5.1.1) and the potential to form hydrate: In brief, hydrate formation is
possible in all CASE 1 and CASE 2 sediments, and in cold and shallow CASE 3 sediments.
Hydrate formation is not possible in warm CASE 3 sediments and all CASE 4 sediments.

CASE 1: The upper few hundred metres of these cold deep sediments will lie within the
hydrate stability zone. Thus CASE 1 sediments will benefit from both buoyancy and hydrate
trapping mechanisms.

CASE 2: If CO, remains in the liquid phase at the sediment-seawater interface, then the
conditions will typically be such that they also fall within the hydrate stability zone. Thus
although CASE 2 sediments do not benefit from buoyancy trapping, they do benefit from a
gradually slowing migration rate and the possibility of hydrate trapping.

CASE 3: In warm CASE 3 sediments, temperatures are too high for hydrate formation. See the
Australia (North Western Shelf), and North West Europe (North Sea) case studies below.
However, in very cold shallow CASE 3 sediments, the upper sediments can lie within the
hydrate stability zone. See the North West Europe (Barents Sea) case study below. In this case,
the CO, crosses the liquid to gas transition before entering the hydrate stability zone.

CASE 4: Hydrate formation is not possible in any CASE 4 type sediments.
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50°

5.3.1 The Sea of Japan b2

The offshore region to the north west of
Honshu is the most likely target for sub- 40°
seafloor storage in this region. This area
includes the only Category Il Rank 1
aquifers located in Japanese waters 3s°
(anticlinal structure, technical capacity >
50 Mt/CO,, distance to source < 50 km).
Here we consider 3 profiles in a north-west
transect extending offshore from Honshu
into the progressively deeper waters of the
Sea of Japan (see map opposite). T-P
conditions and CO, behavior as a function 25° -
of depth are shown in Figure 5.9. The 125° 130° 135° 140° 145° 150°
water column profiles are from April 2002 (NODC, originators Japan Meteorological Agency). A
geothermal gradient of 0.03+0.01 °C/m was assumed.

30°

P1: Water depth 982 m. CASE 2 scenario — CO, remains a buoyant liquid throughout the
sediment column. Density and viscosity maxima at the sediment-water interface are 0.98 g/cm3
and 114 pPa.s respectively. For x of 107, this gives a rise rate in near surface sediments of
~15 m/yr. Hydrate formation is possible, with a potential hydrate layer thickness of 303 m.

P2: Water depth 1822 m. CASE 2 scenario — CO, remains a buoyant liquid throughout the
sediment column. Density and viscosity maxima at the sediment-water interface are 1.02 g/cm®
and 129 uPa.s respectively. For « of 10", this gives a rise rate in near surface sediments of ~4
m/yr. Hydrate formation is possible, with a potential hydrate layer thickness of 315 m.

P3: Water depth 2368 m. CASE 1 scenario — CO, reaches the point of neutral buoyancy at a
depth of 9 m in the sediment column. This provides an effective buoyancy cap, and in the
absence of other disturbance, CO, will not leak to the ocean. Hydrate formation is possible,
where the hydrate stability zone extends to 321 m depth in the sediment column. Allowing for
the buoyancy cap, this gives a potential hydrate layer thickness of 312 m.

JAPAN SUMMARY: Cold deep waters occur relatively close to shore and secondary
trapping mechanisms will operate at all locations along this transect. Hydrate formation

Table 5.1: The potential for buoyancy and hydrate trapping in regions where storage is occuring, or is likely to occur in the near future

Profile Location The Sediment-Seawater Interface The Sediment Column
c Hydrostatic Bottom Geothermal | Buoyancy Point of Neutral Buoyancy Hydrate Stability Zone
o Lat Lon Depth Salinity . : - —
=) Pressure Water T Gradient Scenario | .., Depth Thickness Depth Thickness
& (N} (°E) (dbar) (m) (°C) (PSS'78) (°C/m) (g/lem?®) (m) (m) (m) (m)
P1 375 1382 992 982 0.25 34.1 0.03+0.01 CASE 2 1285 303
c 1208 - 1440 226 - 458
g P2 382 1377 1844 1822 0.20 34.1 0.030.01 CASE 2 2137 315
© 2057 - 2296 235 - 474
- P3 388 137.2 2400 2368 0.23 34.1 0.030.01 CASE 1 1.039 2377 9 2689 321
2374 - 2386 6 - 18 2609 - 2850 241 - 482
'g P1 37 109.9 85 84 211 34.2 0.045+0.01 CASE 4
<
% P2 74 109.9 1413 1400 3.3 34.8 0.045+0.01 CASE 2 1536 136
1511 - 1575 111 - 175
8
< P1 -21.0 1156 17 17 215 35.3 0.03+0.01 CASE 4
<
s
g P2 -20.5 201 200 10.0 35.3 0.030.01 CASE 3
8 P1 590 0.6 160 158 6.2 34.7 0.03+0.01 CASE 3
o
=
u=1 P2 593 4.0 303 300 6.5 35.3 0.030.01 CASE 3
-
S P3 630 3.9 849 839 -0.8 34.9 0.03+0.01 CASE 1 1175 336
; 1091 - 1348 252 - 509
é P4 644 0.7 2567 2526 -0.9 34.9 0.03+0.01 CASE 2 1.040 2645 119 2883 357
H 2606 - 2761 80 - 235 2793 - 3063 267 - 537
Z p5 720 25.0 263 260 4.6 35.0 0.030.01 CASE 3 4 369 109
309 - 473 49 - 213
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is predicted to occur at all sites, with a thick potential hydrate formation layer of ~300 m.
In the deeper waters further offshore buoyancy trapping will also occur. This suggests
that in the event of CO, leakage from a sub-seafloor storage site, secondary trapping in
the sediment column is likely to be efficient and CO, release to the ocean will be limited.
Figure 5.9: T-P conditions and CO, behavior for 3 profiles in a transect offshore Honshu into the Sea of Japan.

Upper Panel - P1 (water depth 982 m). Centre Panel - P2 (water depth 1822 m). Lower Panel - P3 (water depth 2368 m).
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15° e

5.3.2 South East Asia

If the Natuna-D Alpha field is developed,
CO, storage will occur in neighbouring
deep saline aquifers at a depth of ~900m
below the sediment surface. Precise 5 J&&
locations of potential storage targets are \
not available. Here we consider two
profiles representative of the range of
conditions in the Natuna East basin. T-P 0°
conditions and CO, behavior as a function

of depth are shown in Figure 5.10. The
water column profiles for P1 and P2 are 5° e NI : i '

from July 1989 and October 1985 95° 100° 105° 10° 115° 120°
respectively (NODC, originators Pacific Oceanological Institute and Far East Scientific Research
Institute). A high geothermal gradient of 0.045+0.01 °C/m was used to reflect known conditions
in this basin (APEC, 2005).

P1 (East Natuna Sea): Water depth 84 m. CASE 4 scenario — due to high temperatures and
low pressures in the sediments of this shallow warm shelf sea, any CO, that leaks to the
sediment column will rise rapidly becoming less dense and less viscous as it ascends. The
supercritical fluid to superheated vapour transition occurs at ~ 723 m sediment depth and the
superheated vapour to gas transition at ~304 m depth. Density and viscosity of the CO, gas at
the sediment-water interface are ~0.018 g/cm3 and ~14.8 pPa.s respectively, indicating rapid
rise of buoyant gas. Thus in the event of leakage from a sub-seafloor storage site, CO, escape
to the ocean is inevitable. Given the shallow water column, a significant proportion of the CO, is
also likely to escape to the atmosphere.

P2 (South China Sea): Water depth 1400 m. CASE 2 scenario — CO, remains a buoyant liquid
throughout the sediment column. Density and viscosity maxima at the sediment-water interface
are 0.99 g/cm® and 116 pPa.s. For k of 107, this gives a rise rate in near surface sediments of
~13 m/yr. Hydrate formation is possible, with a potential hydrate layer thickness of 136 m.

NATUNA EAST BASIN SUMMARY: If CO, is stored in geological formations beneath the
Natuna Sea, then storage security will be entirely dependent on the integrity of the
primary storage site. This shallow shelf sea is characterized by high bottom water
temperatures (P1 = 21.1°C). When combined with the high geothermal gradient and low
hydrostatic pressures, this means that CO, will become less dense and less viscous as it
rises, and will ascend at an accelerating rate through the sediment column. In the event
of primary leakage, escape of CO, to the ocean seems inevitable, and release to the
atmosphere likely. In comparison, storage security would be enhanced for sites located
within the deeper, colder basin of the South China Sea in the north-eastern sector of the
Natuna East area (see map above). In this region, hydrate formation is possible, with a
potential hydrate layer thickness on the order of ~100 m. Thus in the event of primary
leakage, CO, release to the ocean may be significantly reduced through efficient
secondary trapping mechanisms operating in the sediment column.
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Figure 5.10: T-P conditions and CO, behavior for 2 profiles in the Natuna East basin, in the East Natuna Sea (P1) and
South China Sea (P2). Upper Panel - P1 (water depth 84 m). Lower Panel - P2 (water depth 1400 m).
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5.3.3 Australia

The Gorgon Project is planned with CO,
storage under Barrow Island, where the | :
storage reservoir (the Dupuy Formation) 21°f % Depth (m)
extends offshore and underlies the shallow 2
warm seas of the North Western
Australian Shelf. The waters immediately
surrounding Barrow Island and extending
between Barrow Island and the mainland

are very shallow and do not exceed 20m 22" %= z : ;
depth. The water column is well mixed, 114 15 116 "7
with uniform temperatures throughout the water column, ranging from ~30°C in Austral summer
to ~21°C in Austral winter (ChevronTexaco Australia, 2003). For example, the water column
profile for P1 is from July 1999 (NODC, originators Commonwealth Scientific and Industrial
Research Organization (CSIRO)), with a bottom water temperature of 21.5°C.

As noted in Chapter 1, if carbon storage in sub-sea geologic formations proves successful, the
Greater Gorgon gas fields themselves would provide significant future additional CO, storage
capacity once the hydrocarbon reservoirs are depleted. The Gorgon gas field lies on the
continental slope at a water depth of approximately 200 m (see map above). Surface water
temperatures in the vicinity of the Gorgon gas field and the offshore portions of the proposed
feed gas pipeline vary between 22°C and 31°C. From the surface to a depth of 100 m, the water
column is generally well-mixed. The mean temperature for depths between 200 and 250 m is
around 10°C (ChevronTexaco Australia 2003). P2 is a theoretical profile chosen to be
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representative of expected conditions at this site, located in water depth of 200m with an
assumed bottom water temperature of 10°C.

For both P1 and P2 a geothermal gradient of 0.03£0.01°C/m has been assumed. However, it is
noted that the Dupuy formation lies at a depth of 2200m with a temperature of ~100°C (Chapter
13, ChevronTexaco Australia Pty Ltd., 2005), consistent with a geothermal gradient of 0.03-
0.04°C/m. Thus for P1 the CO, behavior is unlikely to fall towards the colder limit shown. T-P
conditions and CO; behavior as a function of depth for both profiles are shown in Figure 5.11.

P1: Water depth 17 m. CASE 4 scenario — due to high temperatures and low pressures in the
sediments of this shallow warm shelf sea, any CO, that leaks to the sediment column will rise
rapidly becoming less dense and less viscous as it ascends. The supercritical fluid to
superheated vapour transition occurs at ~ 703 m sediment depth (720 m total depth) and the
superheated vapour to gas transition at ~316 m sediment depth (333 m total depth). Density
and viscosity of the CO, gas at the sediment-water interface are ~0.005 g/cm® and <14.8 uPa.s
respectively, indicating rapid rise of buoyant gas. Thus in the event of leakage from a sub-
seafloor storage site, CO, escape to the ocean seems inevitable. Given the shallow water
column, a significant proportion of the CO, is also likely to escape to the atmosphere.

P2: Water depth 200 m. CASE 3 scenario — any CO, that leaks to the sediment column will
become more dense and viscous as it ascends until it reaches the liquid-gas transition. The
liquid to gas transition occurs at ~375 m sediment depth (575 m total depth). The volume will
increase by a factor of 3.72 at the transition, from ~1.31 cm®/g (density 0.76 g/cm®) in the liquid
phase to ~4.88 cm3/g (density 0.21 g/cms) in the gas phase. Once in the gas phase, the
ascending CO, will become less dense and less viscous as it rises, with a further increase in
volume to 21.68 cm®/g at the sediment-seawater interface. Density and viscosity of the CO,
gas at the sediment-water interface are ~0.046 g/cm® and ~15.3 uPa.s respectively, indicating
rapid rise of buoyant gas..

GORGON SUMMARY: If CO, is stored in the Dupuy formation beneath Barrow Island,
then storage security will be entirely dependent on the integrity of the primary storage
site. This shallow shelf sea is characterized by high bottom water temperatures (21-
30°C). When combined with the high geothermal gradient and low hydrostatic pressures,
this means that CO, will become less dense and less viscous and ascend at an
accelerating rate through the sediment column. In the event of primary leakage (in the
offshore sector of the storage reservoir), escape of CO, to the ocean seems inevitable,
and release to the atmosphere likely. However it is also noted that the sedimentary rocks
in this region are predominantly limestone, thus reaction may occur during CO, ascent,
acting to neutralise the CO, (see Section 5.4). Storage security would only be moderately
improved in the slightly deeper and colder Gorgon Gas Field Area, due to slower ascent
rates and the increased depth of the water column.
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Figure 5.11: T-P profiles and CO, behavior for 2 profiles in the vicinity of the Gorgon CO, storage project.

Upper Panel - P1 (water depth 17 m). Lower Panel - P2 (water depth 200 m).
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5.3.4 Western Europe

Western Europe is currently the most active world region in terms of offshore storage. A
regional scale assessment of potential hydrate formation has been carried out for sediments
offshore Western Europe (Camps et al., 2006). This project involved the development of a
computer program to calculate CO, hydrate stability zones on a high resolution one-minute grid.
Detailed bathymetry was extracted from the GEBCO global bathymetry data sets, bottom water
temperature data were extracted from the BODC database, a geothermal gradient of 0.03°C/m
was assumed, and stability conditions for CO, hydrate were calculated using CSMHYD (Camps
et al., 2006). The results of this intensive effort are presented below in Figure 5.12 as a map of
potential hydrate thickness (reproduced by kind permission of the authors).

Results predict that CO, hydrate will
be stable over large areas, with the
base of the stability zone reaching a
depth of up to ~450m below the
ocean floor. The greatest potential
for hydrate formation in near shore
sediments is found offshore Portugal,
Northern Spain, South West France
and parts of Norway where relatively
deep water lies close to shore.
Conversely, there is little potential for
hydrate formation in sediments
underlying the shallow waters of the
North Sea, with potential hydrate
formation restricted to the deeper
waters offshore southern Norway.

Figure 5.12: Predicted Carbon Dioxide Hydrate Thickness (m)
Offshore Western Europe (from Camps et al., 2006)

70°

60"

50°

40° While this analysis strongly indicates

that sub-seafloor storage sites
located offshore Portugal, Northern
Spain, and South West France would
456 benefit from the possibility of
20° 10° o 10° 20  effective secondary trapping

mechanisms in the event of a primary

leakage; these areas do not (at
present) correspond to current or planned sub-seafloor storage sites. Rather, European interest
in sub-seafloor storage is focused in the north-west of the region, with multiple current and
planned future storage sites located in the North Sea, Norwegian Sea & Barents Sea. Here we
look in more detail at the behavior of CO; in these regions.
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The map opposite shows the locations of
the five profiles considered. P1 and P2
are located in the North Sea in reasonable
proximity to the Utsira Sandstone, where gg- |
sub-seafloor storage of CO, is already
occurring (Sleipner project). P3 and P4
have been selected as representative
profiles for the deeper waters to be found
in the Norwegian Sea. These profiles are
also in reasonable proximity to the Heidrun
and Draugan sites, which may be used for
CO, storage in the future. P5 is
representative of conditions in the Barents
Sea, where sub-seafloor CO, storage will
commence shortly at the Snghvit site.

64°

60°

56° | -
5.3.4.1The North Sea

Although relatively cold, the vast majority 55-
of the North Sea is shallower than 200m,
which is too shallow for hydrate formation
(see Figure 5.12). Nevertheless, the North 4° 0° 4° 8° 12°  16° 20°
Sea also contains the deeper waters found in the Norwegian Trench and the Skagerrak Strait at
the southern end of Norway, where hydrate formation is possible (Camps et al., 2006). Profiles
P1 and P2 are located in reasonable proximity to the Utsira Sandstone. P1 represents a typical
shallow North Sea profile and is also relatively close to the Miller Oil Field, where CO, storage in
combination with EOR is being considered. P2 is located in the deeper waters of the Trench
(although not within a region of potential hydrate formation) offshore from Karstg, where a CCS
ready power station is in the planning/construction phase. T-P conditions and CO, behavior as
a function of depth for both profiles are shown in Figure 5.13.

P1: Water depth 158 m. CASE 3 scenario — any CO, that leaks to the sediment column will
become more dense and viscous as it ascends until it reaches the liquid-gas transition at ~359
m sediment depth. At the liquid-gas transition the volume will increase by a factor of 4.66 from
~1.24 cm®/g (density 0.81 g/cm®) in the liquid phase to ~5.78 cm®/g (density 0.17 g/cm®) in the
gas phase. Once in the gas phase, the CO, will become less dense and less viscous as it
continues to rise, with a further increase in volume to 27.41 cm3/g at the sediment-seawater
interface. Density and viscosity of the CO, gas at the sediment-water interface are ~0.036
g/cm® and 14.2 pPa.s respectively, indicating rapid rise of buoyant gas.

P2: Water depth 300 m. CASE 3 scenario — any CO, that leaks to the sediment column will
become more dense and viscous as it ascends until it reaches the liquid-gas transition at ~145
m sediment depth. At the liquid-gas transition the volume will increase by a factor of 6.14 from
~1.16 cm’/g (density 0.86 g/cm®) to ~7.16 cm®/g (density 0.14 g/cm®). Once in the gas phase,
the CO, will become less dense and less viscous as it continues to rise, with a further increase
in volume to 12.84 cm®/g at the sediment-seawater interface. Density and viscosity of the CO,
gas at the sediment-water interface are ~0.078 g/cm® and ~14.8 uPa.s respectively, indicating
rapid rise of buoyant gas.

NORTH SEA SUMMARY: For CO, stored in the North Sea basin, storage security will be
entirely dependent on the integrity of the primary storage site. This shelf sea is
characterized by shallow water depths, typically less than 200m, and CO, will enter the
gas phase at depth in the sediment column. In the event of primary leakage, escape of
CO; to the ocean seems inevitable, and some release to the atmosphere likely.
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Figure 5.13: T-P profiles and CO, behavior for 2 profiles in the North Sea in proximity to the Utsira Formation.
Upper Panel - P1 (water depth 158 m). Lower Panel - P2 (water depth 300 m).
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5.3.4.2 The Norwegian Sea

The deeper waters of the Norwegian Sea are combined with sub-zero temperatures at the
sediment-seawater interface. Here we consider two representative profiles, where T-P
conditions and CO, behavior as a function of depth for both profiles are shown in Figure 5.14.
P3: Water depth 839 m. CASE 2 scenario — CO, remains a buoyant liquid throughout the
sediment column. Density and viscosity maxima at the sediment-water interface are 0.97 g/cm3
and 113 uPa.s respectively. For k of 107, this gives a rise rate in near surface sediments of
~16 m/yr. Hydrate formation is possible, with a potential hydrate layer thickness of 336 m.

P4: Water depth 2526 m. CASE 1 scenario — CO, reaches the point of neutral buoyancy at a
depth of 119 m in the sediment column, thus CO, will not leak to the ocean. Hydrate formation
is possible, where the hydrate stability zone extends to 357 m depth in the sediment column.
Allowing for the buoyancy cap, this gives a potential hydrate layer thickness of 238 m.

NORWEGIAN SEA SUMMARY: Secondary trapping mechanisms will operate in the cold
deep waters of the Norwegian Sea. Hydrate formation is predicted to occur, with a
potential hydrate formation layer of ~200-300 m. In deeper waters buoyancy trapping will
also occur. This suggests that in the event of CO, leakage, secondary trapping is likely
to be efficient and CO, release to the ocean will be limited or prevented.

5.3.4.3The Barents Sea

The Barents Sea offers an unusual case study when compared to the other sites considered.
Profile P5 is located in shallow cold sediments and is representative of conditions in this region.
T-P conditions and CO, behavior as a function of depth for this profile are shown in Figure 5.15.

P5: Water depth 260 m. CASE 3 scenario — any CO, that leaks to the sediment column will
become more dense and viscous as it ascends until it reaches the liquid-gas transition at ~172
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Figure 5.14: T-P profiles and CO, behavior for 2 profiles in the Norwegian Sea.
Upper Panel - P3 (water depth 839 m). Lower Panel - P4 (water depth 2526 m).
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m sediment depth. At the liquid-gas transition the volume will increase by a factor of 6.42 from
~1.15 cm’/g (density 0.87 g/cm®) in the liquid phase to ~7.41 cm®/g (density 0.14 g/cm®) in the
gas phase. Once in the gas phase, the CO, will become less dense and less viscous as it
continues to rise. At shallower depths hydrate formation is possible, where the base of the
hydrate stability zone occurs at ~109 m sediment depth. Thus secondary trapping mechanisms
are likely to operate in these sediments, with a potential hydrate layer thickness of 109 m.

BARENTS SEA SUMMARY: In the shallow cold sediments of the Barents Sea CO, will
enter the gas phase at depth. Hydrate formation is predicted to occur where the base of
the hydrate formation zone is some 70m above the depth of the gas to liquid transition.
The ability of a CO, hydrate layer to impede flow of CO, gas remains to be seen.
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5.4 Reaction with Carbonates

Additional physico-chemical processes that can act to limit CO, escape include dissolution (also
called solubility trapping) and reaction with minerals (e.g. carbonates) in the host rock or
sediments. Both of these processes have complex controls, a number of which are not yet well
enough understood (under the conditions of interest) to be accurately incorporated into models
in order to predict the fate of CO, in the sediment column. Efforts are being made to address
this knowledge gap, for example House and co-workers are intending to extend their model of a
hydrate capped liquid CO, reservoir (described in House et al., 2006) to determine the rate of
CO, dissolution when buoyancy driven advection is accounted for — that is the mixing and
entrainment of pristine pore fluids that arises from either the sinking of dense CO, saturated
pore fluids and/or the rising of the CO, plume. Here we focus on the reaction between CO, and
sedimentary calcium carbonates, highlighting areas where an improved understanding is
required in order to determine the eventual fate of CO, in carbonate bearing sediments..

5.4.1 Controls on the Reaction between CO, & Calcium Carbonate

NOTE: for further discussion of the thermodynamics of the CO, system in seawater see
BACKGROUND INFORMATION.

The leakage or seepage of CO, from a sub-seafloor storage reservoir into carbonate rich
sediments will lead to carbonate dissolution. This has two important consequences. Firstly, the
dissolution of carbonate acts to buffer the injected CO,, reducing the acidifying effect of adding
CO, to the system. Secondly, carbonate dissolution will alter the physical structure of the
sediment column, in particular increasing the porosity and permeability of the sediments. While
the relationship between porosity and permeability in carbonates is highly variable (Enos &
Sawatsky, 1981), small increases in porosity can lead to large increases in permeability. Thus
a small amount of carbonate dissolution could significantly change both flow paths and flow
rates through the sediment column, and thus the rate and extent of further carbonate dissolution,
and the amount of CO, that reaches the seafloor.

In the long-term (thousand year time-scales), the dissolution of sedimentary carbonates is likely
to (partially) reverse ocean acidification due to surface invasion of fossil fuel CO, (Archer et al.,
1998). The limitation of this process with respect to surface invasion is that it requires the
injected CO, to have been mixed into deep waters where it comes into contact with CaCO; rich
seafloor sediments. Furthermore, only a limited proportion of the total seafloor carbonate
reservoir is available for neutralization as the depth of downward mixing (and therefore
dissolution) is limited to the upper bioturbated layer. However, for CO, migrating upwards
through a CaCOj; rich sediment column, these limitations do not apply, and the reaction will
exert an immediate effect.

Figure 5.15: T-P profile and CO, behavior for a profile in the Barents Sea. P5 (water depth 260 m).
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If we consider a sediment pore fluid in equilibrium with a separate CO, phase, the pore fluid will
be saturated in CO, and have a low pH. The CO, speciation of the pore fluid will be dominated
by CO.* (COypnq + H2CO3) with minor bicarbonate (HCOj), and the carbonate (COs%)
concentration will be zero.

The dissolution of calcium carbonate is controlled by the saturation state of the pore fluids with
respect to CaCO; (Q2), which is expressed as:

o [Ca2+]pf [Cosz_]pf

[Eq. 5.7]
Ksp

Where [Ca2+]pf and [CO32']pf are the actual concentrations of calcium and carbonate ions in the

pore fluid, and K*sp is the stoichiometric solubility product for the equilibrium reaction:

CaCO, < Ca*" +CO}” Kg =[Ca*][COZ] [Eq. 5.8]

K*sp is not constant, but varies as a function of temperature, salinity and pressure. At the
reference pressure (hydrostatic pressure = 0 bar, absolute pressure = 1 atm), K*sp is given by
(Mucci, 1983):

1 3
log K, = —a—bT, +Ti+d logT, +[—e+ T, +Tijs2 —hS +iS2 [Eq. 5.9]

K K

Where T is the temperature in degrees Kelvin, S is salinity, and values of the constants a to i
are given in Table 5.2. The effect of pressure can be calculated from the equation (Millero,
1995):

Kq AV A

In iP’P -_= Sp P+05 AKSP P2 [Eq 510]
Ksp,o RTK RTK

Where:

AV, =—a,+a,T, and Axg =-by+DbT,

Where P is the hydrostatic pressure in bars, AVgp is the molal volume change, Aksp is the
compressibility change, R is 83.131 cm® bar mol” K, and T¢ is the temperature in degrees
Celsius. Values of the constants ay, a4, bg and b, are given in Table 5.2.
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Table 5.2: Coefficients for determining the Table 5.3: Matrix densities for

solubility products of calcite & aragonite components of marine sediments
Calcite Aragonite Mineral Density (p)
glcm;
As function of T and S (see Eq. 5.9) Carbonates
a 171.9065 171.945 Aragonite  CaCOj 293 - 294
b 0.077993 0.077993 Calcite CaCO; 2.71
c 2839.319 2903.293 Dolomite CaMg(CO3), 28 - 29
d 71.595 71.595
e 0.77712 0.068393 Quartz 2.65 - 2.66
f 0.0028426 0.0017276
g 178.34 88.135 Clays
h 0.07711 0.10018 Montmorillonite 22 - 27
i 0.0041249 0.0059415 Kaolinite 2.6 - 2.63
Ilite 26 29
The effect of pressure (see equation 5.10)
ao 48.76 46.00 Iron oxyhydroxides
a, 0.5304 0.5304 Ferrihydrite Fe(OH); 3.93
bo 0.01176 0.01176 Goethite FeO(OH) 4.27
b, 0.0003692 0.0003692 Hematite Fe,O3 5.3

If Q is less than 1, the pore fluid is undersaturated, and if Q is greater than 1 the pore fluid is
supersaturated. As the addition of CO, to the pore fluid reduces the concentration of CO3* to
zero, Q is also zero (extreme undersaturation), and CaCO; will dissolve. For every mole/unit of
CaCO; that is dissolved, one mole/unit of total CO, (TCO, = CO,* + HCO3 + CO32') and two
moles/units of alkalinity (due to the double negative charge on the carbonate ion) are added to
the pore fluid. The addition of alkalinity to the pore fluid decreases the concentration of CO,* by
shifting the carbonate equilibrium toward bicarbonate. The overall reaction, though more
complex, can be thought of as:

CO,(aq) + H,0 + CaCO, — Ca*" +2HCO; [Eq. 5.11]

The extent of carbonate dissolution, and therefore the extent to which this reaction neutralizes
the CO, input will be a complex function of numerous factors including:

i the type of carbonates present in the sediment column
ii the amount of carbonates present in the sediment column

ii) the degree of saturation in the aqueous phase with respect to CaCO;
iv) the rate of carbonate dissolution
V) the migration of the CO; rich fluid through the sediment column

These are discussed in the following sections.
54.1.1 The Type of Calcium Carbonate Present

There are two polymorphs of CaCO;, aragonite and calcite. These minerals have different
properties, where aragonite is more soluble (Table 5.2, higher Ksp and therefore lower Q for the
same given conditions) and has a higher density (Table 5.3) than calcite. The presence of other
components in the carbonate lattice (e.g. magnesium (Mg) content) will also alter dissolution
characteristics.

The vast majority of CaCOj; in the sediment column consists of the skeletal remains of a variety
of marine organisms such as coccolithophores, foraminifera and pteropods. The major
carbonate minerals in sedimentary rocks are calcite, and to a significantly lesser extent,
dolomite (CaMg(CO3),). In modern sediments, calcite is by far the most abundant carbonate
mineral in the deep sea, while aragonite and high-magnesian calcites dominate in tropical and
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subtropical shallow water environments. As such, marine carbonate assemblages are multi-
phase systems, characterized by a heterogenous mixture of particle sizes, structure, and
chemical composition.

541.2 The Amount of Calcium Carbonate Present

The amount of CaCO; present in the sediment column gives the upper limit on the possible
extent of neutralisation. Figure 5.16 compares global seafloor bathymetry to the distribution of
CaCO; in sediment core tops. The well-known depth dependence of sediment carbonate
concentration can be clearly seen. There is a high concentration of calcite in the Atlantic Ocean
in response to the high pH, freshly ventilated North Atlantic Deep Water, high concentrations in
the eastern equatorial Pacific, in response to high rates of calcite production and a topographic
high in that region, and a sharp cut-off in calcite preservation poleward of 50° south latitude
(Archer, 1996).

Figure 5.16: Global seafloor bathymetry (upper panel) & distribution of CaCO, (wt%) in core top sediments (lower panel).
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Comparison of Figure 5.16 to those regions where sub-seafloor storage of CO; is occurring, or
is expected to occur in the near future, allows a first order evaluation of how significant
carbonate neutralisation may be (note this map is of surface sediments only). In the North
Sea/Norwegian Sea/Barents Sea sectors and offshore Japan, sediment carbonate
concentrations are low at <20 wt%. In the Natuna Sea, concentrations are somewhat higher at
~20-30 wt%. The highest carbonate contents are seen on the North-Western Shelf of Australia,
with values of ~60-80 wt% (see also the discussion of coral reefs in Chapter 7).

The maximum neutralising capacity of sea-floor sediments can be evaluated by assuming
complete carbonate dissolution, where to neutralise 1 kg of CO, would require 2.273 kg of
CaCO; (see Eq. 5.11). Two simple cases of a carbonate rich and carbonate poor sediment
column are considered below.
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For a sediment column with a typical porosity (at depth) of ~0.5 and a unlt volume of 1 m®, the
volumes occupied by the sediment and the pore fluid are equal at 0.5 m>. Note that in the upper
metre(s) the porosity will be significantly higher, and closer to values of 0.9 (only 10% of the
volume occupied by solids) at the sediment-seawater interface.

For carbonate rich sediments, a CaCO; content of ~80 wt% is assigned, where the remaining
~20 wt% consists of quartz * clay + iron oxyhydroxides. Using typical matrix densmes for these
minerals (see Table 5.3) gives an expected carbonate mass of 1070-1290 kg/m wet sediment,
with a maximum neutrallsmg capacity of 471-568 kg CO,. Thus to neutralise 1 ton of CO;
would require ~2 m® of sediment.

For a carbonate poor sediment with a CaCOj; content of ~10 wt%, an iron oxyhydroxide content
of 0- 10 wt%, and a quartz + clay content of 80-90 wt%, the expected CaCO; mass is ~130-140
kg/m® wet sediment. This gives a maX|mum neutralising capacity of 57-62 kg CO,, or to
neutralise 1 ton of CO, would require ~16-17 m® of sediment.

For comparison, 0.5 m® of saline pore fluid at a depth of ~1000-3000 m that is saturated in CO,
would contain ~850-1000 mol, or 37.4-44.0 kg COZ To neutralise this CO, loading would
require 85-100 kg CaCOg, equivalent to <0.1 m® of carbonate rich sediment, or ~1.5 m® of
carbonate poor sediment.

54.1.3 The Degree of Saturation with Respect to Calcium Carbonate

While the calculations above describe the maximum potential neutralising capacity, complete
dissolution of carbonates is unlikely to occur. To illustrate this we consider the reaction
between a CO, saturated pore fluid and a host carbonate rich sediment in a closed system.
The initial CO, system speciation of the pore f|UId (before any dlssolutlon occurs) is dominated
by CO,* and HCOj', the concentration of CO5? is zero, and the Ca®* concentratlon |s assumed
to be that of seawater. As dissolution of CaCO; progresses, both alkalinity and Ca®* are added
to the pore fluid. Eventually, the increase in alkalinity is sufficient such that the concentration of
COs%, and therefore Q, becomes non-zero. Once the pore fluids become saturated (Q =1),
dissolution will cease. Under static conditions in a closed system, the extent of dissolution is
therefore fundamentally limited. For example, House et al. (2006) estimate that for limestone
with 50% porosity filled with a CO,-saturated pore water in equilibrium with liquid CO, (3°C, 30
MPa pCO.,), only 7.5 kg of CaCO3 will dissolve before the pore fluid is saturated.

This static condition most likely gives a reasonable lower bound on the extent of carbonate
neutralisation. However, interaction of a rising CO, plume with the surrounding sediments is
neither a static nor a closed system, and kinetic factors are likely to come into play.

54.1.4 The Rate of Carbonate Dissolution

To date, most kinetic studies have focused on the extent and rate of carbonate dissolution at
typical conditions in the water column and at the seafloor, or consideration of potential future
rates of dissolution under the high-CO, low pH ocean. As yet, little attention has focussed on
the rate of carbonate dissolution under CO, saturated conditions at the seafloor or in the
sediment column. This issue is important, as the rate of reaction may control the extent of
dissolution that occurs — particularly under non-static conditions when the system is likely to be
far from chemical equilibrium.

Under typical seawater/seafloor conditions, the rate of dissolution is a function of the degree of
undersaturation (e.g., Morse and Berner, 1972):

dm A n * n
=== —k[1-Q) =k"(1-Q Eq. 5.12
diss dt [V j( ) ( ) [ q 5 ]

Where Rgyiss is the observed dissolution rate normalised to the surface area of the solid (in units
of mol per unit area per unit time), m; is moles of carbonate (calcite or aragonite), t is time, A is
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the surface area of the solid, V is the volume of solution, k is the rate constant and n is a
positive constant known as the order of the reaction. A, V, and k are often combined into a
single constant k*, where this simple empirical equation has the advantage that in a plot of
logRyiss versus log(1-Q) the intercept will be k* and the slope n. This is one of the most
frequently used kinetic expressions for carbonate dissolution in the oceans that is seen in the
literature. However, it is only applicable at neutral to alkaline pH, and not at the extreme
undersaturations and acidic conditions expected in a CO, saturated pore fluid.

The rate at which carbonate dissolution will occur when the sediments are in contact with a CO,
saturated pore fluid is far from simple to determine. For a detailed review of carbonate mineral
dissolution kinetics, the reader is referred to Morse & Arvidson (2002) and references therein. A
very brief synopsis is given below.

Reaction kinetics are largely dependent on whether the process is diffusion controlled or
surface controlled. We can think of dissolution as a number of discrete steps:

1. diffusion of reactants through the solution to the solid surface,

2. adsorption of the reactants on the solid surface,

3. migration of the reactants on the surface to an “active” site (e.g., a dislocation),

4. the chemical reaction between the adsorbed reactant and solid which may involve several
intermediate steps where bonds are broken and formed, and hydration of ions occurs,

5. migration of products away from the reaction site,

6. desorption of the products to the solution,

7. diffusion of products away from the surface to the “bulk” solution.

Under diffusion control, the reaction rate is dependent on either steps 1 or 7. Under surface
control, diffusion is comparatively fast, and one of the processes operating at the surface (steps
2 to 6) is the rate limiting step.

Figure 5.17 (panel A) summarises the rate controlling mechanisms for carbonate dissolution as
a function of pH and temperature (see Morse & Arvidson (2002) and references therein). At
extreme undersaturations, diffusion controlled dissolution kinetics prevail. As equilibrium is
approached, there is a transition to surface-controlled dissolution kinetics, and then a region of
changing surface-controlled reaction mechanisms until equilibrium is reached.

Figure 5.17: CaCO, Dissolution Kinetics (after Morse & Arvidson, 2002). (A) Schematic representation of rate controlling
mechanisms for calcite dissolution with T and pH. (B) Range in measured values of dissolution rate as a function of pH.
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Under diffusion control, the rate of reaction is likely to be strongly dependent on the
hydrodynamic conditions in the sediment column. The pore fluids may be either close to
stationary (“stagnant”) or moving with respect to the sediments. In moving solutions, advective
transport is substantially faster than molecular diffusion. Therefore, the thickness of a stagnant
boundary layer (the region where water movement is slow relative to diffusive transport)
between the solid surface and bulk turbulent solution can control the rate of reaction. For
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carbonates, the situation is further complicated as each of the species involved in the CO,
system will have a different chemical potential gradient between the near surface region and the
bulk solution. Furthermore, the hydration and hydroxylation kinetics of CO, are very slow, and
may become the rate limiting step.

At low pH in the diffusion controlled region the rate of reaction is dependent on the chemical
activity of H” ions (an.), such that:

R,.=ka" [Eq. 5.13]

diss H*
Where n is the order of reaction and is close to unity.

At extremely low pH (<4), the dissolution control appears to pass from diffusion control to a first
order reaction of H* at the surface, such that the rate is linearly dependent on the concentration
of H' at the surface ([H']s):

Raiss = K[H]s [Eq. 5.14]

This linear relationship between rate and H" in the low pH region (or —logR and pH) can be seen
in Figure 5.17 (panel B), and appears to hold over 3-4 orders of magnitude. The pH at which
the transition from H* dependence occurs is dependent on the concentration of calcium ions in
solution, as the Ca*" concentration increases, so does the transition pH. Sjoberg and Rickard
(1985) argue that because flow rates in many natural systems are relatively slow and Ca**
concentrations are often substantial that an end-member transport- controlled dissolution rate
for calcite may persist over a substantial pH range.

5415 A Comment on Surface Areas

The above rate equations, and the reaction rate plotted in Figure 5.17, are normalised to
surface area. This follows the general assumption that dissolution rates are directly proportional
to the mineral surface area exposed to the aqueous solution. However, there are a number of
difficulties in applying this assumption to natural carbonate materials.

(1) There are two measures of surface area that are routinely used in the literature. Firstly,
there is a measure of total surface area (Awtl), for example as quantified by gas absorption
techniques (BET, Brunauer et al., 1938). Secondly, there is the geometric surface area,
typically estimated by assuming that all grains are smooth spheres using Ageom = 3 / r*pe, Where
r is the grain radius and p. is the density of the carbonate. The difference between these
measures of surface area is substantial (orders of magnitude), where the large discrepancy
arises from the complex microporous structures of the shell surfaces — such that a smooth
sphere is not a good approximation for total surface area. Care must therefore be taken when
applying values of k* and n from the literature, particularly as not all papers explicitly state which
measure of surface area has been used in the normalisation procedure.

(2) Recent nanoscale investigations of dissolving mineral surfaces suggest that the relationship
between surface area and dissolution rate is not simple, but rather that dissolution of distinct
crystallographic faces and/or distinct parts of these faces dissolve at distinct rates (e.g. Ardvison
et al., 2003). Thus the reactive surface area (Areact) Will be different to both Aytar @and Ageom, and
there will be different types of reactive surface area, each with a different dissolution rate
constant. For biogenic carbonates with microporous structures, the relationships between Atal,
Ageom and Areqct are (very) complex (Walter and Morse, 1984).

54.1.6 The Migration of the CO, Rich Fluid through the Sediment
Column

The lower limit on carbonate dissolution presented above (Section 5.4.4) based on the
saturation condition assumes that the CO,-saturated pore fluid is not flowing. In fact this is
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unlikely to be the case. If we consider a buoyant plume of CO, (liquid or gas) migrating
upwards through the sediment column, at the interface between the CO, phase and the pore
fluids, dissolution of CO, into the aqueous phase will result in a CO, saturated aqueous
boundary layer. The addition of CO, to the pore fluids will increase fluid density (Bradshaw,
1973; Haugan & Drange, 1992; Song et al., 2002), and these pore fluids are expected to sink
with respect to non-saturated pore-fluids. Thus both the CO, phase and the CO,-saturated pore
fluid are expected to flow by buoyancy-driven advection. As a result of that flow, regions in the
sediment column may become undersaturated, enabling additional dissolution of the host
carbonates.

5.4.2 The Need for Experiments under Expected Conditions

Given the potential benefits (CO, neutralisation) and potential negative consequences (damage
to physical structure of the reservoir rock, cap rock or sediment column leading to possible
creation of preferential flow paths accelerating the leakage of CO, to the seafloor) it is important
that we can correctly understand and model CO, - pore fluid - carbonate interactions. This in
turn requires well constrained values for kinetic and thermodynamic parameters under the
EXPECTED conditions. This includes temperature, pressure, salinity, pH, TCO,, and sediment
composition. Sediments do not consist of pure carbonates, but include many other materials
such as clay minerals, iron-manganese oxyhydroxides, other trace divalent transition metals,
and organic matter. The presence of these other materials adsorbed to the carbonate surface
or as ions in solution will influence the extent of carbonate dissolution. This issue has already
been highlighted in the literature examining mineralisation processes within storage reservoirs,
where the use of poorly constrained kinetic and thermodynamic parameters can lead to
substantial deviations between predicted and observed responses (e.g. Haszeldine et al., 2005;
Bateman et al., 2005).

5.5 Summary

When CO, migrates into the sediment column, a number of additional or secondary
trapping mechanisms may come into effect, acting to either limit or prevent the release of
CO; to the ocean. Conversely, there may exist high permeability channels through the
overburden, providing a preferential flow path along which CO, could migrate to the
sediment-seawater interface at relatively rapid rates, with little effective trapping
occurring in the sediment column.

The rate at which CO, ascends through the sediment column will depend to a large

extent on the intrinsic permeability of the sediments (k), and the in-situ temperature (T)
and pressure (P) (together determining the physical properties and phase behavior of
CO,). The efficacy of secondary trapping mechanisms (proportion of total leaked CO,
that is retained) will depend on these parameters and the ratio of the trapping capacity to
the total mass of leaked CO..

As the permeability of marine sediments can vary over at least 7 orders of magnitude (x
=~10 to 10° md), the rise rate of liquid CO, may range from less than 1 mm/yr to 100s of
m/yr. Migration along degraded cements segments in poorly sealed wellbores would fall
toward the upper limit of this range, potentially extending to rise rates of 10s of km/yr

(e.g. a continuous 1mm wide annulus with x =10° md).

Leakage of CO, to a high permeability flow path such as a gas chimney would result in
both a rapid rise rate (single phase flow) and bypass secondary trapping mechanisms
that would typically operate in water bearing sediments. Best Practice site selection
procedures should therefore include a seismic survey of the overburden and utilization
of advanced analytical tools (in combination with other indicators of gas seepage) to
identify any potential flow paths in the sediments overlying a storage reservoir.

Secondary trapping mechanisms will be most efficient in cold, deep, low permeability
sediments where migration rates are slow. Slow migration rates will maximize the
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potential for CO, dissolution (solubility trapping) and reaction with carbonates, and both
buoyancy trapping and hydrate formation will prevent or limit CO, escape.

The most efficient secondary trapping mechanism (infinite capacity) is buoyancy
trapping. In deep/cold sediments (underlying a minimum water depth of ~2300-2800 m)
the density of the rising CO, will eventually equal that of the surrounding pore fluid. At
this point the buoyancy force is zero, thus the CO, is gravitationally stable and will not
ascend further. A subseafloor storage reservoir underlying a sediment column with a
well defined ‘buoyancy cap’ perhaps represents the most secure form of storage (if
prevention of leakage to the ocean is the primary concern).

In cool marine sedimentary basins deeper than two or three hundred meters, CO,
migrating upwards through the sediment column will move into a T, P regime where
hydrate formation is possible. The formation of CO, hydrate in the sediment column
would limit, and may even prevent, CO, escape to the ocean. However, research in this
area is at an early stage, and further studies should be encouraged. In particular, the
current simple models need to be developed to include the complexity of the real system
and differences between the leakage case and direct storage case need to be explored.
In addition, the possibility of a sediment permeability threshold above which CO; hydrate
formation cannot form an impermeable barrier should be explored.

Additional physico-chemical processes that can act to limit CO, escape include
dissolution (also called solubility trapping) and reaction with minerals (e.g. carbonates)
in the host rock or sediments. Both of these processes have complex controls, a
number of which are not yet well enough understood (under the conditions of interest) to
be accurately incorporated into models in order to predict the fate of CO, in the sediment
column.

At present, each potential trapping mechanism tends to be considered in isolation, where
our understanding of each process is also incomplete. In particular, an improved
understanding of hydrate formation and carbonate dissolution is required. Once
knowledge of individual trapping mechanisms is improved, there is a strong need to
incorporate these various processes into a combined dynamic model of CO, behaviour
in the sediment column.

6: The Release of Leaked CO, to the Ocean

In the event of CO, leakage from a sub-seafloor storage reservoir to the overburden a number
of secondary trapping mechanisms may act to limit or prevent the escape of CO, to the ocean
(see Chapter 5). Nevertheless, under certain circumstances a leakage event could result in
delivery of CO, to the ocean. This Chapter identifies those scenarios most likely to result in
transport of CO, to the ocean, and examines how CO, release might occur, the fate of any CO,
released (including the possibility of CO, escape to the atmosphere?), how leakage might be
detected, and potential impacts on ocean biota.

The behaviour, fate and impact of CO, in the ocean has been discussed in two recent high
profile reports. The IPCC Special Report on Carbon Dioxide Capture and Storage (IPCC, 2005)
assessed the possibility of purposefully storing CO, in the oceans, while the Royal Society
(Royal Society, 2005) examined the surface ocean invasion of CO, that occurs as a result of
anthropogenic CO, emissions to the atmosphere. Here the approach taken is to compare
(where appropriate) the case of leakage of CO, from a sub-seafloor storage reservoir to the
scenarios considered in these reports, highlighting key similarities and differences. Chapter 7
then focuses on specific high risk events particular to leakage from the sub-seafloor.

® Referring to immediate release to the atmosphere. For a discussion of the timescales on
which CO, injected into the deep ocean equilibrates with the atmosphere, and estimates of the
fraction of CO, retained in the ocean, see Chapter 6 of the IPCC SRCCS (IPCC, 2005).
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¢ A Note on the Chemical Effect of Adding CO, to Seawater

The key information of interest when examining the fate of CO, in the ocean is the spatial
distribution of changes in the concentration of total seawater CO, (TCO, = CO, (aq) + H,CO; +
HCOs- + CO,;”) and the resultant decrease in seawater pH.

Models examining the impact of CO, addition on the seawater system typically report results in
terms of the reduction in pH from the background value (ApH = pHiniiai — PHperurbed) that is
calculated from the modelled TCO,. This assumes that the system is in chemical equilibrium.
However, the slow hydration kinetics of CO, (Zeebe & Wolf-Gladrow, 2001) are such that local
advection may remove the reactants far from the release/observing site before equilibrium is
reached (see background information). This has two implications. Firstly, while models may
accurately simulate the TCO, loading, the spatial distribution of ApH could be significantly
different from that predicted. Secondly, the use of pH sensors to monitor a CO, dissolution
plume could result in significant underestimation of the true dissolved CO, burden. As biological
responses to elevated TCO, may be distinct to responses to decreased pH (see later section), it
is perhaps plausible that the biological impact of a CO, dissolution plume that is in chemical
equilibrium would be different to that of a plume with the same TCO, that is far from chemical
equilibrium.

In-situ techniques have been developed to allow measurement of the true TCO, loading by
either observing the reduction in conductivity caused by the large quantity of non-ionic CO,
flowing by the sensor (e.g. Brewer et al., 2005) or trapping a sample of the CO, enriched water
and allowing it to reach equilibrium — thus also allowing measurement of the reaction rate (e.qg.
Peltzer et al., 2005; Dunk et al., in prep). In recent work the kinetic model of Zeebe and Wolf-
Gladrow (2001) has been compared to observed in-situ reaction rates measured at depths from
5 to 1000m in the Pacific Ocean (Peltzer et al., 2005; Dunk et al., in prep). Based upon these
comparisons, it is clear that in-situ experimental measurements are in excellent agreement with
the model of Zeebe and Wolf-Gladrow (2001). Looking to the future, it would be informative for
the CO, system kinetics into be incorporated into models of plume dispersion in order to
accurately model the distribution of TCO, and pH in the near field environment. In the
remainder of this Chapter, calculated values for ApH for a given addition of CO, to a volume of
seawater follow the standard approach and assume that the system is in equilibrium.

6.1 Behaviour & Fate of Released CO, in the Ocean

In this section we examine the nature of CO, release, the circumstances under which release
might occur and to what extent that release will modify seawater chemistry. As the physical
properties of CO, are strongly dependent on conditions such as pressure (P) and temperature
(T), the behaviour and fate of CO, are discussed here as a function of the depth of release (c.f.
Chapter 3).

6.1.1 Comparison to the Ocean Storage Case

In general, once leaked CO, has reached the seafloor, the behaviour of that CO; in the ocean
will be similar to that predicted for the case of direct ocean storage under equivalent conditions.
However, there are a number of key differences that must be considered:

6.1.1.1 Chemistry of the CO, Phase

In the ocean storage case there would be control over the chemical composition of the CO,. In
the leakage case, while there is control over the composition of the CO, injected into the
storage reservoir, significant chemical modification of the CO, is likely to have occurred during
storage and/or migration through the overburden. Leakage may therefore act as a transport
mechanism delivering other toxic species such as H,S or heavy metals to the seafloor (see
discussion in Chapter 3).

127



6.1.1.2 Volume, Location & Depth of Release

In the ocean storage case there would be control over both the volume of CO, to be released
and the release location. While the total volume of CO; released would need to be large in
order to achieve a meaningful emissions reduction, control over the release location would
provide the ability to devise or choose a release scenario which minimizes ecological damage.
Conversely, in the leakage case, both the volume and location of release will be dictated by the
failure in the system that resulted in leakage. Thus while the total volume of leaked CO, is
expected to be significantly less than that considered in ocean storage scenarios (in the
absence of catastrophic failure of multiple subseafloor storage sites), leakage could occur in the
vicinity of a vulnerable ecosystem, or to a shallow water column resulting in immediate release
of CO, to the atmosphere.

6.1.1.3 Ease of Monitoring

In the ocean storage case, control over release volume and location would allow the
development of comprehensive monitoring schemes to track the fate of the disposed CO,. In
the leakage case, the monitoring challenge is significantly more complex, and will likely need a
combination of sub-surface and water column monitoring, incorporating both continuous and
periodic observations, and may well require the development of new in-situ analytical
techniques.

6.1.2 The Nature of CO, Release to the Seafloor

Leakage of CO, followed by delivery of CO, to the sediment-seawater interface under a deep
water column (>600 m) is most likely to result in the formation of a rising plume of liquid CO,
droplets and/or CO, hydrate deposits outcropping at the seafloor.

While the creation of lakes of dense liquid CO, on the deep seafloor have been considered in
ocean storage scenarios (e.g. IPCC, 2005), a directly analogous situation is not expected in the
event of leakage or seepage from a sub-seafloor storage reservoir. This can be simply
illustrated by considering whether or not release of CO, to the ocean will occur as a function of
the depth of the sediment seawater interface — or more specifically the depth of the interface in
relation to the neutrally buoyant point of CO; in the ocean (NBPO; see Box 6.1).

Consider a leakage scenario where CO, is migrating upwards through the sediment column
where (a) the sediment-seawater interface lies below the NBPO (b) the sediment-seawater
interface lies at the NBPO and (c) the sediment-seawater interface is sufficiently shallow such
that the density of CO, does not exceed that of seawater — this can be thought of as the
sediment-seawater interface lying above the NBPO (see Box 6.1).
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Box 6.1: The Nature of Liquid CO, Release to the Deep Ocean.

Whether or not leakage of liquid CO, to the sediment column results in release to the ocean will depend on the depth of
the sediment-seawater interface with respect to the neutrally buoyant point of CO, (among other factors - see text).
Considering only buoyancy forcing, the delivery of liquid CO, fo the sediment-seawaler interface is most likely to result in
the formation of a rising plume of liquid CO, droplets. The creation of a seafloor lake of liquid Co, is not expected.

The Density & Neutrally Buoyant Point of CO,

CO, is a highly compressible fluid where the density of CO, (p..,) increases with depth in the ocean (i ing P and d ing T), but d with depth in
the sediments (increasing P and T). The i i f the point at which p., is at its maximum value. The depth at which
Pece 15 @qual o the density of seawater (p,, ) or porefluids (p,.) is called the neutrally buayant point (NEP).

In the ocean, the NBP (NBPO) typically occurs al depths of 2250-2750 m, varying according to local temperature and salinity profiles, If CO, is released in the
ocean al depths above the NBPO (p.., < p,,) it will form a rising plume, whereas release at depths below the NBPO (p... > p,) will result in a sinking plume and
(potentially) the creation of a CO, lake on the seafloor.

The CO, density i at the sadi interface means that when the interface lies below the NEPO, there will be a second NBP at depth in the
sediments (NBPS), where CO, s buoyant below the NBPS (p.., < py), and will sink above the NBPS (pe., = pu)

Leakage Case Scenarios
Here we consider 3 possible leakage

where CO, is migrating through a column (see panel below) .

In Case (a) the sediment-seawaler interface lies below the NEPO. In this case, the liquid CO, reaches the NBPS at depth in the sediment column and becomes
buoyancy trapped. In this case CO, will be retained at depth and will not be released to the ocean.

In Case (b) the sediment-seawater interface lies at the NEPO. In this case CO, will accumulate in the surficial sediments.

In Case (c) the sedir i is sufficiently shallow such that the density of CO, does nol exceed that of either the porefluids or seawaler. This
can be thought of as the interface lying above the regicnal NBPO. In this case CO, liquid will be released lo the ocean, forming a rising plume of droplets

The example shown in the panel below is for the Japan Sea (bottom water T=0.23°C, 5=34.07) and assumes a geothermal gradient of 0.03°C/m. The brown
shaded area represents the sediment column, where the dark brown line indicates the sediment-seawater interface, and bright blue shading represents the
presence of CO,. The dotted black line shows the lemperature profile. The pink line shows the density of CO.. The purple line shows the density of seawaler
and pore fluids (assuming constant salinity in the sediment column). Droplet streams in (c) are not to scale,
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See Chapter 5 for further discussion of buoyancy trapping.

In case (a), the liquid CO, becomes buoyancy trapped at depth in the sediments and will not be
released to the ocean. In case (b), liquid CO, will accumulate at the sediment-seawater
interface. In case (c), the CO, remains less dense (more buoyant) than either the sediment
pore fluids or seawater and will be released to the ocean, forming a rising plume of CO, droplets.

Case (b) is most similar to the creation of a CO, lake on the seafloor. However, this scenario
seems the least likely to occur as it requires the sediment-seawater interface to be precisely
collocated with the NBPO. Furthermore, if there is some disturbance such that the CO, is
physically moved upwards, the CO, will become less dense than the surrounding seawater and
will rise through the water column. Thus if we consider only buoyancy forcing, the most likely
scenario for CO; release to the ocean is the formation of a rising plume of CO, droplets.

Although the formation of a CO, lake is not expected, in both cases (b) and (c) the upper
sediments may become saturated in liquid CO,. The behaviour of a CO, saturated sediment-
seawater interface may be broadly comparable to that of a CO, lake, although the influence of
ocean currents and dissolution characteristics will be different (Enstad et al., 2006). As a
hydrate membrane is likely to form at the interface between liquid CO, and seawater under
these conditions, the influence of CO, saturated surface sediments on bottom water chemistry
is discussed together with the formation and fate of CO, hydrate outcrops at the seafloor.
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When we include the potential for hydrate formation, then liquid CO, will typically enter the
hydrate stability zone at significant depth in the sediment column (see the case studies
presented in Chapter 5). This could result in the formation of an impermeable hydrate layer that
would trap buoyant CO, beneath. However, the development of a hydrate cap is by no means
inevitable, and transport of free CO, through the hydrate stability zone is certainly possible.
Thus the growth of CO, hydrate outcrops at the seafloor are plausible in any sediment column
where the sediment-seawater interface is at or above the regional NBPO (i.e. CO, is buoyant in
the sediment column) and conditions at the seafloor are within the hydrate stability zone.

At intermediate water depths (~600-200 m), the CO, phase behaviour is strongly dependent on
local conditions. In warmer deeper waters, CO, would be in the liquid phase without the
potential to form hydrate, in which case seepage across the sediment-seawater interface would
result in a rising plume of liquid droplets. Conversely, in colder shallower waters, CO, would be
in the gas phase with the potential to form hydrate, in which case hydrate formation in the
sediment column and as outcrops at the seafloor could occur, and seepage of free CO, across
the sediment seawater interface would result in a rising plume of gas bubbles.

At shallow water depths (<200 m), CO, would be in the gas phase without the potential to form
hydrates, and seepage across the sediment seawater interface would result in a rising plume of
gas bubbles.

6.1.3 How Seepage to the Ocean Might Occur

If primary leakage from a sub-seafloor storage reservoir delivers CO, into thick sediments
underlying a deep water column, then the probability of secondary trapping occurring in the
sediment column is high (see Chapter 5). For leakage to sediments underlying an intermediate
or shallow water column the probability of efficient secondary trapping decreases as the depth
of the sediment-seawater interface decreases and bottom water temperature increases. While
the efficacy of secondary trapping mechanisms will depend on local conditions in the sediment
column and the rate at which CO, is leaking, some general statements regarding the likelihood
of CO,, release to the ocean can be made:

¢ In sediments underlying a very deep water column (>2250-2750m), CO, will become
buoyancy trapped and will not escape to the ocean (see Box 6.1).

¢ In the absence of buoyancy trapping (water column depth <2250-2750m), but at depths
where CO; is a liquid and hydrate formation is possible, then leakage at comparatively slow
rates is unlikely to result in the release of CO, to the seafloor. Under slow flow conditions,
the combined effects of secondary trapping mechanisms such as CO, dissolution, reaction
with carbonates, residual trapping and hydrate formation, are likely to efficiently trap the
CO, in the sediments and prevent (significant) leakage to the ocean.

¢ In the absence of buoyancy trapping (water column depth <2250-2750m), then leakage at
comparatively rapid rates could deliver CO, to the seafloor, despite the potential to form
hydrates in the sediment column. Under fast flow conditions, rapid hydrate formation at the
base of the hydrate stability zone may locally increase salinity, inhibiting further hydrate
formation and allowing the upwards transport of free CO,. It might be expected that both
salinity and CO, hydrate concentration will increase from the base of the hydrate stability
zone to the seafloor, with delivery of the free CO, phase to the ocean (c.f. Liu & Flemings,
2007). Furthermore, the proportion of CO, consumed through dissolution and/or reaction
with carbonates will be limited, and the efficacy of residual trapping will be minimal
(proportion of total leaked CO, retained).

¢ In the absence of efficient secondary trapping mechanisms, release of CO, to the ocean will
occur. Thus for any leakage event that delivers CO, to sediments underlying a warm
shallow water column, release of CO, to the ocean is most likely inevitable.

For leakage to sediments underlying deep and intermediate depth waters, further work is
required to determine the flow rate at which the transition from efficient trapping to release of
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CO, occurs (e.g. dynamic models incorporating all behaviours of CO, in the sediment column).
This will vary between sites in response to a wide range of parameters including sediment and
pore fluid properties, the presence of trace contaminants in the CO, phase, P and T conditions,
pore fluid advection, etc. Nevertheless, if we assume adequate site selection criteria, reservoir
screening, and ongoing monitoring of the subsurface CO, plume in the reservoir, then
combining the probability of primary leakage (see Chapter 4) with the likelihood of efficient
secondary trapping in the sediment column allows identification of those leakage mechanisms
most likely to result in release of CO; to the ocean.

The probability of leakage via unidentified faults though caprock seals, via faults activated due
to regional scale reservoir overpressurisation, or via unidentified high permeability zones in
caprock seals, is classed as ‘very unlikely’ to ‘almost impossible’ (see Chapter 4). If leakage
were to occur, flow rates are expected to be slow - on the order of 10 tCO,/yr or less — thus
secondary trapping mechanisms in the overburden are likely to be effective. Combing the low
probability of primary leakage with the high probability of efficient secondary trapping suggests
that significant release of CO, to the ocean via these leakage mechanisms is unlikely to occur.

Exceeding the spill point of a reservoir, resulting in leakage of CO, into a neighbouring
unconfined formation, is also classed as ‘almost impossible’. However, if leakage were to occur
then in this case potential flow rates are very high, being equal to the injection rate and of order
~MtCO,/yr. Therefore, while leakage via this mechanism is not expected, should it occur (due
to poor site selection or management) significant release of CO, to the ocean seems likely.

In tectonically active regions an earthquake may activate faults through the caprock seal. Initial
flow rates could be high at ~1000 tCO,/yr, potentially decreasing to much lower rates on the
order of 10 tCO,/yr once the earthquake has stopped (e.g. Hooper et al., 2005). Thus significant
release of CO, to the ocean could be expected during an earthquake, with secondary trapping
potentially limiting or preventing release to the ocean once the earthquake has ceased.

Leakage along high permeability pathways associated with abandoned or poorly completed
wellbores is classed as highly probable to possible with expected flow rates on the order of
~200 tCO,/yr. Consequently it seems likely that leakage via wellbores could result in delivery of
CO, to the ocean. Well blowout is also classed as possible, with expected flow rates on the
order of ~50,000 tCO,/day. Such an event could result in delivery of CO, to the ocean (e.g.
blowout of an abandoned well) or direct to the atmosphere (e.g. blowout of an active well).
Although given the very rapid flow rates well blowouts are expected to be detected and
mitigated and will typically be of short duration (less than 5 days).

In all cases, connectivity between a primary leakage point and preferential flow paths that allow
rapid migration rates and bypass secondary trapping mechanisms in the sediment column (e.g.
gas chimneys) could result in delivery of CO, to the ocean (see Chapter 7).

Leakage via a wellbore is used here as the reference scenario as (i) it is the most likely to occur
and (ii) flow rates are such that delivery of CO, to the ocean might take place while leakage
remains undetected. For simplicity, it is assumed that the mass flux of CO, at the sediment-
seawater interface is equal to the primary leakage flux and is of order ~200 tCO,/yr.

6.1.4 CO, Saturated Surface Sediments & CO, Hydrate Outcrops

The influence of CO, saturated surface sediments or a CO, hydrate outcrop on the chemistry of
bottom waters will be dependent on:

The chemical composition of the CO, phase (e.g. does it contain H,S)

The dissolution rate or ‘shrinkage rate’ of the CO, phase

The surface area of CO, saturated sediments or exposed hydrate outcrop

The extent of mixing between the CO; dissolution plume and ambient bottom water

Possible trace components in the CO, phase are discussed in Chapter 5. The main point to
recall is that strong hydrate formers will preferentially enter the hydrate phase, altering the
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properties of the hydrate with respect to a pure CO, hydrate. For example, H,S is likely to be
concentrated by a factor of ~10 in a CO, hydrate compared to the stock liquid CO, phase. The
latter three points are discussed in further detail below. This discussion focuses on hydrate
outcrops at the seafloor, where the dissolution behaviour and influence of CO, saturated
surface sediments may be considered similar to the thin slab hydrate example.

6.1.4.1 CO, Dissolution & Hydrate Shrinkage Rates

As ambient seawater is under-saturated with respect to CO,, any CO, exposed to seawater is
expected to dissolve. For CO, hydrate outcropping at the seafloor, decomposition will occur
dominantly as a surface phenomenon (Teng et al., 1999). The CO, diffuses out of the hydrate
lattice cages into seawater until the cage occupancy falls below the stability threshold, at which
point the lattice structure collapses releasing the remainder of CO, molecules held in the
surface layer (Teng et al., 1999). For the purposes of a simple thought experiment it can be
assumed that CO, hydrate dissolution is mass-transfer limited rather than reaction-limited, i.e.
the rate of dissolution is controlled by the transport of dissolved CO, away from the hydrate
surface, rather than the kinetics of hydrate decomposition (e.g. Rehder et al., 2004 and
references therein)g. This assumption allows CO, hydrate dissolution in turbulent ocean
conditions to be approximated by a simple diffusive boundary layer model (Opdyke et al., 1987;
Santschi et al., 1991; Egorov et al., 1999; Rehder et al., 2004; see Eq. 6.1 and Figure 6.1):

2 ([co,] [0, Luaveer)
F= 7 COZ boundary COZ seawater [Eq' 6'1]
Figure 6.1: Schematic diagram showing the diffusive boundary layer at a hydrate outcrop surface.
[CO.Lemaser [LE.L [—
: The conceniration of CO. immediately at the hydrate-seawaler
Ambient interface (point A) is assumed to be in equilibrium with the
Seawater hydrate phase. Thus [CO.]......, is the predicted saturation
concentration of CO. under the T, P, S conditions of interest
The equilibrium selubility of CO, in the presence of CO, hydrate
Diffusi can be determined from flash calculations (e.g. MultiFlash
sive software package from InfoChem Ltd.).
Boundary z
Layer For example, at ~1000 m water depth in the Pacific Ocean
(T =3.6°C, P = 10.48 MPa, S = 34.8), the predicted
[COJ] ..., i5 ~ 0.728 mol/L (Rehder et al., 2004 - see Figure
6¢ in this reference for an example profile for the Pacific Ocean),
CO, Hydrate In comparison, the background concentration of CO, in
Outcrop seawater, [CO]........ is several orders of magnitude lower and
can be considered negligible (point B).

Where F is the diffusive flux of CO,, Dco, is the molecular diffusion coefficient of CO, in
seawater, [COzlyoundary iS the concentration of CO, in seawater immediately at the boundary with
the hydrate surface and is assumed to be saturated, [COj]scawater iS the ambient background
seawater concentration, and z is the thickness of the diffusive boundary layer (Figure 6.1).
Typical values for z at the deep-seafloor are on the order of 1 mm or less (Santschi et al., 1991),
where z will decrease as the turbulence of bottom flow increases. As z decreases, F, and
therefore the hydrate shrinkage rate (SR), will increase (Figure 6.2, order of magnitude guide for
SR only). Thus SR is expected to vary in response to physical parameters such as the
geometry of the hydrate outcrop surface (as surface roughness increases, turbulence increases
and z decreases) and the velocity of bottom currents bathing the hydrate surface (as current
velocities increase, z decreases).

® see Kvamme & Tanaka (1995), Kvamme (2000), & Kvamme et al. (2005) for a detailed model of hydrate dissolution.
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Figure 6.2: (a) The molecular diffusion coefficient of CO, in seawater (b) An illustrative curve for
the Hydrate Shrinkage Rate as a function of the thickness of the Diffusive Boundary Layer, z.
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The molecular diffusion coefficient D, is the value for freshwater decreased by ~6% (Jahne et al., 1987). F was
calculated from Eq. 6.1 for water depths of ~1000m, with a bottom water T = 3.6°C and [CO,],,, 4, = 0.728 mol/L.
The hydrate shrinkage rate (SR) was calculated from F using a hydrate density of 1143 kg/m® and a hydration number
of 5.75 (e.g. Rehder et al., 2004). The curves for F and SR as a function of z are shown for illustrative purposes only.

In-situ measurements of CO, hydrate dissolution in the ocean have been made (Rehder et al.,
2004). Small cylinders of laboratory grown CO, hydrate (density = 1143 kg/m3, hydration
number = 5.75) were transferred to the seafloor in a pressure vessel and exposed to ambient
seawater at 1028 m water depth (T = 3.6°C, S = 34.6). The observed radial SR was 0.47-0.60
um/s, corresponding to a dissolution rate of 0.36-0.47 pmol/cm?s (Rehder et al., 2004). The
variation in dissolution rate was attributed to changes in current speed, with periods of faster
dissolution corresponding to periods of increased current speeds (Rehder et al., 2004). An in-
situ experiment such as this provides advantages over laboratory based studies as the defining
boundary conditions of the ocean (such as the extent of CO, under-saturation in ambient
seawater and local current velocity) are maintained. However, this approach may overestimate
the dissolution rate of a CO, hydrate outcrop at the seafloor. The presence of a protective thin
veneer of sediment or a bacterial mat covering the hydrate surface (as might be expected - see
Figure 6.3) would result in a slower dissolution rate. Furthermore, in this experiment the hydrate
samples were held in a rack above the seafloor, such that the CO; rich dissolution plume (with a
greater density than ambient seawater: Bradshaw, 1973; Haugan & Drange, 1992; Song et al.,
2002) would tend to sink away from the hydrate samples. Conversely, for a horizontal hydrate
surface at the seafloor, the density stratification of CO, rich seawater could stabilize the
boundary layer, thus suppressing vertical mixing and slowing the rate of hydrate dissolution.
Figure 6.3: (a) Hydrate formation during a small scale release experiment in the Deep-Sea, showing the formation
of a rafted block of hydrate covered by a veneer of sediment (photograph courtesy of MBARI).(b) CO, Hydrate
outcropping at the seafloor, Hatoma Knoll, Okinawa Trough (photograph courtesy of Shitashima-san).
s .
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Of relevance here are models examining the fate of liquid CO, lakes on the deep seafloor (e.g.
Fer & Haugan, 2003; Haugan & Alendal, 2005; Enstad et al., 2006; see Table 6.1). These
studies have considered a comparatively large (500m x 500m) lake at a water depth of ~3000m,
where the liquid CO, is separated from seawater by a thin hydrate membrane. Fer & Haugan
(2003) clearly illustrate the damping effect that formation of a stable stratified layer exerts by
comparing the steady state dissolution rate achieved when the seawater density increase due
to addition of CO, is neglected, to that achieved when it is addressed. At a typical bottom
current speed of 5 cm/s, including CO, induced density stratification decreased the modeled
dissolution rate by around two thirds, while at a higher current speed of 20 cm/s (e.g. during a
benthic storm) the effect was found to be less marked with a decrease of ~5%.

Over the past few years model complexity has evolved, moving from 2-dimensional advection
diffusion models (Fer & Haugan, 2003), to improved 2-dimensional models with numerically
resolved boundary layer turbulence and inclusion of internal waves (e.g. Haugan & Alendal,
2005), to 3-dimensional models that include both vertical and lateral mixing (e.g. Enstad et al.,
2006). While early models suggested very slow steady state dissolution rates, as model
complexity has increased so has the predicted dissolution rate (see Table 6.1), with results from
a 3-dimensional model showing reasonable agreement to dissolution rates measured during
small scale release experiments (range of ~0.1-3.0 umol/cm?/s for liquid CO, through a hydrate
membrane — see background information and Chapter 3, Box 3.6).

As the key factor limiting dissolution in these models is the development of density stratification
in the water column due to addition of CO, (Fer & Haugan, 2003; Haugan & Alendal 2005;

Enstad et al.,, 2006), the steady state dissolution rate for liquid CO, through a hydrate
membrane is assumed here to be a useful order of magnitude guide for the dissolution rate of
massive CO, hydrate (see Table 6.1). For the remainder of this chapter an ‘expected’ range in
hydrate shrinkage rate of 0.1-1 ym/s is adopted, with a reference case of 0.5 pym/s to match the
experimental observations of Rehder et al. (2004). This allows constraints to be placed on the
likelihood of a CO, hydrate outcrop forming, and permits a semi-quantitative exploration of the
potential fate of any outcrop formed.

Table 6.1: The Modelled Dissolution Rate of Liquid CO, through a Hydrate Membrane as a
Function of Current Speed (U)

Model Liquid CO, Dissolution Rate (cm/yr)

U=5cm/s | U=10cm/s | U=20cm/s

2-D advection-diffusion (Fer & Haugan, 2003) 12 162
2-D increased complexity (Haugan & Alendal, 2005) 55-66 57-193 303-468
3-D (Enstad et al., 2006) 66 264 858

3-D Model Dissolution Rates - Unit Conversions
& Equivalent Hydrate Shrinkage Rates

CO; Mass Loss Rate (kg/m*“yr)? 693 2772 9009
CO, Molar Flux (umol/cm?s) 0.05 0.20 0.65
Equivalent Hydrate Mass Loss Rate (kg/m?yr)° 2323 9293 30201
Equivalent Hydrate Shrinkage Rate (cm/yr)b 203 813 2642
Equivalent Hydrate Shrinkage Rate (um/s) 0.06 0.26 0.84

®The CO, mass loss rate is calculated from the dissolution rate (3-D case) and assumes a liquid CO, density of 1050 kg/m°.
PEquivalent hydrate mass loss rates and shrinkage rates are those that would be achieved if the molar flux of dissolved CO, were as
predicted for the liquid CO, lake. The hydrate mass loss rate is the CO, mass loss rate multiplied by the ratio of the molar mass of CO,
hydrate (147.5 g/mol - assuming a hydration number of 5.75) to that of CO, (44 g/mol). The hydrate shrinkage rate is then calculated
from the mass loss rate assuming a hydrate density of 1143 kg/m®.
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6.14.2 The Likelihood of a CO, Hydrate Outcrop Forming

Constraints can be placed on the likelihood of a hydrate outcrop forming by considering the
mass balance between the flux of CO, and the hydrate shrinkage rate. Quite simply, the rate at
which hydrate is forming must exceed the rate at which it is dissolving for a deposit to build up.
In the simplest case if we assume that all CO, delivered to the sediment-seawater interface via
leakage or seepage is converted to CO, hydrate, then the threshold mass flux is given by:

44
F >, SR Eq. 6.2
-7 14757M [Ea. 6.2]

Where F_ is the mass flux of |I(1UId CO, per unit area (kgCOZ/m yr), py is the CO, hydrate
density (value used is 1143 kg/m”), SR is the expected hydrate shrinkage rate (m/yr), 44 is the
molar mass of CO,, and 147.5 is the molar mass of CO; hydrate (formula CO,.nH,O, value of n
used is 5.75). Threshold values of F_ as a function of expected SR are shown in Figure 6.4a.
Figure 6.4: (a) The threshold mass flux that must be exceeded for hydate outcrop formation to
occur as a function of the hydrate shrinkage rate. (b) The threshold area within which a given
mass flux must be constrained for hydrate outcrop formation to occur at hydrate shrinkage

rates of 0.1, 0.5 and 1 pm/s. See text for details.
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Figure 6.4b shows the threshold area within which a given total CO; flux must be contained for
hydrate outcrop formation to remain plausible. For slow to moderate leakage rates hydrate
formation can only occur if the leakage remains focused within a relatively smaII area. For
example for a CO, qux of ~200 tCO,/yr the area (width) thresholds are 186 m* (13.6 m), 37.2

m? (6.1 m), and 18.6 m” (4.3 m) for an SR of 0.1, 0.5 and 1 um/s respectively. However, this
simple analysis assumes the upward flux of CO; is spatially and temporally uniform. While this
would be the case for a CO, saturated sediment column, it is likely that real leakage scenarios
will be more complex, with multiple CO, flow paths resulting in a patchy and temporally variable
delivery of CO, (see for example reports of intermittent and itinerant droplet streams at natural
CO, vent sites — with shifts in outlet location from a few to 10s of cm attributed to tortuous flow
paths through surface sediments - Appendix 3A; McCarthy et al., 2005; Pichler & Dix, 1996).
Thus the total area over which leakage occurs (the leakage field) could be significantly larger
than the threshold area, while hydrate formation would remain possible if the upwards flux
within any small patch (at any point in time) exceeds the threshold mass flux. This illustrates
how seafloor hydrates might be a transient feature, even in the region of a persistent leak with
constant total mass flux, where the system could switch between net hydrate formation and net
hydrate dissolution in response to changes in either the current speed or in the distribution of
CO, mass flux across the leakage field.
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6.1.4.3 Outcrop Geometry & Fate of the Hydrate Deposit

The geometry of a hydrate outcrop will influence its fate in two ways. Firstly, a greater surface
roughness will result in increased turbulence and therefore a faster shrinkage rate. Secondly,
the geometry is the primary control on the exposed surface area of the hydrate, and therefore
also determines the total volumetric rate of dissolution.

In ocean storage scenarios, mounds of hydrate deposited on the seafloor have been modelled
as a cone with a radius that is twice the height (e.g. IEA, 2004). This shape is based on sinking
blocks of hydrate forming a heap on the seafloor, and represents a different process to
emplacement from below. Perhaps the most likely outcrop geometry in the event of leakage is
a thin slab, with a comparatively large flat surface area rising only slightly above the seafloor.
However, the formation of large hydrate mounds or rafted blocks of hydrate cannot be ruled out.

Below we consider the fate of a hydrate outcrop by applying three scenarios to a range of
outcrop shapes that seem likely to encompass the true geometry of a hydrate outcrop at the
seafloor, a hemispherical dome (A), 2 cones (B & C), and 3 slabs (D, E & F), where the different
cones and slabs are characterised by different height:radius and height:width ratios (see Figure
6.5). The overall rate of dissolution will decrease in the order F>E>D>C>B>A as the
volume:surface area ratio increases. End member cases are given by the hemisphere A and
thin slab F, while cone C serves as a reference scenario for the standard ocean storage case.

Figure 6.5: The range of possible hydrate outcrop geometries used in example scenario cases (see text for details).
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Scenario 1: An isolated leakage event has resulted in the emplacement of a hydrate outcrop at
the seafloor. The outcrop lifetime (time to complete dissolution) is calculated as a function of
initial deposit size using the reference SR of 0.5 um/s (Figure 6.6a). A hydrate outcrop
containing ~10 tCO, (volume ~29.3 m®) has a lifetime of 15-56 days, depending on whether the
outcrop shape resembles a thin slab (F) or a hemispherical dome (A) respectively. Similarly, a
hydrate outcrop containing 1000 tCO, (volume ~2933 m3) has a lifetime of ~70-260 days. This
variation by a factor of 3-4 in the calculated outcrop lifetime for a given mass of CO; illustrates
the strong control that geometry exerts on hydrate deposit lifetime.

Scenario 2: An isolated leakage event has resulted in the emplacement of a hydrate outcrop
containing 10 tCO, at the seafloor. The outcrop lifetime is calculated as a function of expected
SR (Figure 6.6b). At the low SR of 0.1 pym/s, the outcrop persists for a period of ~70-280 days,
while at the high SR of 1 um/s, the outcrop would be completely dissipated in ~7-28 days.

Scenario 3: A continuous leak is delivering CO, to the seafloor at a rate of 200 tCO,/yr (548

kgCO,/day). It is assumed that the entirety of this flux is converted to hydrate (hydrate
emplacement rate = 1837 kg/day = 1.61 m/day). The growth of the deposit (time to steady
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state’® and steady state size of the outcrop) is then characterised as a function of SR (Figure
6.6c). At the low SR of 0.1 um/s, the outcrop would take 3-6 years to reach steady state at
which point the deposﬂ would contain some ~50-115 tCO,, with a volume of ~150-340 m® and a
footprint of ~70-170 m?. At the reference SR of 0.5 pum/s, the outcrop would reach steady state
significantly faster (3-8 months) and would be con3|derably smaller, containing ~5-10 tCO,, with
a volume of ~13-30 m® and a footprint of ~15-33 m% At the hlgh SR of 1 ym/s, the outcrop
would reach steady state in 1-3 months, and would be only 3-10 m?® in volume, with a footprint of
~7-17 m? and a CO, content of ~1-4 tCO,.

Figure 6.6: The influence of hydrate geometry on (a) outcrop lifetime as a function of outcrop size (mass CO,) (b) outcrop lifetime
as a function of hydrate shrinkage rate (c) steady state outcrop size as a function of hydrate shrinkage rate. See text for details.
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The example mass flux of 200 tCO,/yr used above is a reasonable value for expected leakage
via a wellbore, with the possibility of leakage remaining undetected and therefore unmitigated.
In contrast, ocean disposal scenarios have envisaged hydrate emplacement rates 4-5 orders of
magnitude greater at ~20 ktCO,/day (e.g. IEA, 2004). It is perhaps a useful exercise to
compare the size of the hydrate mounds formed in these two cases to illustrate the difference in
scale (and therefore likely impact on the seafloor environment).

Considering the cone C geometry and the reference SR, for the ‘leakage’ flux of 200 tCO,/yr the
hydrate deposﬂ would reach steady state in ~4-5 months, where the cone would have a volume
of 18 m® and contain 6.2 tCO,. If leakage should cease, it would take ~48 days for total
dissolution of the hydrate outcrop. For the ‘storage’ flux of 20 ktCO,/day (7.3 MtCO,/yr), the
deposit would take ~80-90 years to reach steady state (reaching 90% of its volume after ~20
years), at which point the mound would have a volume of 1.26 x10® m® and contain ~43 MtCO,.
It is perhaps implausible that CO, injection would continue over such a long time period. If
instead we consider emplacement for a period of 1-5 years, then at the point of cessation, the
mound would contain ~6-21 MtCO,. A deposit of this size would take approximately 13-20
years to dissipate, around 100-150 times longer than the ‘leakage’ case. All other things being
equal (e.g. current speeds), the storage mound would alter the chemistry of a significantly larger
volume of seawater to a greater extent over a considerably longer period of time.

6.14.4 Influence of Hydrate Outcrop Dissolution on Bottom Water
Chemistry.

The extent to which dissolution of a hydrate outcrop perturbs the local bottom water chemistry
will be dependent on the hydrate dissolution rate and the volume of seawater that the CO,
dissolves into. This perturbation is therefore a complex function of current speed, outcrop
geometry, the orientation of bottom currents with respect to the hydrate footprint, and the extent
of both lateral and vertical mixing (degree to which flow is turbulent), and will be both temporally
and spatially variable.

'* The time to reach 99.99% of the equilibrium mass as calculated from a simple model using a time step of 1 day.
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Figure 6.7 shows a cartoon of the pH field that develops around a large CO, lake (500 m x 500
m) based on the model results gresented by Enstad et al. (2006) for current speeds of ~10 cm/s
(dissolution rate = 0.2 ymol/cm”s, equivalent SR = 0.26 uym/s — see Table 6.1). In this model a
marked decrease in pH (ApH > 1) extends to a height of ~3m above the lake surface and ~1 km
downstream from the lake centre. A significantly larger volume of seawater experiences more
moderate changes in pH, where the plume defined by a ApH of 0.1 unit or greater extends to a
height of 20-25 m, and is ~7 km in length with a width of ~3 km.

Figure 6.7: Cartoon showing the pH field that develops due to dissolution of CO, from a large seafloor lake
(after model results of Enstad et al. (2006)). Downstream and lateral distances are given from the lake centre.
The footprint of the lake is also shown (500m x 500m). Arrows indicate current (10 cm/s) direction. The lower
panel shows the vertical cross-section through the centre of the plume in the downstream orientation (along dashed
line in upper panel). The upper panel shows a horizontal slice through the plume (along dashed line in lower panel).
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However, this deposit is considerably larger than the probable size of a hydrate outcrop which
might form as a result of leakage. Indeed, the total CO, dissolution flux from the lake is ~700
ktCO,/yr, where the only leakage scenario likely to result in a flux of this magnitude would be if
the spill point of a reservoir were exceeded. Using the reference leakage rate of ~200 tCO,/yr
and assuming steady state, the more likely outcrop size would have a length scale ~1-2 orders
of magnitude smaller and a surface area ~3-4 orders of magnitude smaller than the lake
example, with a total CO, dissolution flux equal to the leakage rate and some ~3,500 times
lower than that from the lake. Thus the spatial extent of the plume, and the volume of seawater
that experiences changes in pH, would also be considerably lower.

Small scale field experiments fall at the other end of the scale, where the mass of CO,
emplaced on the seafloor is significantly less than that which might occur in a leakage scenario
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(typically 1-100 kgCO, in any one experiment — see Chapter 3, Boxes 3.4-3.6 and references
therein). In these experiments CO; is injected into retaining corrals forming smalls pools with a
diameter of ~50-100 cm and a surface area of ~0.2-0.8 m2, around 2 orders of magnitude
smaller than the steady state hydrate outcrop surface area for the 200 tCO,/yr leakage scenario.
Large decreases in pH of up to 1.7-1.8 units have been measured in the immediate vicinity of
the CO, pools (within 1 m), with more moderate decreases of ~0.3 units at a distance of 5-10 m,
and background pH at 50-100m. Furthermore, at low current speeds there has been little
evidence for significant vertical mixing, with the dense CO, rich plume propagating along the
seafloor, and ambient pH measured at heights above the seafloor of ~1m.

Ideally models such as those developed to assess dissolution of CO, lakes would be applied to
hydrate deposits in leakage scenarios to assess the area likely to be affected by a marked
decrease in pH under a given set of conditions. In the interim, a comparison of CO, deposit
footprint and plume extent across the scenarios discussed above (lake, leakage, experiment)
suggests that for the 200 tCO,/yr leakage case, significant changes in pH (ApH > 0.5) will be
experienced some 10s to 100s of metres downstream from the deposit over an area on the
order of 100 m? to 1 km?.

A simple calculation can also be performed to calculate the seawater mixing volumes required
to limit the observed pH change assuming well mixed conditions. Threshold seawater mixing
volumes for the steady state 200 tCO,/yr leakage case are shown in Figure 6.8 as a function of
ApH. The mixing volumes required per day for a ApH of 1, 0.5 and 0.1 are ~22 x10° m?, ~72
x10° m® and ~400 x10° m® respectively. If we exclude lateral mixing, then for current speeds of
5-20 cm/s, and a hydrate outcrop size of dimension 5-15 m, vertical mixing must extend to ~0.1-
1 m, ~0.3-3 m, and ~1.5-18 m to achieve a ApH of 1, 0.5 and 0.1 respectively.

Figure 6.8: Threshold seawater mixing volumes required to limit the change in seawater pH for
the steady state 200 tCO,/yr leakage scenario.

i T A R The mixing volume is the volume of seawater
required per day into which the CO, dissolution
flux must be mixed in order to achieve a given
ApH for the steady state 200 tCO,/yr leakage

1.5

scenario. The calculation assumes that the
system is both well mixed and at equilibrium.

The change in seawater pH was calculated

I 1.0 ] using CO2SYS (Lewis & Wallace, 1998) with
Z the following input values:
I Temperature: 36°C
i Salinity: 346
% Pressure: 1047 dbar
Total Alkalinity: 2403 umolikg
| Initial TCO,;: 2361 umolkg
0.0 ) B e — Initial pH: 7.68
08 bl o o =4 Silicate: 142.9 umolikg
Mixing Volume (kn'f’:‘day) Phosphate: 3.16 umollkg

Results from small scale release experiments have highlighted other factors that need to be
taken into consideration when evaluating both the area impacted by the CO, dissolution plume,
and the ApH experienced at a given location in proximity to CO, deposit. The potential
importance of CO, hydration kinetics was highlighted at the beginning of this chapter. In
addition, it is important that potential changes in current direction are considered.

Standard dissolution models apply a constant current velocity. That is for a given model run
both current speed and direction are held constant. Running the model for different current
speeds then allows evaluation of the differing extent of the plume as a function of this parameter.
However, the direction of bottom currents can also vary.
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Indeed, in small scale release experiments the perturbations in pH observed at a fixed point are
periodic, with a given point falling downstream of the CO, source for a period of ~30 minutes
every ~12 hours and near background pH experienced for the remainder of the time (see
Chapter 3, Box 3.6; Barry et al., 2005). This pattern of exposure reflects the inertial and tidal
periodicity of bottom currents in the experimental location. In a case such as this the area
affected by the CO, dissolution plume would be a circle of radius equal to the plume length,
rather than the footprint of the plume at any given point in time.

6.1.5 A Rising Plume of Buoyant CO, Droplets or Bubbles

Sources of information regarding the behaviour of CO, droplets in the ocean include laboratory
studies (e.g. Ozaki, 1999; Haljasmaa et al., 2005; Bigalke et al., 2007), in-situ observations
(release experiments: Brewer et al., 2002, 2006; vent sites: Lupton et al., 2006; Shitashima &
Maeda, 2005), and modelling approaches (e.g. Alendal & Drange, 2001; Chen et al., 2003,
2005; Gangstg, 2004; Gangste et al., 2005; Zhang, 2005; Brewer et al., 2006).

As a buoyant droplet of liquid CO, ascends through the water column it will lose mass due to
dissolution. During its ascent the droplet will encounter progressively warmer water, and the
remaining liquid CO, will expand (became less dense). Hydrate may be present as a thin
coating or membrane, or continual conversion of the liquid CO, to hydrate may occur. In
addition, droplets may collide with each other. Observations during release experiments and at
vent sites indicate that when this occurs, hydrate coated droplets do not coalesce into a single
larger droplet, but rather adhere to each other forming droplet pairs and rafts (e.g. Brewer,
2002; Lupton et al., 2006). The buoyancy and drag experienced by the droplet during its ascent,
and thus the droplet rise rate, will reflect a combination of these processes.

If rising droplets reaches the liquid to gas transition, or indeed if seepage of CO, occurs at a
depth above the condensation depth, gas bubbles will be formed (Herzog et al., 1991; Haugan
& Drange, 1992). These gas bubbles will continue to rise through the water column, and
whether or not they fully dissolve or reach the ocean surface will depend largely on the initial
size of the gas bubble and the depth of release (or the condensation depth).

As the addition of dissolved CO, increases seawater density (Bradshaw, 1973; Haugan &
Drange, 1992; Song et al., 2002), we must consider two CO; rich plumes; the primary plume of
buoyant CO, droplets, and the secondary plume of low pH dense seawater that is formed as the
droplets dissolve (e.g. Alendal & Drange, 2001; Chen et al., 2003, 2005).

The characteristics of the double plumes are dependent on multiple factors including depth of
injection, droplet size, the presence (and nature) of hydrate, current velocity, injection rate, and
the local water column temperature and salinity profile experienced during droplet ascent.
Indeed, varying combinations of these factors can lead to markedly different behaviours. In the
ocean sequestration case (e.g. injection of liquid CO, droplets at mid depths) these factors can
(to some extent) be controlled or chosen, to engineer droplet and dissolution plumes with a
given set of characteristics. In the leakage case, we must consider the most likely behaviour
and characteristics.  The principle factors that determine double plume characteristics are
discussed briefly below, before focusing on in-situ observations of droplet behaviour.
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6.15.1 Depth of Injection

The depth of ‘injection’, or in this case seepage, will be determined by the leakage event. The
discussion below focuses on seepage to deep and intermediate depth waters where CO, is a
buoyant liquid and hydrate formation may be possible, as it is in this area that further research
is particularly required.

6.1.5.2 Expected Droplet Size

Initial droplet size is important for determining the vertical distribution of the CO, plumes.

Droplet size is an important parameter in determining the buoyancy forcing experienced by the
droplet at a given point in time. Larger droplets have a greater positive buoyancy than smaller
droplets, and will ascend through the water column faster. The vertical extent of the droplet
plume and associated dissolution plume, and hence the volume of seawater influenced by each
plume (the dilution factor), will therefore increase as droplet diameter increases (e.g. Alendal &
Drange, 2001). Thus release as large droplets will alter the chemistry of a larger volume of
seawater with respect to release as small droplets, while the absolute concentration of CO,
(both liquid CO, and dissolved CO,) within the double plumes will be lower (more dilute). In
addition, very small droplets may be entrained in a sinking CO, enriched water plume (e.g.
Alendal & Drange, 2001; Chen et al., 2005).

In ocean sequestration scenarios, injection nozzles could be configured to release droplets with
a given dimension (e.g. Nishio et al., 2006), and numerical models have examined considered
droplets with diameters in the range of ~2 to 60 mm (e.g. Alendal & Drange, 2001; Chen et al.,
2005; Gangsta, 2004; Brewer et al., 2006). However, in the seepage case we need to know the
expected size of the droplets that would emerge from the seafloor.

When buoyant liquid CO, is released directly into the water column it will break down into small
droplets due to Taylor instabilities, where observations and model predictions indicate formation
of droplets with diameters on the order of 8 to 10 mm (e.g. Brewer et al., 2006). In a water
tunnel experiment, droplets larger than 10 mm diameter were observed to shed CO, until this
size was approximately reached (Halijasmaa et al., 2005). Thus droplets with a diameter on the
order of 10 mm might reasonably be expected. Indeed, this shows good agreement with
observations at natural vent sites, where droplets emanating from the seafloor at water depths
of 1350-1600 m have diameters on the order of 5 to 15 mm (see Table 6.2). The ‘base case’
used in modeling studies typically consider droplet diameters in this range (e.g. 14 mm, Alendal
& Drange, 2001; 8 mm, Chen et al., 2005).
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Table 6.2: Characteristics of Liquid CO, Droplets & Plumes

Initial
Depth of | Temperature Rise Dissolution . .
p P Droplet Methods & Vertical Rise
release at release i Rate Rate
Diameter
(m) (°C) (cm) (cm/s) | (umolicm?s)
Release Experiments
Injection of individual droplets. Droplet
Single droplets, visually tracked over 460 m ascent.
Monterey Bay, California® 805 44 0.89 10210 14.9 3 90% of mass loss occurred within first
200 m of ascent.
Release of 5 L CO, with no attempt to
Droplet cloud, 1000 39 -1 -10 control droplet size. Droplet cloud
Monterey Bay, California® ' acoustically tracked over 150 m ascent
before signal dissipated.
Natural Vent Sites
Jade Hydrothermal Field,
e T " 1350-1550 38 -1
Okinawa Trough
~26 to ~20 Droplet visually tracked over 550 m
Hatoma Knoll Vent Site, 1520 39 ~0.51 ~15 10 ~10 ascent. TCO, & pH returns to
Okinawa Trough® ’ ’ ~13t0 ~4 background values within 10s of m
above vents.
Champagne Vent Site, NW 1604 < 15 TCO; returns to background values
Eifuku, Mariana Arc® ’ within 150 m above vents.

(a) Brewer et al. (2002); (b) Brewer et al. (2006); (c) Sakai et al. (1990); (d) Shitashima & Maeda (2005); (e) Lupton et al. (2006).

6.1.5.3 Influence of Bottom Currents

In a stagnant water column, buoyant CO, droplets would simply ascend vertically through the
water column until they have completely dissolved, and the CO, rich dissolution plume would
sink and spread laterally along the seafloor (e.g. Alendal & Drange, 2001). In this case, both
plumes experience little dilution, and for a given CO, release rate and droplet size the volume of
seawater affected is at a minimum, while the decrease in seawater pH is at a maximum.

Under the action of bottom currents, the CO, droplets are subjected to horizontal forcing. Both
the inclination of the droplet plume and the lateral dispersion of the dissolution plume will
increase as current speed increases. As current speed increases, the CO, is dissolved into a
larger volume of water, and the maximum decrease in seawater pH that is experienced
decreases (for a given CO; release rate and droplet size). This is illustrated in Figure 6.9, parts
(a)-(d), which are based on results from a model with a droplet diameter of 14 mm and a release
rate of 1 kgCO,/s, comparing the double plumes predicted for a current speed of 10 cm/s with
those predicted for a current speed of 5 cm/s (after Alendal & Drange, 2001). As expected, the
water with the highest concentration of droplets and lowest pH is found close to the release
point, where the maximum droplet concentration and minimum pH is greater for the lower
current speed. While the vertical extent of the droplet plumes (height reached above release
point) remains the same as current speed increases, the greater inclination of the droplet plume
at 10cm/s results in the plume extending around twice as far downstream than that predicted for
the 5cm/s current. In this example, dissolved CO; is transported downstream by the background
current and downward owing to the increased density of the CO,-enriched water, where the
density of the plume and downward transport is more marked at lower current speeds (as the
CO, concentration is higher). Eventually, as ambient water entrains the CO, enriched water by
mixing, the density difference disappears and the dissolved CO, follows ocean dynamics as a
passive trace (Alendal & Drange, 2001). It is noted that this model does not incorporate the
effect of hydrate formation on mass transfer rate (Alendal & Drange, 2001), nevertheless, the
illustration of the influence of variable current speed remains valid.
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Figure 6.9: Cartoon showing the CO, droplet and dissolution plumes resulting from a point source release
of buoyant liquid CO, at a rate of 0.1-1.0 kgCO,/s (after model results of Alendal & Drange (2001) and Chen
& Akai (2004)). Panel A (after Alendal & Drange (2001)) is for 30 minutes after CO, injection commences, with
CO, release at ~700 m water depth, an initial droplet diameter of 14 mm, and both variable current speed and
injection rate: (a & b) current speed 10 cm/s, injection rate 1 kgCO,/s (c & d) current speed 5 cm/s, injection rate 1
kgCO./s (e &f) current speed 5 cm/s, injection rate 0.1 kgCO./s. Panel B (after Chen & Akai (2004)) is for 100
minutes after CO, injection commences, with CO, release at ~885 m water depth, an initial droplet diameter of 8
mm, a current speed of 2.3 cm/s, and variable CO, injection rate: (g) 0.6 kgCQ.,/s (h) 0.1 kgCO./s. For further
details of this model see Chen et al., (2005). CO, droplet plumes (a,c,e) are defined by the total mass of liquid
CO, remaining per m* of seawater (kgCQ./m®). Dissolution plumes (b,d f,g,h) are defined by the decrease in
seawater pH (ApH). Arrows indicate current speed and direction.
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6.1.5.4 Influence of Release Rate

The CO, release rate, and the area of seafloor over which release occurs (flux of CO, per unit
area), also exerts a strong control on the extent to which added CO, perturbs seawater
chemistry. The smaller the mass flux of CO,, and the larger the area over which it is released,
then the greater the dilution factor, and the smaller the resultant reduction in seawater pH.

This is illustrated in Figure 6.9, parts (c)-(h). Parts (c) to (f) are based on results from a model
with a droplet diameter of 14 mm and current speed of 5 cm/s, where the influence of hydrate
formation on mass transfer rate is not included (Alendal & Drange, 2001). This model
compares the double plumes predicted for a point source release rate of 1 kgCO,/s (~30,000
tCO./yr) with those predicted for a release rate of 0.1 kgCO,/s (~3,000 tCO,/yr). Figures (g) and
(h) are based on results from a model with a hydrate coated droplet diameter of 8 mm and a
slower current speed of 2.3 cm/s (Chen & Akai, 2004), comparing the dissolution plume
predicted for a point source release rate of 0.6 kgCO,/s (~20,000 tCO,/yr) with that predicted for
a release rate of 0.1 kgCO,/s (~3,000 tCO,/yr). The high release rates of 10s of ktCO,/yr reflect
potential injection rates in ocean storage scenarios, and are considerably greater than expected
leakage rates for most failure modes (with the exception of well blowout or exceeding the spill
point of a reservoir, where release rates could be significantly larger). The lower release rate of
~3,000 tCO./yr is comparable to potential leakage rates in the event of earthquake fault
activation, but is still approximately an order of magnitude greater than the reference leakage
scenario of ~200 tCO,/yr (~0.006 kgCO./s).
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Notice that in both models, the decrease in seawater pH is significantly reduced at the low
release rate of ~0.1 kgCO,/s, with a maximum predicted ApH of <1.5. Furthermore, the addition
of dissolved CO, to seawater is too low to generate a dense strongly sinking dissolution plume,
with the CO, enriched seawater tending not to sink (significantly) below the injection depth
(Alendal & Drange, 2001; Chen & Akai, 2004).

In addition, the release rate can influence the size of droplet formed, with smaller droplets
formed at faster flow rates. For example, laboratory experiments have shown that for the
injection of liquid CO, through a multiple orifice injector (60 x 4 mm diameter orifices),
increasing the flow rate from ~0.1 kgCO./s to ~0.2 kg CO./s reduced the effective droplet
diameter from ~8-20 mm to ~5-15 mm (Nishio et al., 2005).

6.1.5.5 Presence & Nature of CO, Hydrate

The presence of a hydrate membrane or ‘shell’ at the interface between a CO, droplet and
seawater, and/or the formation of composite liquid-hydrate particles, will alter the droplet/particle
dissolution rate and rise rate with respect to the liquid only case (e.g. Holder et al., 1995; Ozaki
et al., 1999; Chen et al., 2003, 2005; Bigalke et al., 2007).

Numerous small scale release experiments have demonstrated that hydrate formation is
ubiquitous within the oceanic hydrate stability zone, with hydrate forming almost instantaneously
at the interface between liquid CO, and seawater (e.g. Brewer et al., 1999, 2002; personal
observation). Similarly, all observations of liquid CO, droplets at natural vent sites report the
presence of a hydrate membrane on liquid droplets, with the formation of composite liquid-
hydrate particles reported at some sites (Sakai et al., 1990; Shitashima & Maeda, 2005; Lupton
et al., 2006). It therefore seems reasonable to conclude that under conditions favourable for
hydrate formation, seepage of liquid CO, to the ocean will result in the formation of hydrate
coated droplets and/or composite particles. However it is noted that in regions where P,T
conditions lie close to the hydrate stability boundary, hydrate membranes may be partially
incomplete or missing due to insufficient thermodynamic forcing and erratic behaviour may
occur (Bigalke et al., 2008). Seepage of CO, to comparatively warm intermediate depth waters
that lie outside the hydrate stability zone (or ascent into this region from below) will result in the
formation of buoyant liquid only droplets.

The dissolution of a hydrate coated droplet is a complex phenomenon, involving hydrate
formation and dissociation and CO, mass transfer across the hydrate membrane (Mori, 1998).
While this process has yet to be fully understood, the overall dissolution rate will be proportional
to the total interface area, the effective mass transfer coefficient, and the CO, concentration
difference between the interface and the surrounding seawater, where the CO, concentration at
the interface is assumed to be saturated (Chen et al., 2005). As CO, hydrate is less soluble
than liquid CO,, the dissolution of a hydrate coated droplet (or composite particle) will be slower
than that of a liquid only droplet. As hydrate solubility decreases with decreasing temperature
this reduction in dissolution rate will be more marked at lower temperatures, where laboratory
experiments and models indicate a reduction factor of around 2-3 under the conditions of
interest (e.g. Aya et al., 1992, 1997; Nishikawa et al., 1995; Holder & Warzinski, 1996; Gangste
et al., 2005).

The presence of a stiff hydrate membrane also alters the deformation of the droplet (with
respect to the liquid only case), and therefore changes the droplet geometry, interface area, and
the drag experienced by the droplet during its ascent, hence influencing the overall dissolution
rate, the rise rate, and the total ascent of the droplet (e.g. Ozaki et al., 1999; Chen et al., 2003,
2005; Gangstg, 2004; Gangstg et al., 2005).

As the density of CO, hydrate is greater than that of buoyant liquid CO, (and indeed seawater),
the presence of hydrate increases the overall droplet density. For a thin membrane, this density
increase can be considered negligible. For example, laboratory measurements of CO, hydrate
membranes formed at 10 MPa (approximately equivalent to 1000 m water depth) and
temperatures of 0 to 10°C indicate a thickness on the order of 7 to 12 um, where thickness
increases as temperature decreases (thermodynamic driving force for hydrate formation
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increases; Oyama et al., 2004; Abe et al., 2007). For droplets with diameters of 5 to 15 mm, a
12 ym membrane would increase the total droplet density by <0.3% to <0.1% respectively
(based on a liquid CO, density of 0.950 g/cm® and a hydrate density of 1.143 g/cm®). However,
if the hydrate continues to grow with eventual conversion of the liquid CO, droplet to a small
hydrate particle, the gradual increase in density would slow the rise rate and eventually cause
sinking (e.g. Holder et al., 1995). For illustration, using the densities of CO, liquid and hydrate
given above, and a seawater density of 1.030 g/cm3, the density of a droplet/particle would
exceed that of seawater when approximately 20% of the CO, has converted to hydrate.

6.1.5.6 In-Situ Observations of Individual CO, Droplets & Droplet
Clouds

Individual Droplets/Particles: Observations

In-situ observations indicate a broad spectrum of behaviours, including the formation of hydrate
coated droplets and composite particle formation, and are summarised briefly below.

In a small scale release experiment, Brewer et al. (2002) visually tracked CO, droplets during
their ascent through the water column from a release depth of ~805 m. This experiment utilised
a specially designed imaging box or ‘bubble box’ (see Box 3.5, Chapter 3) mounted on an ROV
within the field of view of an HD camera. While the stiffness of the liquid droplet surface and its
near spherical shape provided evidence for the presence of a hydrate membrane, gradual
conversion of the droplet to a hydrate particle was not observed (Brewer et al., 2002).

Droplets were tracked over a total ascent of ~400 m, where 90% of droplet mass was lost within
a period of 30 minutes over the first 200 m of ascent. The droplet dissolution rate was
calculated from the measured radial shrinkage rate and was determined to be constant over the
ascent at 3.0 ymol/cm?/s (Brewer et al., 2002). This remains at present the only reported in-situ
measurement of the dissolution rate of CO, droplets. The droplet rise rate increased over the
ascent, from a mean of ~10.8 cm/s (6.5 m/min) between 800 m and 700 m, to ~11.5 cm/s (6.9
m/min) between 700 m and 600 m, and 12.7 cm/s (7.6 m/min) between 600 m and 500 m
(calculated from Figure 6, Brewer et al., 2002).

While careful injection of liquid CO, during in-situ experiments results in the formation of a thin
transparent hydrate membrane, the presence of which is inferred from the physical
characteristics of the interface (e.g. Brewer et al., 2002; personal observation), observations of
droplets at vent sites report a readily visible ‘milky skin’ (e.g. Lupton et al., 2006), indicating a
somewhat thicker membrane.

Utilising the same technique as Brewer et al. (2002), Shitashima & Maeda (2005) tracked
droplets emanating from the Hatoma Knoll vents (Okinawa Trough) from a depth of 1470 m
over a maximum ascent of ~550 m. Three different droplets were tracked, where the droplets
had different initial diameters (in the range 5-10 mm) and displayed different rise characteristics
(from presentation by Shitashima & Maeda, 2005). During ascent the droplets gradually
converted to small irregularly shaped hydrate particles. The irregular shape was presumably
due to a combination of deformation and unevenly distributed hydrate growth. Rise rates were
highly variable, although all droplet/particles showed a decreasing rise rate with ascent. As
sinking of the droplet/particles was not reported, it can be assumed that conversion of CO, to
hydrate was not complete (for these droplets). The very rapid ascent of one particular droplet,
with an initial rise rate of ~26 cm/s decreasing to ~20 cm/s within a 300 m ascent and remaining
approximately constant at shallower depths, seems somewhat difficult to explain. It is perhaps
possible that this droplet was influenced by the motion of the ROV, or was entrained in a rising
plume of buoyant vent fluids. The two other droplets displayed initial rise rates of ~13 cm/s and
~15 cm/s, decreasing to ~4 cm/s within a 100m ascent and ~10 cm/s within a 300 m ascent
respectively.

At the Jade hydrothermal field (Okinawa Trough), translucent hydrate ‘horns’ were seen

growing out of the sediment, with liquid CO, emerging from the top of the horns as hydrate
coated droplets (Sakai et al.,, 1990). These horns grew to lengths of ~10 cm, increasing in
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diameter from a narrow base to about 1 cm at the top, periodically breaking off and rising
through the water column (Sakai et al., 1990). As the horns grow in height the proportion of
liquid CO; (inside the horns) to hydrate (in the horn walls) increases and the average density of
the horns decreases, with the horns breaking off when the buoyant force is sufficient to break
the hydrate ‘root’. Treating the horns as simple inverted cones and assuming that all interior
space is occupied by liquid CO, suggests a wall thickness less than ~1 mm (i.e. under local
conditions, an inverted cylinder with a diameter 1/10" of its length becomes more buoyant than
seawater on reaching a length of 10 cm when the hydrate wall thickness is ~1 mm). The
droplets and horns were not tracked upwards through the water column, although Sakai et al.
(1990) describe the free horns as ‘drifting off’, suggesting a slow rise rate consistent with a
small positive buoyancy.

Finally, at both the Jade vent site and the Champagne vent site (Mariana Arc), droplets trapped
in inverted containers have been reported to continuously convert to a white ‘sherbet-like’
hydrate during ascent (e.g. Sakai et al., 1990; Lupton et al., 2006).

Individual Droplets: Comparison between Observations and Models.

While numerous modelling studies have compared outcomes to the observational data of
Brewer et al. (2002), as yet (to the authors knowledge) no attempts have been made to model
the behaviour observed at the natural vent sites.

Early work suggested that hydrate coated droplets behave as rigid spheres (Hirai et al. 1997,
Mori, 1998). Indeed Brewer et al. (2002) make this assumption for the purposes of a simple
thought experiment, and some more recent models are also based on this supposition (e.g.
Zhang, 2005). However, the rise characteristics of a rigid sphere do not match the observations
of Brewer et al. (2002), where calculating the terminal velocity of a spherical particle (see
iterative method outlined in Zhang, 2005) significantly over-estimates the initial rise rate and
predicts a decreasing rise rate with decreasing droplet diameter (i.e. decreasing rise rate over
ascent). Furthermore, although droplet/particle rise rate did indeed decrease during ascent at
the Hatoma Knoll vent site, the irregular shape of these droplet/particles clearly cannot be
approximated by a sphere.

The deformation of hydrate coated droplets has been examined in laboratory experiments
(Ozaki, 1999; Ozaki et al., 1999; Chen et al, 2003; Nishio et al., 2005). On the basis of these
results, Chen et al. (2003, 2005) concluded that CO, droplets with a hydrate membrane should
be modelled as a rigid irregular ellipse, and calculated terminal velocities using the drag
coefficient when droplet deformation was taken into account. In a similar approach, Gangstg
(2004) and Gangstg et al. (2005) adapted the bubble model of Bozzano & Dente (2001) to
calculate the terminal velocity of hydrate coated CO, droplets of differing shapes, where the
drag coefficient is defined by the droplet size, interfacial tension, density (of both the droplet and
seawater) and the viscosity of seawater. These authors demonstrate a reasonable fit to the rise
rates reported by Brewer et al., (2002), with the droplet gradually transitioning from an
ellipsoidal regime to a spherical regime as it loses mass during ascent. This conclusion also fits
with the observation of Brewer et al. (2002) that on expulsion from the injection nozzle the
droplets initially had an elongated shape, gradually becoming more spherical during ascent.

At present, the individual droplet models of Chen et al. (2003, 2005), Gangstg (2004) and
Gangstg et al. (2005) provide a reasonable match to the experimental observations (rise rate
and shrinkage rate) of Brewer et al. (2002), and clearly demonstrate that shape/deformation
must be included in models of droplet behaviour. However, while these models may well
provide a strong basis for prediction of hydrate coated droplet behaviour in ocean sequestration
scenarios, there are serious limitations in their applicability to the leakage case. Indeed, if the
observations at natural vent sites are a true reflection of the variation that can be expected
when droplets emerge from the seafloor, this scenario may well frustrate predictive modelling
attempts, although end member scenarios could be explored. In particular, it is the variable
nature of hydrate formation, which in turn influences all key parameters of the droplet/particles,
that may prove problematic.

The reasons for the observed variation in extent and nature of hydrate formation are presently
uncertain, and there is clearly a need for additional observational data, including both laboratory
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and in-situ experiments, and further investigation of natural vent sites. Some possible causes
for observed differences and other factors that warrant consideration are suggested below,
although this list is by no means exhaustive:

(i) The flow path and flow rate through the sediment and/or accompanying fluid flow
(hydrothermal or entrained flow) may promote hydrate formation at the natural vent sites. In an
early release experiment, Brewer et al. (1998) expelled a mixture of CO, and He through a frit
with a 10 ym pore size, which may provide an analogue for expulsion through sediment pore
space. The emerging hydrate coated droplets showed a characteristic shape that pinched and
narrowed toward the frit/base, and the droplets remained adhered to the frit and to each other to
form clusters until they reached a critical size and detached. This behaviour is similar to the
hydrate horns described by Sakai et al. (1990). Small scale release experiments have also
demonstrated the formation of composite liquid-hydrate-seawater particles using a co-flow
injector (Tsouris et al., 2004; Riestenberg et al., 2005), where this experimental work may prove
a solid starting point for further examination of composite particle behaviour.

(ii) The presence of trace components in the vented CO, that promote hydrate formation (e.g.
H.S), and that are absent in the pure CO, used in release experiments.

(iii) Adsorption of contaminants onto the droplet surface - the ‘dirty bubble’ problem.
Experiments have shown that in contaminated water accumulation of surface-active
contaminants on a bubble/droplet surface affects the shape and therefore the drag (Clift et al.
1978). While comparison of various numerical models to the observational data of Brewer et al.
(2002) implies that surface active contaminants had a negligible effect on the dynamics of the
observed droplet (Gangstg, 2004), this may not be the case for droplets emerging from the
seafloor.

(iv) The inherent physical properties of the systems under observation. The CO, vent sites are
located at depths of 1350-1550 m, whereas the release experiment was conducted at a depth of
800 m. The thermodynamic driving force (P and T conditions) for hydrate formation is therefore
greater at the natural vent sites, where the difference between the natural and experimental
systems would become more marked as the droplets ascend. For example, at Hatoma Knoll
the temperature increases only ~0.2°C over the first 200m of ascent from 3.9°C at 1470 m to
4.1°C at 1270 m. In comparison, in the release experiment, temperatures are both higher at the
release point and increase more rapidly over the ascent, from 4.4°C at 800 m to 5.2°C at 600 m.

(v) Experimental artefacts. In the Brewer et al. (2002) experiment, the imaging box was fitted
with grills at the top and bottom to promote laminar flow through the box and minimise (although
not eliminate) turbulence, whereas this was not the case in the Hatoma Knoll experiment
(personal communication, Shitashima-san). Turbulent flow (mixing) through the imaging box,
and in inverted containers during ROV ascent, could have stimulated further hydrate formation
that would not otherwise have occurred. It is noted that numerous in-situ experiments have
demonstrated that simply shaking a container holding liquid CO, and seawater results in rapid
flocculent hydrate formation.

Droplet Clouds: Observations and Comparisons to Models

While the use of an imaging box allows individual CO, droplets to be visually tracked during
their ascent (or indeed descent) through the water column, this system may also perturb the
flow conditions around the droplets, with boundary flow effects potentially altering the
dissolution and rise rates from those of a freely ascending droplet (e.g. Brewer et al., 2002;
Gangstg et al., 2005). Furthermore, a droplet cloud or plume cannot be so contained, and is
impossible to track visually when free to move in all dimensions (Brewer et al., 2002; see also
Box 3.5, Chapter 3). While it is commonly assumed that pH sensing may be used to track a
CO; plume, for small releases of CO, droplets the pH signal may be undetectable (e.g.
Shitashima & Maeda, 2005; Brewer et al., 2006), thus some other technique is required.

Brewer et al. (2006) recently demonstrated the use of acoustic detection to track a small cloud

of CO, droplets, using both a surface ship downward looking sonar and an ROV forward looking
sonar (see Box 3.5, Chapter 3). The droplet cloud was tracked from a release depth of ~1000
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m over an ascent of 150 m (~30 minutes) before the signal was lost. The procedure was to
position the ROV directly beneath the ship before releasing ~5 L of liquid CO,. On release, the
liquid mass immediately began to break up into smaller cm scale droplets due to Taylor
instabilities, and no attempt was made to control droplet size. The ROV was then backed off to
a distance of ~10 m from the cloud (as ascertained by the scanning 675 kHz ROV sonar with a
+15° vertical cone angle) and held stationary. Once the sonar signal indicated the cloud had
risen beyond view, the ROV was piloted upwards, positioned immediately above the cloud and
held stationary as the cloud transited upward and out of view again. This procedure was
repeated throughout the tracking exercise, where both the ascent of the droplet cloud and the
ROV flight path were detected by the 38 kHz shipboard sonar. Combining the horizontal slices
of the droplet cloud obtained from the ROV sonar with the vertical extent as determined from
both the ROV and shipboard sonar provided a detailed 3 dimensional picture of the droplet
cloud during its ascent, which was then compared to that predicted using the numerical model
of Chen et al. (2005) with randomly set initial droplet diameters of 8 to 10 mm.

Simulated horizontal sections through the centre of the droplet cloud agreed well with the ROV
sonar record, increasing from a scale of 4 m x 7 m after 5 minutes to 7 m x 8 m after 15 minutes,
and 8 m x 9 m after 25 minutes (see Figure 2, Brewer et al., 2006). Simulated vertical sections
also agreed reasonably well with the sonar record images in terms of cloud height and width,
however the modelled cloud rose slightly slower than the real cloud, with a mean rise rate over
a 25 minute ascent of ~6 cm/s compared to ~10 cm/s (see Figure 3, Brewer et al., 2006). This
may be due to two factors. Firstly, while break up of the liquid CO, into droplets occurs
immediately on release, this shedding process is not instantaneous, thus the real cloud is likely
to include globules or droplets larger than the modelled droplet diameters. Secondly, a
downward flow of locally dense CO, enriched sea water is predicted by the model (Chen et al.,
2005), where this develops to a significant level in comparison to the gradually slowing
individual droplet rise rates after ~20 minutes (Brewer et al., 2006). Because of a smaller
computation domain in the horizontal (20 m x 20 m) than the vertical (200 m), the open
boundary conditions at top and bottom make the modelled flow field sensitive to the small
negative buoyancy effect (Brewer et al., 2006). In the real ocean no significant down-welling
was observed, since the small size of the release produced negligible local density increases
(Brewer et al., 2006). Also evident from both the observations and model simulations is the
rapid dilution (due to dissolution and dissipation) of the droplet cloud during ascent, where the
cloud dilution detected by the ROV sonar corresponded to simulations with maximum droplet
numbers per m® of 620,160, and 80 at 5, 15, and 25 minutes respectively. The results suggest
that very sensitive detection of small amounts of liquid CO, leaking from the sea floor may be
detected acoustically, but that rapid droplet dissolution results in signal detection only within
about 150 m of vertical ascent from the source (Brewer et al., 2006).

This experiment represents the first in-situ assessment of the dynamics of a rising cloud of CO,
droplets against which a model can be tested. As such, the generally good agreement between
the observed and simulated clouds gives increased confidence in our ability to predict plume
behaviour. However, the caveat remains that seepage of CO, to the ocean is likely to result in
more complex behaviour due to the variable nature and extent of hydrate formation.

6.1.5.7 The “‘Expected’ Behaviour of a CO, Droplet or Bubble Plume

Further investigation of CO, seepage from sediments to the ocean is required to determine the
factors that control droplet formation and composite liquid-hydrate particle formation, and thus
allow the most likely behaviour for a given set of circumstances to be predicted with any degree
of certainty. Nevertheless, current knowledge and understanding does allow a number of broad
statements regarding expected behaviour in the leakage case to be made.

Observations and models indicate that the release of liquid CO, to the ocean will result in an
initial droplet size on the order of 1 cm diameter.

For seepage of liquid CO, to a warm water column (outside the hydrate stability zone) the CO,
will form a rising plume of buoyant liquid only droplets. Current numerical models are likely to
simulate the ascent and dissolution characteristics of these droplets with a reasonable degree
of accuracy, although surface contamination may need to be considered.
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For seepage of liquid CO, to a water column that lies within the hydrate stability zone, hydrate
formation will occur. Hydrate may simply be present as a thin membrane at the droplet-
seawater interface. Alternatively, composite liquid-hydrate particles with complex geometries
could form as the CO, emerges from the seafloor. In both cases, continual conversion of CO,
to hydrate may occur while the droplet/particle remains within the hydrate stability zone. While
the proportion of CO, present as liquid remains high, the droplet/particles will be positively
buoyant and will ascend through the water column. As the proportion of hydrate increases, the
rise rate will slow, and if a critical threshold (dependent on the relative density of seawater,
liquid CO, and CO, hydrate under local conditions) is crossed, the droplet/particle will sink. In-
situ measurements indicate a droplet/particle rise rate on the order of 5-15 cm/s (Table 6.2).

The ascent rate and dissolution characteristics of hydrate coated droplets can be modelled with
a reasonable degree of accuracy, with numerical simulations showing good agreement to the
currently limited observational data set. As yet, model studies have focussed on CO, release
rates appropriate to ocean sequestration scenarios. However, Chen & Akai (2004) presented
results from a model run with a release rate of 0.1 kgCO,/s, which is more comparable to the
upper end of expected leakage rates (excluding well blowout and exceeding the spill point of a
reservoir - see Figure 6.9). As this model run also considered a comparatively slow current
velocity of 2.3 cm/s, these results seem likely to represent a good end-member scenario for
seepage at relatively rapid rates when CO; is released as hydrate coated droplets and plume
dilution is low. In this case, the maximum predicted ApH is less than 1.5, where the region
experiencing a ApH of 1-1.5 is restricted to the immediate vicinity of the release point, extending
only some 10-15 m in both the vertical and along flow directions. As noted previously, the
addition of CO, to seawater is not sufficient to generate a dense strongly sinking dissolution
plume, where the plume defined by a ApH>0.1 extends to a height of ~150 m above the release
point, and approximately 175 m downstream (see Figure 6.9).

Observational evidence also supports the conclusion that the vertical influence of a droplet
plume (considered here to be the height over which a measurable change in seawater
chemistry occurs) is likely to be confined to some 150-200 m above the release point (excluding
catastrophic leakage scenarios; see Table 6.2). In release experiments, 90% of droplet mass
loss occurred over an ascent of 200 m, while the acoustic signal from a droplet cloud was lost
after an ascent of 150 m (Brewer et al., 2002,2006). At Hatoma Knoll, while the pH near the
seafloor was significantly depressed (pH 5), the TCO, and pH of seawater near the liquid CO,
vents recovered to background values within several 10s of m from the seafloor (Shitashima &
Maeda, 2005). Similarly, water column measurements at NW Eifuku (Champagne vent site) on
the Mariana Arc showed that a measurable excess of TCO, was confined to depths within 150
m above the vents (Lupton et al., 2006).

This suggests that for seepage of liquid CO, to the seafloor at a point more than 200 m below
the condensation depth, the majority of liquid CO, will have dissolved before the droplet reaches
the liquid to gas transition.

Conversely, for seepage of CO, to the seafloor at a point less than 200 m below the
condensation depth, a significant proportion of the CO, may reach the liquid to gas transition, at
which point bubbles of CO, will be formed (Herzog et al., 1991; Haugan and Drange, 1992).
Whether or not the liquid to gas boundary lies within the hydrate stability zone, and thus
whether a free gas or hydrate coated gas bubble is formed, will depend on local water column
conditions. The gas bubbles will continue to rise through the water column, with a dissolution
rate on the order of 0.26 to 1.1 pmol/cm?/s (Teng et al., 1996). Observations of a hydrate
coated liquid CO, droplet reaching the liquid to gas boundary showed the formation of a gas
head, pinching off of a liquid tail, and rapid gas bubble separation and dissolution (Brewer et al.,
2002).

Whether the gas bubbles dissolve completely in the water column or reach the ocean surface,
will depend largely on the mass of CO, remaining in the droplets as they reach the liquid-gas
transition (defining bubble size), and the depth of the liquid-gas transition (defining the
remaining height of water the bubbles must ascend through to reach the sea surface).
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Similarly, for seepage of CO, to shallow waters above the condensation depth, a buoyant plume
of gas bubbles will be formed. Observations at shallow water CO, vent sites suggest that
complete bubble dissolution will occur in the water column on a length scale of ~150-350 m,
where this variation could be attributed to multiple factors including local conditions, seepage
rate, initial bubble size, and bubble gas composition (see Appendix 3.A). For example, at the
Grimsey Hydrothermal Field, Iceland, low to intermediate CO, vents (CO, content of 1-41 mol%)
are located at ~400m water depth (Botz et al., 1999). Acoustic profiles over the vents show the
most intense scattering near the seafloor, where the signal disperses at depths of 150-50m,
indicating complete dissolution on a length-scale of 250-350m (Hannington et al., 2001). In the
Bay of Plenty, New Zealand, CO; rich gas vents are found at multiple locations and depths (CO,
content of ~70-90 mol%). The deepest Bay of Plenty vent site where bubble bursting at the
surface has been reported is located at 188 m water depth (Glasby, 1971). However, at
another site, bubble streams originating at 167 m water depth terminated at 20 m depth, with no
bubbles detected at the surface, indicating complete dissolution on a length-scale of ~150 m (W.
Giggenbach and |. Menyailov, Bulletin of the Global Volcanism Network, 03/1990 Calypso
Mound). In general, it seems likely that seepage to waters shallower than ~ 200 m will result in
bubble bursting at the sea surface (direct outgassing). It should also be noted that any CO, that
dissolves into the surface mixed layer of the ocean will equilibrate with the atmosphere on a
comparatively short timescale.

One issue that has not been addressed here is the possibility of rapid transport of large volumes
of CO, through the water column, resulting in eruptive degassing of CO, at the sea surface.
The IPCC (2005) concluded that oceanic CO, release carries no expectation of risk of
catastrophic atmospheric degassing such as that which occurred at Lake Nyos. However, a
caveat was included that ‘if somehow large volumes of liquid CO, were suddenly transported
above the liquid-gas phase boundary, there is a possibility of a self-accelerating regime of fluid
motion that could lead to rapid degassing at the surface’ (IPCC, 2005). It is noted that a
catastrophic leakage event (e.g. well blowout, large earthquake) at depths where CO, is
buoyant may represent a mechanism to transport large volumes of CO, rapidly through the
water column, and further investigation of this may be warranted.

6.2 Potential Impacts of CO, Leakage on Ocean Biota

In this section, we examine the potential impacts of CO, leakage on ocean biota. Possible
impacts of elevated CO, on marine organisms have been addressed in both the IPCC SRCCS
(IPCC, 2005) and The Royal Society report on Ocean Acidification (The Royal Society, 2005).
As highlighted in these reports, our present understanding of the effects of elevated seawater
CO, and depressed pH on individual organisms and biological communities is far from perfect
and considerable work remains to be done. As the physiological effect of high CO, on marine
organisms has been the subject of numerous reviews (e.g. Portner and Reipschlager, 1996,
Seibel and Walsh, 2003, Ishimatsu et al., 2004, 2005; Pdértner et al., 2004, 2005), the approach
taken is to be briefly review this material before focussing on potential impacts of leakage at the
ecosystem level.

6.2.1 The Physiological Impact of CO, on Marine Organisms

Chemical changes to seawater as a consequence of adding CO, can directly affect individual
organisms through modulation of physiological functions at the molecular level. The effects of
elevated CO, at the molecular to organism level for a generalised marine water breathing
invertebrate or fish are summarised in Figure 6.10 (after Portner et al., 2004) and discussed
briefly below.

Both elevated CO, and depressed pH (elevated hydrogen ion, H*, concentration) can exert
negative impacts on ocean animals (e.g. Tamburri et al., 2000; see Figure 6.10). Indeed,
changes in the concentration of molecular CO,, the bicarbonate ion (HCO3'), and the carbonate
ion (CO3%), in ambient water and body fluids may each have specific effects on marine
organisms (Portner and Reipschlager, 1996; IPCC, 2005). Furthermore, the effect of CO,
induced acidification has been shown to be significantly greater than that caused by the same
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decrease in seawater pH as a result of addition of mineral acids such as HCI and H,SO4
(Kikkawa et al., 2004; Ishimatsu et al., 2005). This is due to the much higher biomembrane
permeability of gaseous CO, compared with that of H* (Heisler, 1986; Morris et al., 1989). As
highlighted by Ishimatsu et al. (2005), one important consequence of this is that mortality
studies based on mineral acid exposure are likely to significantly under predict the effects of
hypercapnia induced acidosis. However, there is perhaps a second important consequence —
that is if an organism is exposed to a CO, rich plume that is far from chemical equilibrium, then
uptake of CO, and consequent internal acidification may be significantly greater than that
predicted for the given total CO, loading if equilibrium is assumed. Thus in addition to the total
amount of CO, added to seawater, the chemical speciation of that CO, may be a vital factor in
determining the biological impact of leakage.

When an organism is exposed to high external CO,, (i.e. enters a region where seawater has
elevated CO, due to leakage), CO, rapidly enters the organism by diffusion across body
surfaces (especially respiratory surfaces) and equilibrates between body compartments (Figure
6.11; Portner et al., 2004). This internal accumulation of CO, (hypercapnia) causes an
immediate physiological disturbance, and will be responsible for most of the effects observed in
animals (reviewed by Poértner and Reipschlager, 1996; Seibel and Walsh, 2003; Ishimatsu et al.,
2004, 2005; Portner et al., 2004, 2005). Sensitivity to high CO, effects is likely to increase as
the organisational complexity, activity level, mobility, and reactivity of the organism increases
(e.g. Portner et al., 2004). For example, squid generally have a higher sensitivity to elevated
CO, than fish due to their higher metabolic rate and extremely pH-sensitive blood oxygen
transport (e.g. Portner et al., 2004).
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6.2.1.1 Acid-Base Status & Metabolic Activity

Numerous cellular processes within the organism are directly dependent on the control of pH in
intra- and extracellular compartments (acid-base regulation). For example, ion transport
mechanisms are dependent on pH or proton (hydrogen ion, H") gradients, while enzymes
(biomolecules that catalyse chemical reactions) are only active within a relatively narrow range
of pH. Good acid-base regulation is therefore vital for proper physiological functioning.

The predominant effect of internal hypercapnia in water breathers is perturbation of acid-base
status, where body fluids are acidified through the rapid conversion of CO, to carbonic acid, a
reaction catalysed by the ubiquitous enzyme carbonic anhydrase. The disturbance of acid-base
status across several body compartments can to major effects on the individual, affecting
growth, behaviour, reproduction, and development of eggs and larvae (Figure 6.10; see review
of Portner et al., 2004).

Figure 6.10: Effects of added CO, at the molecular, cellular and organism level for a generalised and
simplified marine invertebrate or fish. Redrawn from Portner et al. (2004) and IPCC (2005). The purple
box represents the organism, and the blue box represents seawater. Cellular processes are shown on the left.
These processes occur in various tissues such as the brain, heart or muscle, where the consequences of
process depression (indicated by a - sign) or stimulation (indicated by a + sign) are shown on the right and at
the top. Black arrows show diffusive transfer of CO,. Red arrows indicate which of the carbonate system
species (CO,, H or HCO,) modulate the function. Areas shaded green indicate processes relevant for the
organisms energy budget and growth.
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Internal acidification due to CO, uptake is compensated for by the same mechanisms used to
correct for metabolic or respiratory acidosis, the primary processes being metabolic
consumption of protons, buffering of intra- and extracellular compartments, and active proton-
equivalent ion transport (Walsh & Milligan, 1989; see Figure 1 in Seibel & Walsh, 2003). Over
time, the decrease in internal pH is counteracted by an accumulation of bicarbonate anions in
the affected body compartments (Heisler, 1986; Wheatly and Henry, 1992, Pértner et al., 1998;
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Ishimatsu et al. 2004). In calcified organisms the bicarbonate required may be supplied (at
least in part) by exoskeleton dissolution (e.g. Spicer et al., 2007). Compensation is not always
complete (see review of Portner et al., 2004; Miles et al., 2007; Spicer et al., 2007), and for
some species may be almost nonexistant (e.g. the deep sea Tanner Crab Chionoecetes
tanneri; Pane & Barry, 2007)). Furthermore, the uptake of counter ions can perturb
osmoregulation (regulation of salt concentration by osmosis), where this can lead to an increase
in steady state salt (NaCl) load of up to 10% in marine fish in high CO, environments (Evans,
1984; Ishimatsu et al., 2004). Thus even with near complete compensation of CO, related
acidification, the change in body fluid ionic concentrations, and/or the energetic costs necessary
to maintain the new ionic steady state, could lead to adverse effects including mortality over
long time scales (IPCC, 2005; Ishimatsu et al., 2005).

Incomplete compensation of acidosis may result in a depression of aerobic energy metabolism
(reviewed by Portner et al. 2004, 2005). Central nervous mechanisms may also contribute to
metabolic depression, as indicated by the accumulation of adenosine in the nervous tissues of a
benthic sipunculid worm Sipunculus nudus under hypercapnic conditions (Portner et al., 2004;
see Figure 6.10).

The depression of metabolism in marine organisms observed under high CO, concentrations
also includes inhibition of protein synthesis — a process that is fundamental to growth and
reproduction, and thus the maintenance of a population (see reviews of Portner et al., 2004;
Ishimatsu et al., 2005 and IPCC, 2005). Reduced protein synthesis under elevated CO,
conditions has been reported for the Antarctic fish, Pachycara brachycephalum and
Lepidonotothen kempi, and may occur in S. nudus, where this effect is best explained by the
decrease in intracellular pH (Langenbuch and Pértner, 2002; Langenbuch and Pértner, 2003;
Portner et al., 2004; see Figure 6.10). Growth suppressions likely (at least in part) to be due to
metabolic suppression and reduced protein synthesis have been reported for a number of other
species (see review of Ishimatsu et al., 2005), with reduced growth rates under hypercapnia
observed for marine penaeid prawns (Wickins, 1984), Mediterranean mussels (Michaelidis et al.
2005), and a number of fresh water and seawater fish (see review of Ishimatsu et al., 2005 and
references therein). In the case of juvenile white sturgeon, stimulation of ventilation and the
associated increase in oxygen consumption indicated a shift in energy budget towards
maintenance metabolism, leading to a reduction in foraging activity and thereby decreasing
growth (Crocker and Cech, 1996). Ishimatsu et al. (2005) suggest that CO, may also reduce
fish growth through decreased chances to detect food based on indications that CO,
suppresses taste nerve responses to taste stimulants in Japanese eel (Yoshii and Yotsui, 1997).
Kurihara et al., (2004) observed a harmful influence of CO, on reproductive performance in
marine copepods (Acartia steuri, Acartia erythrea) and sea urchins (Hemicentrotus
purcherrimus, Echinometra mathaei), with decreased copepod egg production and hatching
rates, and a decrease in the fertilisation rate of sea urchins. Similarly, Ishimatsu et al., (2004)
report a decrease in the hatching and survival of fish larvae with increasing CO, concentration
and exposure time.

6.2.1.2 Ventilation & Oxygen Transport

While ventilation in water breathers is largely driven by the level of water oxygenation, there is
growing evidence that the ventilation rate of fish may be stimulated by elevated CO,, with CO,
and/or pH sensitive chemoreceptors located in the gills or central nervous system of some fish
(Burleson and Smatresk, 2000; Gilmour, 2001; McKendry et al., 2001; McKenzie et al., 2002;
Milsom, 2002; Remmers et al., 2001; see also reviews of Portner et al., 2004, Ishimatsu et al.,
2005 and Figure 6.10). However, as noted by Pértner et al. (2004), the capacity for ventilatory
compensation of hypercapnic acidosis is limited due to the small diffusion gradient of CO,
between the organism and the water (Scheid et al., 1989).

In blue-blooded squid, oxygen transport occurs by use of an extracellular pigment,
haemocyanin. The high metabolic rate of squid (due to the high energy demand of jet-
propulsion swimming) requires a high oxygen supply. This is achieved through the fine control
of pH in arterial and venous blood, where the ability of haemocyanin to bind oxygen decreases
markedly with decreasing blood pH (a large Bohr effect), thus oxygen is released in oxygen
starved tissues when respiratory CO, lowers blood pH. In contrast to fish, there is no venous
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oxygen reserve in squid as haemocyanin fully releases its O, load in the tissue even under
resting conditions (Portner, 1990). A consequence of the large Bohr effect is that under
hypercapnic conditions, blood acidification severely reduces the oxygen carrying capacity of
haemocyanin, where animals can asphyxiate at high CO, concentrations because the blood
cannot transport enough oxygen to support metabolic functions.

Fish are generally less sensitive to CO, than squid, most likely due to their lower metabolic rate,
the presence of red blood cells which protect their blood pigment (haemoglobin) from excessive
pH fluctuations, and the existence of a venous oxygen reserve (IPCC, 2005). Thus fish appear
to be able to satisfy the oxygen demand of tissues despite the reduction in the oxygen-binding
affinity of hemoglobin due to hypercapnia as long as no exercise is required (see review of
Ishimatsu et al., 2005). However, active metabolism, determined as oxygen consumption rate
during swimming, may decrease significantly as CO, increases (see review of Ishimatsu et al.,
2005).

6.2.1.3Calcification

One obvious effect of elevated CO, concentrations is the modification of carbonate system
speciation, where the concentration of the carbonate ion (Cng') decreases, and hence the
carbonate saturation state of seawater (Q2) see Equations 5.7 to 5.10, Section 5.4.1, Chapter 5)
also decreases with consequent impacts on calcifying marine organisms.

The various groups of planktonic and benthic marine organisms that form shells or plates of
calcium carbonate (CaCO;) are listed in Table 6.3. Also shown is the form of carbonate
precipitated, where this varies in crystal structure and chemical composition between the
different groups. To make these calcareous structures, seawater must be supersaturated with
respect to the relevant carbonate mineral (Q > 1). Many studies have demonstrated that a
decrease in Q results in a decrease in the rate of calcification, where this occurs even when Q
remains above one (e.g. Borowitzka, 1981; Gao et al., 1993; Langdon et al., 1998, 2000;
Gattuso et al., 1998; Marubini and Thake, 1999; Marubini & Atkinson, 1999; Leclercq et al.,
2000; Marubini et al., 2003; Feely et al 2004; Langdon & Atkinson, 2005; see Figure 6.10). A
decrease in carbonate supersaturation may also weaken carbonate skeletal structures, making
them more susceptible to erosion and dissolution. Should seawater become undersaturated
(2 < 1), calcification will cease and dissolution will occur.

Table 6.3: The form of CaCO; deposited by groups of benthic and planktonic calcified marine
organisms (after The Royal Society, 2005).

Organisms Form of calcium carbonate Habitat
Coccolithophores Calcite Planktonic
Foraminifera Calcite Benthic or Planktonic
Calcaerous & Coralline Macroalgae Aragonite or high Mg Calcite Benthic

Corals Aragonite Benthic
Pteropod Molluscs Aragonite Planktonic
Other Molluscs Aragonite or Aronite + Calcite Benthic or Planktonic
Crustaceans Calcite Benthic or Planktonic
Echinoderms high Mg Calcite Benthic

The various carbonate minerals have different solubilites, where aragonite is more soluble than
calcite, and the incorporation of magnesium into either form increases the solubility, i.e. under
the same seawater conditions Qgragonite Will be less than Qcaice aNd Quyg caiite Will be less than
Qcacite- Organisms that precipitate aragonite or high Mg calcite will therefore be more vulnerable
to elevated CO, than those that precipitate calcite. The physical structure of the shell or plates
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(e.g. porosity and surface area) will also play a significant role in determining solubility, thus
organisms precipitating highly porous shells will also be more vulnerable.

Decreased calcification is likely to reduce competitive fithess, where long term exposure to high
CO; could result in a shift in community structure towards non-calcifying organism (The Royal
Society, 2005). Ultimately, the effect that reduced carbonate production has for calcifying
organisms will depend on the role of calcification and calcareous skeletons in the cell
physiology and ecology of these organisms (Riebesell, 2004; see review of The Royal Society,
2005). In most groups of the calcifying organisms the mechanical function of calcification is
obvious, such as providing a structural framework (corals) or mechanical protection
(foraminifera, molluscs, crustaceans, echinoderms). However, in other groups such as the
corraline algae and coccolithophores, the function of calcification is less clear (The Royal
Society, 2005). For a thorough discussion of the impacts of high CO, on calcification see The
Royal Society (2005). Note also the potential impact of leakage on coral reefs is discussed
further in Chapter 7.

6.2.1.4 Other Impacts due to Changes in Ocean Chemistry

Chemical changes to seawater as a consequence of elevated total CO, concentrations may
also affect marine life through indirect mechanisms (IPCC, 2005). The seawater speciation of
over 40 elements (those for which the hydrolyzed form or carbonate complexation is important)
will be strongly influenced by pH (Byrne, 2002). For example, a decrease in seawater pH will
change the speciation of macronutrients such as phosphate (H,PO,/HPO4*/PO,>), silicate
(Si(OH)4/SIO(OH)3) and ammonia (NH,"/NHs), and thus impact nutrient cycling (Zeebe & Wolf-
Gladrow, 2001). Indeed, studies have demonstrated a significant decrease in marine
nitrification rates (the oxidation of ammonia to nitrite and then nitrate by marine bacteria) under
low pH conditions, where this is most likely due to the reduction in the NH3;:NH," ratio
(Huesemann et al., 2002). Numerous trace elements are also involved in biological processes,
either as essential (and in some cases growth limiting) micronutrients or as potential toxins,
where copper is essential at low concentrations and becomes toxic at high concentrations (e.g.
Bruland & Lohan, 2004). As the bioavailability of trace elements (i.e. whether or not the
elements are taken up by marine organisms) depends on their chemical speciation rather than
the total concentration, this will also be altered, where both observations and equilibrium
calculations indicate that a decrease in pH generally decreases the association of metals with
particles and increases the proportion of biologically available free metals (Sadiq, 1992;
Salomons and Forstner, 1984; The Royal Society, 2005).

6.2.1.5 Acute & Chronic Impacts

Acute impacts consider the response of marine organisms to short term exposure (immediate
up to a few days) to high CO, conditions. The most obvious acute effects are respiratory
distress, narcosis and mortality, where these appear to be due to hypercapnia rather than other
modulated changes in seawater as a result of decreased pH (see review of Portner et al., 2004;
IPCC, 2005). Critical thresholds for impacts such as acute mortality have been investigated
through short duration experiments both in the laboratory (e.g. Ishimatsu et al., 2004; Kurihara
et al., 2004; Kikkawa et al., 2006; Spicer et al., 2007; Pane & Barry, 2007) and in-situ (e.g.
Barry et al., 2004; Carman et al., 2004; Thistle et al., 2007; see Box 3.6, Chapter 3), and
evaluated using simulation models (e.g. Caulfield et al., 1997, 2004; Chen et al., 2004; Sato et
al., 2004). However, the current knowledge base is limited and significant further work remains
to be done in order to gain a comprehensive understanding of the sensitivities of a wide range
of marine organisms to high CO, conditions.

For one of the most sensitive species known to date, the open-ocean squid lllex illecebrosus,
lethal effects will most likely occur at a CO, partial pressure (pCO,) of 6,700 yatm, when blood
pH decreases by ~0.25 units and oxygenation decreases by ~50% (Pdrtner and Reipschlager,
1996; Portner et al., 2004). Squid of lower activity appear to be less sensitive, with acute
mortality of the coastal squid Loligo pealei occurring at a similar drop in blood oxygenation but
higher pCO, of ~26,500 pyatm (Redfield and Goodkind, 1929; Portner et al., 2004). Shallow
water fish show a generally higher tolerance, with median lethal concentrations (LCso) ranging
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from ~50,000 to ~70,000 patm for exposure times of 8 hours to 5 days (see review of Ishimatsu
et al,, 2005). For a given species, developmental stages appear to be more sensitive than
adults, although tolerance of early stages also varies widely between species with measured
lethal levels for fish eggs and juveniles ranging from 13,000 to 94,000 patm (24 hour LCsy;
Ishimatsu et al., 2005). It therefore seems that acute lethal effects can be expected at a ApH of
around 1 for the most sensitive squid, around 1.5 for the most sensitive fish eggs, and around 2
for the most sensitive adult fish. Similarly, 100% mortality of the intertidal purple-tipped sea
urchin Psammechinus miliaris was observed after 7 days exposure to CO, acidified seawater
with ApH of ~1.8, with significant mortality after 8 days exposure to a ApH of ~1.3 (Miles et al.,
2007), while exposure of the velvet swimming crab Necora puber to CO, acidified seawater with
a ApH of ~1.9 resulted in 100% mortality after 5 days (Spicer et al., 2007).

The abruptness with which an animal enters a region of severely depressed pH is also likely to
influence acute mortality rates. For example, step-wise exposure of Japanese sillago (Sillago
japonica) to highly elevated pCO, of 70,000-90,000 patm (corresponding to a ApH of 1.60 to
1.64) over a period of 4.5-6.0 hours resulted in 40-67% mortality after 18 hours total exposure
time, whereas one step exposure resulted in 100% mortality after only 15 minutes (Kikkawa et
al.,, 2006). Similarly, the European eel (Anguilla anguilla) displayed exceptional tolerance to
stepwise exposure (over a period of ~3 hours) to a final pCO, of 104,000 pyatm (McKenzie et al.,
2002).

These data suggest that in the case of leakage at slow to moderate rates, where the volume of
seawater that will experience a decrease in pH on the order of 1 to 2 units (or greater) is low
(see Section 6.1), acute mortality is likely be confined to the immediate vicinity of the leakage
site. However, sub-acute mortality, with death occurring on an exposure timescale of weeks to
months, seems likely to occur at significantly lower values of ApH, particularly for organisms
unable to escape such as sessile and slow moving organisms and sediment infauna, and
vulnerable groups such as calcifying organisms. For example, exposure of sediment infauna to
moderately elevated CO, for one month (ApH ~ 0.3-0.6) resulted in mortalities within some
groups of 25-80% (Barry et al., 2004; Thistle et al., 2006; see also Box 3.6, Chapter 3).

Chronic impacts that limit long term performance and survival under moderately elevated CO,
are even less well understood than acute impacts, primarily due to the difficulties associated
with assessing these effects under experimental conditions. Current knowledge suggests that
chronic impacts on marine fauna will likely set in during long-term exposure to moderate pH
changes of ~0.1-0.3 units (Portner et al. 2005; IPCC, 2005). Expected effects include a
reduction in the productivity of calcifying organisms leading to higher ratios of non-calcifiers over
calcifiers (Portner et al., 2005). In addition, reduced growth rates, reproduction rates, and
lifespans may lead to a reduction in population densities among invertebrates, and possibly
even species deletion (IPCC, 2005). Consequently food webs may be significantly altered,
leading to reduced food availability for high trophic levels, and potentially diminishing resources
for local fisheries (IPCC, 2005).

6.2.2 Understanding the Impact of CO, Leakage on Marine
Ecosystems

An ecosystem is a complex unit that comprises the biological community functioning in a given
area together with (and interacting with) the abiotic (chemical and physical) factors of the
environment, where a change to the chemical environment through the addition of CO, can
exert a significant impact on the health, structure and diversity of the biological community.

The biological community will include a number of different species from different trophic levels,
where each species performs a particular function(s), and the success of each may depend on
complex combinations of multiple factors (e.g. the presence or absence of other species,
temperature, light levels, the flux of organic matter to the seafloor, the concentration of O,
nutrients, CO,, trace elements, H,S, etc.). Each species will comprise a number of individuals,
where the fithess and performance of each individual relies on correct functioning of tissues and
organs (e.g. brain, lungs, heart, reproductive organs), which in turn rely on cellular processes,
which in turn rely on molecular processes.
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While the direct chemical effects of elevated CO, on marine organisms are exerted at the
molecular level, they can be propagated across all levels of this complex biological system, from
molecules to cells, from cells to tissues and organs, to individual organisms, species and
communities (e.g. Portner et al., 2004; IPCC, 2005; see Figures 6.10 & 6.11). Furthermore,
long-term effects of exposure to elevated CO, may only become evident over intervals greater
than the duration of the reproduction cycle or the life span of an individual (IPCC 2005). Thus
although the death of an individual organism might only occur at significantly elevated CO,
levels, a combination of sub-lethal effects (e.g. decreased growth rates, poor larval
development) may well lead to changes in community structure and ecological functions at
considerably lower CO, levels (Figure 6.11; Portner et al., 2004; IPCC, 2005 and references
therein). This supposition follows the concept of a hierarchy of tolerance limits (Portner, 2002;
Portner et al., 2004), where although there may be significant tolerance to high CO, conditions
at the lowest levels of system complexity (e.g. specific molecular and cellular processes), the
combined effect on numerous functions (including the ‘knock-on’ effect of compensatory
mechanisms) is likely to lead to a narrower tolerance at higher levels of system complexity (e.g.
species and community levels).

Figure 6.11: Possible hierarchy of functional limits at increasing CO, levels (after Portner et al., 2004).
Categorisation of CO, dependent effects on ocean biota based on the concept of a molecular to systemic
hierarchy of tolerance limits. The widest tolerance windows are at the lowest hierarchical or functional levels.
As system complexity increases, the combined effect of CO, on numerous different functions leads to narrow
tolerance windows at high hierarchical levels. Thus while individual mortality might only be observed at
significantly elevated CO, levels, changes in community structure and ecological functions may well occur at
considerably lower CO, concentrations. Pejus thresholds (long term tolerance) mark the CO, concentration
where performance limitations are first observed. Critical thresholds (short term tolerance) mark the onset of
metabolic depression. Both pejus and critical thresholds are likely to vary between species and phyla.
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The key factors that will determine the impact of CO, release on ocean biota are the extent of
changes to seawater chemistry and the length of time an organism (or community) is exposed
to high CO, conditions, as together these parameters will determine the physiological response
of a given individual/species and any consequent impacts on community structure and function
(e.g. Auerbach et al., 1997; Caulfield et al., 1997). Thus sessile and slow moving benthic

organisms that are either unable or have a limited ability to escape from an area of high CO, are
likely to be more severely impacted than highly mobile benthic animals and free swimming
organisms. In addition to an organisms ability to detect and avoid or escape areas of elevated
CO,, the biological impacts of leakage will depend to a large degree on the characteristics of the
leakage event (see Section 6.1 above), that is the rate and nature of leakage (e.g. hydrate
outcrop versus rising droplet plume), the extent of plume dilution (which will vary according to
the hydrodynamic regime and distance from the leakage site), and the duration of leakage
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(which in turn depends on the time taken to detect a leak and whether remedial action is
possible). As such, the leakage of CO, to the sea floor could result in a number of ecological
effects, ranging from minor modification of community structure, to wholesale alteration of
communities and ecosystem function, and may even lead to the formation of dead-zones (e.g.
Shirayama, 1995; Tamburri et al., 2000; IPCC, 2005; Vetter & Smith, 2005).

6.2.2.1 Alteration of Community Structure

With regards to alteration of community structure, the questions that need to be addressed are
how and to what extent will the community be changed, and over what area will such changes
be experienced. The response timeline also needs to be examined, with an evaluation of
immediate impacts on inception of leakage, the evolution of the response during leakage and
the possible development of a new steady state community structure, and system recovery (or
lack thereof) following cessation of leakage.

In addition, it seems reasonable to suggest that when assessing risks of leakage, consideration
should be given to the inherent ‘value’ of the biological community that currently inhabits a
potential leakage point (e.g. in proximity to potential flow paths such as wellbores, faults,
fractures, gas chimneys etc.), and how that value may decrease as a consequence of any CO,-
induced changes. Here ‘value’ is used as a term encompassing the ecosystem services
provided by the community, the biological diversity, abundance, fragility and/or rarity of the
community and/or any single species within that community, in addition to evaluation of both the
direct and indirect commercial value (e.g. commercial shell fish beds or nursery grounds for
commercially important fish stocks). Potential impacts of CO, leakage on deep water coral
reefs, an example high value ecosystem, are discussed further in Chapter 7.

As yet, community level responses are not well understood, particularly in deep-sea
ecosystems, and further investigation is clearly warranted. While the biological impact in terms
of the number of individuals or species affected will at least partly correspond to the abundance
and biodiversity of species present at the site, community changes will also depend on a
complex interplay with other factors such as the physical nature and duration of the leakage
event, the mobility of organisms within the leakage site, and the relative tolerance (short and
long term) of organisms to elevated CO, and other concomitant changes in seawater chemistry.

As the numbers of organisms living on the sea floor per unit area decreases exponentially with
depth (probably associated with the diminishing flux of food with depth), a simple analysis would
suggest that the impact of CO, release on ocean biota will also decrease with depth. However,
deep sea organisms may be more vulnerable to high CO, conditions than their shallow water
counterparts as they have adapted to the comparatively stable chemical regime of the deep sea
(Seibel & Walsh, 2003; Ishimatsu et al., 2005). Furthermore, deep sea communities are
characterized by low biological activities, long life spans, and high biodiversity, where each
species has a low number of individuals (Shirayama, 1998). Thus these communities are
particularly vulnerable to a decrease in population, where re-colonisation and restoration of
ecological function will require a long recovery period, if it occurs at all (Childress, 1995;
Haedrich, 1997; Shirayama, 1998; Snelgrove and Smith, 2002; Ishimatsu et al., 2005).

While the tolerance of specific organisms to both short and long term exposure to elevated CO,
are at present poorly known, it is considered likely that tolerance thresholds will vary between
species and phyla in response to the differential impact of changes in seawater chemistry on
organism physiology (IPCC, 2005). Indeed, while exposure to high CO, levels and severely
depressed pH can result in immediate narcosis and death, many species can tolerate more
limited shifts, at least in the short term (IPCC, 2005). Conversely, some species that are able to
tolerate transient CO, fluctuations may not be able to settle and thrive in areas where CO,
remains permanently elevated due to a drop in metabolic rate (Pértner et al., 2004; IPCC, 2005).
Thus changes in the relative proportions of species are also likely to occur within areas
influenced by leakage, where this may include the deletion of species with low tolerance, and
the rise to dominance of species with high tolerance, or even the addition of new opportunistic
tolerant species (e.g. Vetter & Smith, 2005).
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Ecosystem impacts will also vary with distance from the leakage site. The concentration of CO,
and depression of pH will be at maximum values in the area immediately surrounding the
leakage point. As distance from the leakage point increases, the CO, plume will become more
dilute and have a correspondingly lower CO, concentration and smaller decrease in pH, where
the extent of dilution increases as a function of current speed. Thus acute impacts of CO,
exposure will typically be confined to the immediate proximity of the leakage point (see also
areas with restricted circulation as discussed in Section 6.2.2.3), while chronic impacts will
extend over the larger area influenced by the dissolution plume (Kita & Ohsumi, 2004), and the
chemical gradient in CO, will also describe a transition in the abundance, diversity and structure
of the biological community. The chronic effects on organisms within the plume footprint will
evolve over time, becoming more severe the longer the duration of the leakage event.

At high leakage rates, a significant area of surficial sediments may become saturated in CO,,
and/or bathed by dense CO, rich dissolution plumes, resulting in the death of sessile and slow
moving infauna and epifauna initially present within the affected area, and preventing re-
colonisation until leakage slows or stops. The formation of a CO, hydrate cap at the seafloor,
trapping a lake of buoyant liquid CO, beneath, could also exert a similar effect, both by
changing the seafloor substrate (from sediment to hydrate and underlying liquid CO,), and
through the formation of density stratified CO, rich bottom waters (see for example the 200 m?
hydrate zone at Yonaguni Knoll in the Okinawa Trough, where benthic fauna were rarely
observed, Inagaki et al., 2006; Appendix 3.A).

Under other circumstances, the impact of leakage on the benthos may be considerably less.
For example, low flow rates and/or multiple CO, flow paths through the overburden and
sediment column may result in a patchy and temporally variable delivery of CO, to the seafloor,
leading to CO, release as intermittent and itinerant droplet streams, and the potential formation
of small and transient seafloor hydrate deposits (see Section 6.1). Under these conditions, the
benthos would be exposed to fluctuating chemical conditions, and would likely exhibit a degree
of tolerance.

Hashimoto et al. (1995) report CO, droplet streams emerging from dense mussel beds at
Minami-Ensei Knoll in the Okinawa Trough (see Appendix 3.A). The presence of CO, venting
within these live mussel beds suggests one or more of the following: (i) the mussels are tolerant
of high CO,/depressed pH; (ii) venting is itinerant — thus individual mussels are not exposed to
perturbed chemical conditions for prolonged periods; (iii) venting in this specific area (i.e. within
the mussel bed) was a recent phenomenon at the time of observation, such that the health of
the mussel population had not yet been noticeably impacted; (iv) CO, is flowing along confined
pathways (e.g. through hydrate lined pipes) — thus the mussels are protected from (extremely)
high porewater CO,. Similarly, Shitashima & Maeda (2005) observed live clam beds in close
proximity to seafloor CO, hydrate outcrops, where Galatheid crabs were also seen on the clam
bed and sediment surface close to the hydrate deposit (See Chapter 5, Figure 5.6). While the
presence of mobile crabs near the hydrate is perhaps not particularly notable, again the
occurrence of the clam beds suggests that these animals are either tolerant of high CO,
conditions, and/or that the chemistry of bottom seawater and surface sediment porewaters are
not significantly perturbed at a short distance from the hydrate deposit (some 10s of cm or less).
The latter hypothesis may indeed be the correct interpretation, where in-situ pH measurements
made above hydrate deposits and pools of liquid CO, on the seafloor during small scale release
experiments typically do not register a decrease in pH until the sensor is almost brought into
contact with the CO, surface, or held near the seafloor on the downstream side of the CO,
deposit (personal observation). Given that the clams inhabit an area lying to one side of the
hydrate outcrop (see Figure 5.6, Chapter 5), they may well be located on the upstream side of
the deposit. A physical barrier (e.g. a rock) may also be separating the substrate in which the
clams are located from the hydrate bearing sediments.

The dominant effect on the benthos at CO, vent sites appears to be the exclusion of less
tolerant species, and the increase in abundance of opportunistic species with high tolerance
(see Appendix 3.A). A number of studies report that the majority of sedimentary infauna and
epifauna common to the general geographical area are excluded from the immediate location of
CO, release, and that polychaetes and nematodes become abundant or dominant (see
Appendix 3.A). At other sites, while dense populations of infauna and epifauna do occur in
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close proximity to locations of CO, release, diversity within the immediate vicinity of the vents
remains reduced in comparison to the local ambient population (see Appendix 3.A). However, it
is noted that these changes are likely related to factors such as elevated sedimentary
temperatures, high particulate loadings/low light levels, and high concentrations of other toxic
species (e.g. H,S or As), either in addition to, or as opposed to, elevated CO, (see Appendix
3.A; compound effects may also be significant but generally have not been explored — for
example the combined impact of high temperatures and elevated CO, (Portner et al., 2005)).
Similarly, the increase in species abundance and diversity reported in the peripheral region of
some vent fields is most likely related to factors other than elevated CO, (e.g. an elevated food
source arising from chemosynthetic production at hydrothermal vents; see Appendix 3.A).
Nevertheless, that significant alteration to the benthic community structure is normally
constrained to the vent field and its immediate periphery, with a return to ‘typical’ community
structure beyond this, strongly suggests that the impact of CO, leakage to the ocean at slow to
moderate flow rates will be similarly restricted. The notable exception to this is when venting
occurs within an area with restricted or semi-restricted circulation (see Section 6.2.2.3).

6.2.2.2 Alteration of Ecosystem Function

The impact that changes in community structure would exert on biological productivity and
ecosystem services is unclear. However, some potential consequences can be highlighted
through examination of an example bottom boundary level ecosystem model, as shown in
Figure 6.12.

Figure 6.12: An example bottom boundary layer (BBL) ecosystem model based on carbon flux, and
including both the sedimentary and water column pools. After the BBL carbon budget of Smith (1992)
and the mesopelagic ecosystem model of Kita & Ohsumi (2005). This simple model does not include the
photic zone. Purple arrows show feeding, blue arrows show egestion and/or mortality, green arrows denote the
microbial loop. Respiration is not shown. For further discussion see text.
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Benthic communities play a vital role in the processing of organic detritus, and thusare an
important component in the recycling of carbon and nutrients (see Figure 6.12; Gage & Tyler,
1991; Smith 1992). Large changes to, or indeed the exclusion of, entire benthic groups such as
the infauna or epifauna (as discussed above), in addition to the potential exclusion of
benthopelagic scavengers (due to avoidance of elevated CO, levels), would exert a profound
effect on the structure of the food web and the cycling of material within these ecosystems (e.g.
Tamburri et al., 2000; Vetter & Smith, 2005). Indeed, some evaluations of ocean storage
scenarios (e.g. CO, lakes) suggest that the widespread destruction of benthic environments
could lead to a significant reduction in rates of nutrient cycling, and thus a decline in primary
production and consequent overall decrease in the biomass of higher organisms (e.g.
Shirayama, 1995). However, in the leakage case impacts seem likely to remain local in their
influence, unless catastrophic leakage occurs at multiple storage sites.

In addition to effects on benthic fauna, elevated CO, levels due to leakage could also influence
all other components of this ecosystem model. For example, Kita & Ohsumi (2004) emphasize
the importance of the microbial loop in nutrient and carbon cycling (where dissolved inorganic
matter is directly used as a carbon and energy source by heterotrophic prokaryotes, which are
then grazed by flagellates, ciliates, copepods and filter feeders), and highlight the need for
further studies investigating the impacts of elevated CO, on the performance of the microbial
loop within these fundamentally important biogeochemical cycles (e.g. in response to changes
in the speciation of nutrients and the carbonate system — see also the impact on nitrification —
Section 6.2.1.4). Inagaki et al., (2006) recently reported the first investigation of the microbial
communities inhabiting liquid CO, and hydrate bearing sediments, finding that this extreme
environment was populated by a community of microorganisms assimilating CO, and CH4. An
important question remains as to how these communities and their functioning respond to
changes in CO, concentration and in-situ pH (Inagaki et al., 2006). Elevated CO, can also
impact the pelagic community. For example, in their study of the Loihi vent site, Vetter & Smith
(2005) conclude that there is an enhanced fallout of dead or moribund pelagic animals that have
become intoxicated by the CO, plumes. At Loihi, this elevated supply of organic detritus
supports high numbers of scavengers (Vetter & Smith, 2005), although conceivably, such an
impact could lead to the formation of a dead zone — as discussed in the following section.

6.2.2.3 Creation of a Mortality Sink or Dead Zone

One of the specific issues raised with respect to ocean storage of CO, was the possible creation
of a mortality sink or ‘dead zone’ (e.g. Ohsumi, 1995; Tamburri et al., 2000).

This concern arises from a general acknowledgement that immobile or slow moving animals in
the immediate area of a seafloor CO, deposit (e.g. a CO, lake), or within the footprint of a dense
CO; rich seawater plume propagating along the seafloor, will be unable to escape and will be
killed. As most deep-sea animals feed (at least partially) on carrion or detritus, mobile
scavengers may then be attracted to the region of elevated CO, by the odour plumes released
from the recently deceased animals (e.g. Tamburri & Barry, 1999). If these scavengers were
then also overcome by high CO,, their bodies would serve as bait to attract yet more
scavengers, and so on. Consequently, while CO, release might initially affect only the
immediate locale, it is feasible that the eventual disturbance would be considerably greater
(Ohsumi, 1995; Tamburri et al., 2000).

For a dead zone to form, mobile animals must remain within an area of elevated CO, long
enough to be rendered unconscious and eventually killed. Whether or not this occurs will be
dependent on the following inter-related points (e.g. Tamburri et al., 2000; Vetter & Smith,
2005):

i an animals ability to sense and avoid a CO; rich plume
ii whether or not an animal can escape a CO, plume if entered

) whether the animal remains within the CO; rich plume once unconscious
iv) the ability of the animal to recover from exposure to elevated CO,

These points are discussed below with reference to in-situ experiments, observations at natural
vent sites, and the likely nature of CO; release in a leakage event.

161



In a small scale CO, release experiment, Tamburri & Brewer (2000) attracted Hagdfish to a
release location by pumping fish odour solution into seawater. Once the animals had reached
the release point, pumping was switched to a CO, saturated fish odour solution (pH ~5.3).
Following the switch, all individuals displayed an avoidance response and moved away from the
immediate release location (Tamburri & Brewer, 2000). However, in a companion experiment
several species of fish (including Hagfish, Sablefish and Dover Sole) and invertebrates (sea
urchins and gastropods) did not avoid a release location when fish odour solution was pumped
through porous CO, hydrate material (pH ~5.6; Tamburri et al., 2000). Indeed, one Hagfish
entered the vessel containing the hydrate material, was rapidly rendered unconscious (within 5
seconds), fell to the seafloor, recovered, and repeated the experience twice more (Tamburri et
al, 2000).

In a similar experimental approach Vetter & Smith (2005) used the naturally CO, rich vent
plumes at Loihi seamount (up to 418 mmolCO./kg, Sedwick et al., 1992) to explore the effects
of elevated CO, on the feeding behaviour of deep sea scavengers. Odour plumes were created
by placing bait (dead fish) within the CO, rich vents (pH ~6) and at control locations removed
from the venting fluids. At control sites the bait was consumed within 24 hours. Conversely,
while bait placed within the CO, rich vents attracted the interest of pre-adapted vent shrimp, it
appeared generally untouched after ~6-8 days, indicating avoidance"’ by other local scavengers
(Vetter & Smith, 2005). Direct observations of avoidance™ behaviour similar to that reported by
Tamburri & Brewer (2000) were also made, where an eel approached a bait parcel, then at a
distance of ~1m ‘it abruptly reversed its sinusoidal swimming, shaking its head violently as it
moved rapidly away from the bait and out of sight' (Vetter & Smith, 2005). In addition,
amphipods trapped and held within the CO, rich vents exhibited an avoidance’ response,
swimming at increased speeds within 30 seconds of immersion (Vetter & Smith, 2005). Active
swimming continued for a period of a few minutes, with the amphipods entering a state of torpor
after 10-25 minutes of exposure, suggesting these animals could avoid/swim out of a CO,
plume (Vetter & Smith, 2005).

The different responses observed in these experiments most likely relate to the strength of the
dissolved CO; signal (Tamburri & Brewer, 2000; Vetter & Smith, 2005). In the release of a CO,
saturated solution and at the Loihi vents, the CO, rich solutions were well mixed. However, in
the hydrate experiment, while pH at the vessel opening was initially 5.6, the odour solution may
not have been thoroughly mixed with the CO, rich seawater, or the hydrate may have stabilized
over time (resulting in a slower dissolution of CO;), thus pH in the odour plume may have
approached near ambient values (Tamburri & Brewer, 2000).

These results suggest that when an animal enters a well mixed plume rich in CO, with a
depressed pH it can (a) can detect the plume and (b) remain conscious for long enough to swim
away from the plume. However, attracted by food odour may enter regions of high CO, and be
quickly rendered unconscious.

The abruptness of an animal’s transition from ambient seawater to the CO, plume on entry, and
from the plume to seawater on exit, may be a critical factor in determining the physiological
response (Kikkawa et al., 2006). The mortality of animals exposed to a gradient in CO, is likely
to be significantly lower than that of animals exposed to an abrupt transition (either a sharp
increase when entering high CO, conditions, or a sharp decrease on return to ambient
conditions; see Kikkawa et al., 2006). Thus animals may be able to tolerate transit into or out of
the plume along gradients downstream from the release point, but unable to tolerate the more
abrupt changes in CO, that would be experienced upstream from the release point (see
illustrative distributions of seawater pH in Figures 6.7 and 6.9).

1 Although the avoidance cue at this site may have been other (non-CO, related) differences between the vent fluids
and ambient seawater, given the generally low concentrations of other chemical stressors in the vent fluids and the
moderately increased temperatures (0.3-3.0°C above ambient), it seems most likely to have been the elevated CO,
(Vetter & Smith, 2005).
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If rendered unconscious, an animal will eventually die if it remains within a high CO, plume.
However, if it exits the plume it may recover (to either re-enter the plume or escape). For
example, in the hydrate experiment when the Hadfish lost consciousness and sank to the
seafloor it was fortuitously removed from the high pCO, seawater and recovered consciousness
after ~20 seconds (Tamburri et al., 2000). Similarly, amphipods exposed to CO, rich vent fluids
for 60 minutes recovered consciousness approximately 30 minutes after being removed from
the vents (Vetter & Smith, 2005).

In the potential leakage case, the question of whether or not an animal that is overcome by high
CO, remains within the CO, rich seawater plume when rendered unconscious will depend on
both the rate of CO, release and the local hydrographic conditions.

In an open system, that is leakage in a location with unrestricted hydrodynamics, the rate of
leakage must exceed a certain value (depending on local conditions) for a dense sinking plume
of CO, rich seawater to form. Thus for slow to moderate leakage rates (which may continue
unmitigated over some considerable length of time) and typical abyssal current speeds, dilution
factors will tend to be large, and the area of seafloor over which a large decrease in ApH is
experienced is likely to be fairly small (see for example Section 6.1.5 and Figure 6.9).
Furthermore, the footprint of the CO, rich plume may not be fixed, but rotate about the release
point due to tidally dominated currents (Chapter 3 Box 3.6; Barry et al., 2005). Under these
conditions if an animal fails to detect and escape the plume and is instead rendered
unconscious at the seafloor within the plume, within a period of 30 minutes to 1 hour it would lie
outside of the plume. Targeted experiments indicate that at least one species of amphipod is
capable of recovering from exposure to seawater with a ApH of ~1 for this duration (Vetter &
Smith, 2005). Similarly, small scale release experiments with caged animals have
demonstrated that Benthoctopus and eelpout can survive a month long exposure to tidally
oscillating CO, plumes (Barry & Drazen, 2007). Although all Grenadier (rat-tails) died in this
experiment, this may have been due to predation or stress from being caged, rather than CO,
stress (Barry & Drazen, 2007). It therefore seems unlikely that a large mortality sink (defined
here as an area where mortality rates are such that numerous nekton carcasses are found at
the seafloor) will form in an open system. This conclusion is broadly supported by observations
at natural vent sites with unrestricted hydrodynamics, where reported biological impacts tend to
be restricted to the immediate vicinity of the vents and no direct evidence of enhanced carrion
fall-out has been reported (see Appendix 3.A).

Nevertheless, there are some observational indications of an increased fall-out flux of organic
detritus in the vicinity of CO, vent sites. For example, Vetter & Smith (2005) highlight the
‘extraordinarily high’ numbers of scavengers present at Loihi, noting that there must be a
correspondingly high flux of food into this system to support such a large population. While this
abundant food source could ultimately be supported by high rates of chemosynthetic production
(as yet undiscovered), and/or be related to enhanced productivity over the seamount (yielding a
high carrion flux that is independent of CO, venting), the authors conclude that the most likely
source is the enhanced fallout of dead or moribund animals that have become intoxicated by
the CO, vent plumes (Vetter & Smith, 2005). Thus while recognisable dead-zones may not
form in open systems, alteration of ecosystem structure and function due to an enhanced
delivery of organic detritus to the seafloor may still occur.

In a restricted system, that is leakage into a stagnant water column (no flow) or a confined
volume of seawater, such as a topographic depression, the situation is somewhat different.
Under these conditions, there is limited exchange of seawater and dilution factors are low, thus
even a slow leak could result in a significant build up of dense CO, laden bottom waters.
Furthermore, the CO, plume can be viewed as static, thus if an animal is rendered unconscious,
it will remain within the plume at the seafloor and will die. A small number of natural CO, vent
sites fall in the restricted or semi-restricted system category, the most notable of which are the
Vailulu’'u Seamount (Samoan hotspot) and the Kraternaya Bight (Yankich Island, Central Kurile
Arc) vent sites respectively.

At Vailulu’'u Seamount, a biological dead-zone has formed within the summit crater (Staudigel et

al.,, 2006). At depths below 750 m in the crater bottom, confined waters form a moat that
encircles Nafanua, a 300 m tall volcanic cone located on the crater floor (Staudigel et al., 2006).
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Hydrothermal smoker vents located within the moat emit fluids with extremely low pH (2.7) in
addition to the release of immiscible fluid droplets inferred to be liquid CO, (North Moat
Hydrothermal Complex - Staudigel et al., 2006). As a result, the confined waters in the moat
are highly acidic and turbid, where seawater sampled near the vents had a significantly
depressed pH of 5.1 (Staudigel et al., 2006). This region was dubbed the ‘Moat of Death’ by the
authors, where ‘abundant carcasses of midwater fish, squid, and crustaceans littered the
seafloor’ and the only living animals observed were polychaetes (see description of Habitat
Type Ill in Staudigel et al., 2006). At depths above 750 m, some seawater flushing occurs via
breaches in the crater walls; creating locations alternately bathed by clean seawater and the
toxic waters from the ‘Moat of Death’, where the authors hypothesize that these regions may
play an important role in trapping life within the Vailulu’u crater (see description of Habitat Type
IV in Staudigel et al., 2006). While the specific cause of death is at present unknown, the
authors identify most probable cause as a combination of low pH and asphyxiation from the
combined effect of reduced dissolved oxygen and Fe oxide particulates coating gills, citing
similar cases reported for nekton mortality in submarine volcanic settings (Staudigel et al., 2006
and references therein).

At Kraternaya Bight the situation is somewhat different, where the impact of CO, rich
gasohydrothermal venting at this site provides an interesting comparison to the deep water
enclosed system of Vailulu'u. Firstly, Kraternaya Bight is a shallow system, thus saturation
concentrations for CO, are lower than at high pressure, and exchange of CO, with the
atmosphere (loss to the atmosphere) will occur. Secondly, at this semi-restricted site, limited
exchange of seawater occurs through a narrow shallow strait that links the Bight to the open
ocean. The exchange of water is tidal (irregular semi-diurnal tides), where on average
~700,000 m® of seawater (2.5 to 3.5°C) flows into the bight at high tide with the same volume
flowing out at low tide (warmed to 9 to 12°C), in comparison to an estimated influx of
hydrothermal fluids of ~20,000 m®day (Zhirmunsky & Tarasov, 1990). Here, although
gasohydrothermal activity exerts a strong influence on the biological community, the system
supports a diverse and rich macrofauna (Tarasov et al., 1990; Gamo and Glasby, 2003). In
general, the macrofaunal community exhibits significant differences to that found outside the
bight, where several common bight species have changed in morphology and adapted to the
extreme conditions (Zhirmunsky & Tarasov, 1990; see Appendix 3.A for further details).
Nevertheless, periodic high mortality events, apparently in response to increased hydrothermal
activity, have been reported (e.g. Kamenev et al., 2004; see Appendix 3.A for further details).
Thus it would appear that population health is strongly dependent on the balance between the
input of toxic compounds and the flushing rate of system, where the ‘normal’ state is a healthy
population (adapted to given conditions). Thus either increased hydrothermal activity at a
constant flushing rate, or a decreased rate of flushing at constant hydrothermal input, leads to
decreased health.

Although there are other factors that exert a profound influence on the local biota at the
hydrothermal vents sites discussed above (e.g. temperature, H,S concentrations, particle
loadings), it seems reasonable to conclude that for a given rate of leakage (and assuming all
other factors are equal), the impact of CO, leakage on local biota will depend on the dilution of
the CO; signal, which is in turn dependent on local hydrodynamics, where impacts are likely to
be greatest in topographically confined areas, and least in areas of unrestricted circulation.

It is noted that of the numerous CO, vent sites discussed in this report (see Chapter 3 and
Appendix 3.A), dead-zone formation has only been reported at the Vailulu’u site. Furthermore,
leakage to a seafloor depression could be considered unlikely, as subsurface flow tends to be
directed over basement highs. Nevertheless, this possibility should be taken into consideration
during site selection and formulation of monitoring programmes (see Section 6.3), where any
potential leakage pathways that exit to the seafloor within topographically confined areas should
be identified as high priority ‘watch points’.
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6.2.3 Placing the Biological Impacts of CO, Leakage in Context

As noted elsewhere in this report, it is important to consider the potential impacts of CO,
leakage from subseafloor geological storage sites in context. That is, in comparison to what
would happen to marine systems if any stored CO, had instead been released directly to the
atmosphere (e.g. Shirayama & Thornton, 2005). However, comparison of the two cases
(impacts on ocean biota from emissions to the atmosphere versus impacts on ocean biota from
leakage) is difficult, given:

(i) comparing the two cases can be thought of as comparing apples and oranges, as opposed to
apples and apples. Taking a simplistic viewpoint, atmospheric release will result in long term
exposure of the surface ocean to moderately elevated CO, and depressed pH, while leakage
would likely result in comparatively short term exposure of localized areas at a range of water
depths (near surface to deep ocean) to higher levels of CO, and more severely depressed pH.

(i) the current poor level of understanding regarding how marine ecosystems will be affected,
including uncertainties regarding the relative sensitivities of surface ocean and deep water
ecosystems to elevated CO..

(iii) uncertainties in the future uptake of sub-seafloor geological storage, and therefore in the
CO, emissions abatement achieved and the overall probability (and locations) of leakage.

Nevertheless, if CO, is released to the atmosphere it will equilibrate with the surface ocean,
while if CO, is stored in subseafloor geological reservoirs the likelihood is that the vast majority
of that CO, will remain isolated from the ocean and atmosphere over at least 1000 years (given
proper site selection and monitoring). While the current mass of CO, stored in subseafloor
geological reservoirs is small in comparison to anthropogenic emissions, the potential storage
capacity is large (see Chapter 1). Indeed, utilization of this capacity could make a significant
contribution to the global emissions abatement effort over the course of the 21% Century (e.g.
IPCC, 2005), thereby helping to minimize the increase in atmospheric and surface ocean CO,
concentrations that is experienced. Furthermore, should leakage occur, the total area impacted
will be comparatively small when considered on a global basis. For example, at CO, vent sites,
the size of the vent field (which typically describes the area of seafloor influenced by the vents)
ranges from a few 100s of m® to 10s of km? (see Appendix 3.A), where the lower end of this
range could be considered analogous to leakage at a single location (e.g. a wellbore), while the
upper end could be analogous to numerous leakage points distributed across the entire footprint
of a storage reservoir. Even if we consider the upper end of this range, then simultaneous
leakage occurring across the footprint of 1000 storage sites of reasonable size (~25 km? - 5 km
x 5 km) would impact less than 0.01% of the total seafloor, whilst leakage at 1000 discrete sites,
each influencing an area some 10,000 m? (100 m x 100 m) would impact a total area of 10 km?,
or around 30 billionths of the seafloor area. While it is noted that the fraction of total seafloor
area exposed to elevated CO, conditions does not directly translate to the fraction of marine
biota impacted, it nevertheless seems reasonable to suggest that although local impacts of
leakage from subseafloor storage reservoirs to the ocean may be comparatively severe, the
global impact is likely to be less severe than that of the alternative; that is simply releasing the
CO; to the atmosphere and suffering the consequent changes to surface ocean chemistry.

6.3 Monitoring of Leakage

Monitoring of CO, in the context of direct ocean sequestration is discussed in Chapter 6 of the
IPCC SRCCS (IPCC, 2005). The guidance given states that a monitoring programme should
“attempt to quantify the mass and distribution of CO, from each point source, and could also
record related biological and geochemical parameters” (IPCC, 2005). The report also notes that
these same issues may relate to monitoring of potential leakages from sub-sea geologic storage,
or for verification that such leakage does not occur (IPCC, 2005).

In the case of subseafloor storage of CO, there are multiple motivations for carrying out an
effective monitoring programme. These include (adapted from Winthaegen et al., 2005):
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e To increase understanding of the behaviour and fate of CO, injected into subseafloor
geological reservoirs. For a specific project, direct observations of CO, behaviour
allows model testing and refinement and thus increases confidence in the ability to
predict the fate of CO, in the long term. Furthermore, all experience and knowledge
makes an important contribution to development of general models that can be applied
to new potential storage sites.

o To verify storage. This is a vital issue if sub-seafloor storage of CO, is to be accepted
as a creditable carbon sink under the terms of international agreements (Kyoto Protocol
and future agreements).

e To ensure early detection of any leakage. Early detection allows the possibility of
remedial action.

e The development and testing of techniques & methodologies relevant to the monitoring
of subseafloor storage of CO, and any seepage to the water column.

e To safeguard the environment.

These motivations then inform what an effective monitoring programme should deliver. If
leakage were to occur, an effective monitoring programme should shed light on how and why
leakage occurred, thus allowing existing storage sites to be assessed for the same weakness
and informing the decision making process at new potential storage sites. In order to verify
storage, monitoring should enable the detection of relatively small leaks, where timely detection
of leakage would allow remedial action to be taken and thus limit both the total mass of leaked
CO, and the severity of any biological impacts.

In general, the magnitude of the leakage ‘signal’, and therefore the number of techniques (e.g.
discrete sampling, in-situ chemical sensors, acoustic detection, etc.) that could be employed to
detect the leak, will increase with the size of the leak, while the required spatial resolution of the
monitoring survey and cost of detection will decrease. Thus large leaks are more likely to be
detected in a timely and cost effective fashion than small leaks.

It may be deemed desirable to define the required leak detection threshold for a given project as
a percentage of the total amount of CO, to be stored, taking into account the number of
potential leakage points (i.e. wellbores) within the footprint of the reservoir. Similarly, monitoring
programmes should consider the timeframe within which it is desirable to detect leakage at a
given rate, again allowing for the possibility of multiple leakage events over the lifetime of the
storage reservoir.

To meet recommended performance criteria (a minimum of 99% of the total injected CO, is
retained over a period of at least 1000 years), the maximum allowable (i.e. undetected) annual
leakage rate would be 0.001% of the final volume to be stored. Given the possibility of multiple
small leaks, the leak detection threshold should be set somewhat below the total ‘allowable’
leakage rate. For example, undetected leakage at 2 to 3 wellbores at a rate of around 200
tCO,/yr would result in a 50 MtCO, storage reservoir failing to meet performance standards,
suggesting a desirable detection threshold on the order of 100 tCO,/yr.

To determine timeframes for detection, storage projects could consider a gold performance
standard somewhat more stringent than minimum operating requirements, and apply a worst
case leakage scenario. For example, a desirable threshold could be set of 99.9% of total
injected CO, to be retained over a period of 10,000 years. Allowing for the possibility of ~100
leakage events' (1 event every 100 years over a 10,000 year period), then for a storage
reservoir with a capacity of ~50 MtCO,, leakage at rates on the order of 100s tCO,/yr would
need to be detected and mitigated on a timescale of ~10 years, while leakage at rates on the
order of 1000s tCO,/yr would need to be detected and mitigated on a timescale of ~1 year. The
increasing severity of chronic biological impacts over time should also be considered when
determining preferable timescales for detection and mitigation.

"2 This number is provided for illustrative purposes and is based on the probability of leakage via a wellbore, which is on
the order of 0.1 events per item per 1000 years (see Chapter 4). If in a worst case scenario the probability is considered
to be 10 times higher, then for a project with10 wellbores located within the footprint of the storage reservoir this would
indicate the monitoring programme should allow for 100 leakage events. Detailed analysis would have to consider all
potential leakage mechanisms and expected rates of leakage via each mechanism.
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In the ocean storage case, the location and amount of CO,; released (or rate of release) would
be known. This would allow the design and implementation of a directed monitoring programme,
incorporating placement of chemical and biological sensors along pipelines, at the release site
and on moorings within the expected footprint of the CO, dissolution plume (IPCC, 2005). In
addition, periodic surveys could be carried out to more accurately map the CO, plume, utilising
autonomous underwater vehicles in the near field, towed (from a research ship) undulating
pumping systems at distances of a few km, and discrete sampling approaches on hydrographic
section cruises conducted every 2-5 years in the very far field (IPCC, 2005).

Applying a similar approach to the leakage case is somewhat problematic as these techniques
typically require either the location of release to be known, or the quantity of added CO, to be
large, in order to enable detection. Thus while the monitoring programme outlined by the IPCC
(2005) is indeed relevant once a leakage point has been identified, the costs (time and money)
of establishing and maintaining an array of sensors, or of conducting mapping surveys, at a
resolution sufficient to ensure detection of a small leak located at an unknown point within the
spatial footprint of the storage site would likely be prohibitive. For example, to detect a CO,
droplet stream leaking at a rate of 200 tCO./yr using chemical techniques (e.g. pH probes,
pCO, sensors, or discrete sampling and analysis for TCO,) may require a sampling grid with a
spatial resolution better than 100 m. For a storage reservoir with a footprint of 25 km? (e.g. 5
km x 5 km) this equates to a minimum of ~2600 sampling stations or sensor locations — were
installation of an array of this size would itself have a significant environmental impact.

A more pragmatic approach to leakage detection is therefore necessary, using the identification
of potential leakage points (e.g. wellbores, faults) to determine those sites where detailed
baseline surveys and continuous monitoring should be carried out (following an approach
similar to that described for injection sites in the IPCC report). Tracking the movement of CO, in
the subsurface and performing mass balance checks (i.e. is the mass of CO, contained in the
reservoir equal to that injected?) should also provide prior warning of penetration or bypassing
of the cap-rock seal and may lead to the identification of unexpected CO, migration pathways
and additional possible leakage points. Detailed monitoring of identified ‘watch points’ should
be combined with periodic surveys across the entire footprint of the storage reservoir.

The principal techniques available to identify and track additional CO, in the ocean are chemical
detection of the dissolved CO, load (e.g. measurements of TCO, (pCO,) or pH), and acoustic
detection of CO, droplets and bubbles. Of these options, acoustic monitoring may represent the
most promising approach for leakage detection. Numerous shallow water gas vent sites have
been located using this technique (see Appendix 3.A), and recent experiments have shown
clear detection of a small cloud of CO, at a depth of 1000 m using shipboard sonar (Brewer et
al., 2006). It would seem this method lends itself to long term monitoring of identified ‘watch
points’. Furthermore, in regions with a high volume of shipping traffic, this technique could
potentially make use of ships of opportunity in order to achieve a high spatial and temporal
monitoring resolution across the footprint of the storage reservoir. While the use of narrow
highly penetrating single beams would require a ship to pass within reasonably close proximity
to a leakage site (for a cone angle of 8-12° and leakage at a depth of 1000 m, the ship would
need to pass within 140-210 m of the leakage point), the use of multiple beams would greatly
increase the covered area.

Mapping of pH and TCO, plumes has been carried out at vent sites that are naturally rich in
CO,, such as Hatoma Knoll (hydrothermal vents with associated liquid CO, venting, see
Chapter 3, Box 305; Shitashima & Maeda, 2005) and Axial Volcano (hydrothermal vents rich in
dissolved CO,; IPCC, 2005). However, there are a number of limitations to the use of chemical
mapping for detecting leakage. Firstly, given the natural background variability in ocean carbon
concentrations, this technique would require a detailed (high resolution) survey of TCO,
distribution over the footprint of the storage reservoir prior to any storage activities to determine
the background CO, concentration & distribution. Secondly, variability in the upper ocean
mixed layer would make it difficult to directly monitor small changes in CO, in waters shallower
than the annual maximum mixed-layer depth, thus this technique would only be appropriate for
monitoring potential leakage to relatively deep waters (seasonal mixing from the surface can
extend as deep as 800 m in some places, but is less than 200 m in most regions of the ocean;
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IPCC, 2005). Finally, the utility of these techniques is ultimately limited by the current analytical
accuracy. For example, analytical techniques for measuring the TCO, of discrete samples are
(at present) accurate to about +0.05% (Johnson et al., 1998). For typical seawater TCO, (2.0 to
2.4 mmol/kg), this corresponds to 1-1.2 ymol/kg, indicating a detection limit for additional CO, of
3-3.6 umol/kg, or ~130-160 tCO,/km>. Thus while discrete sampling could identify and locate a
comparatively large leak, a ‘small’ leak is unlikely to be detected unless the hydrographic survey
happens to pass in the immediate vicinity of the leakage site. For illustration, consider the
detectable dissolved CO, signal from a rising droplet plume under the following assumptions
and approximations (i) that (near) complete dissolution occurs over a vertical mixing height of
~150-200 m; (ii) a constant current velocity of ~5 cm/s; (iii) a lateral mixing rate one tenth of the
along flow current speed (0.5 cm/s); (iv) that the total dissolved CO, load is constant per unit
distance of along flow transport (i.e. the plume becomes increasingly dilute with distance from
source) and is well mixed both vertically and laterally. Then leakage at a rate of ~200 tCO,/yr
would only be detectable at distances up to ~50-66 m from the source, while leakage at a rate
of ~1000 tCO,/yr would be detectable at distances up to 250-325 m. For detection at a distance
of ~1 km from source would require a leakage rate on the order of 3000-4000 tCO./yr.

Since the potential impact of CO, leakage on ocean ecosystems is a significant concern, it
seems reasonable to state that an effective monitoring programme must include biological
monitoring in addition to the tracking of any leaked CO,, rather than this being considered an
optional extra. The role of habitat mapping in assessing potential site specific impacts of
leakage, and in particular the need to identify any vulnerable/high value ecosystems located
within the footprint of the storage reservoir, are discussed elsewhere in this report (see
Chapters 3 and 7). A ground-state biological survey should be carried out at identified ‘watch
points’ prior to any injection, with periodic repeat assessments to evaluate any ecosystem
changes over time. Plans should also be formulated for a responsive higher intensity
monitoring programme in the event of detected leakage. Since the use of acoustics for
biological detection is well established, this tool may offer a unique way to detect both leakage
of CO, and any water column biological responses to that leakage (Brewer et al., 2006).

As noted by Winthaegen et al. (2005), effective monitoring during both the injection and storage
phase of a project is important for all of these reasons, and considerable amounts of time and
money should be spent on monitoring the reservoir, the overburden, wells, injection facilities,
the surface and the atmosphere, and in this case we can also add the water column. To
achieve timely identification of leakage at relatively slow leakage rates will require significant
investment to optimise existing detection techniques, develop new technologies, and design
efficient monitoring methodologies.  Field trials and the development and testing of new
monitoring techniques and methods will lead to an increased ability to detect leaks in a timely
and cost effective manner.

7: Vulnerable Objects & High Risk Scenarios

When discussing potential leakage or seepage, a distinction can be made between the
susceptibility of a storage reservoir to leakage, the possibility of a leakage event occurring, and
the risks associated with a potential leakage event. Within this context:

Susceptibility: is a function of the probability of potential leakage/seepage occurrence and
leakage/seepage related factors. For example, a storage reservoir located in a tectonically
active area where entrapment of CO, relied on a sealing fault, or a reservoir with numerous
decommissioned wellbores could be classified as being highly susceptible to leakage.

Possibility: depends on the susceptibility and on impact factors (both natural and human) such
as frequency of earthquakes, well site maintenance (quality of seals), or over-pressuring
(among others).

Risk: depends on the possibility and on the presence or absence of vulnerable objects.

Thus the risks of leakage are high when a high possibility of leakage is combined with the
presence of a vulnerable object in the leakage path.
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Here we consider a leakage scenario where CO, migrates out of a storage reservoir via a mid to
high permeability flow path, such as an unsealed fault. While this type of leakage could be
relatively benign (if for example efficient secondary trapping mechanisms are operating in the
sediment column), if a preferential pathway exists that links the leakage point to a vulnerable
object, then it would represent a high risk event. A number of ‘vulnerable objects’ can be
imagined. For example, a topographic depression protected from bottom currents, such that
leakage of CO, would result in high levels of dissolved CO, building up in the water column (c.f.
the ‘moat of death’ at Vailulu'u Seamount; Staudigel et al., 2006). However, as flow tends to be
directed over basement highs, leakage to a seafloor depression could be considered unlikely.
Two examples of high risk scenarios are considered here where the presence of a vulnerable
object may in fact indicate the presence of a preferential flow path — these are deep water coral
reefs and methane gas hydrate deposits.

7.1 Fragile Ecosystems — Coral Reefs

If leakage of CO, occurred in the vicinity of a coral reef, the inhibition of carbonate precipitation
and/or dissolution of carbonate could have a devastating impact on the local ecosystem.

The global distribution of shallow water tropical and subtropical coral reefs is shown in Figure
7.1, while the currently known distribution of deepwater coral reefs is shown in Figure 7.2.
Comparison of these Figures to those regions where sub-seafloor storage of CO, is occurring,
or is expected to occur in the near future, shows that coral reefs occur in the vicinity of nearly all
of these sites. For example, the extensive shallow water reefs of Indonesia and Australia, and
the cold water reefs of the Northeast Atlantic.

Figure 7.1: Global distribution of tropical and subtropical coral reefs (data from www.reefbase.org)
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Figure 7.2: Global distribution of cold water coral reefs (after Freiwald et al., 2004)
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7.1.1 Acknowledging and Addressing Risks to Coral Reefs

This report is not suggesting that CO, storage should not be carried out in reservoirs underlying
coral reefs. Rather, the potential for leakage into coral ecosystems should be carefully
assessed and the risks duly recognised and addressed during site selection and the preparation
of Environmental Impact Assessments (EIAs) and risk management strategies. It is noted that
risks or damage to coral reefs may have a strong negative impact on public perceptions of (and
therefore support for) geological sequestration of CO, under the seafloor. This report therefore
recommends that all information pertaining to the assessment of risks to coral reefs should be
made public and included in published EIAs, even when leakage is considered highly unlikely
and risks to coral habitat very low. For example, in the Draft Environmental Impact Assessment
for the Gorgon Project (ChevronTexaco Australia Pty Ltd., 2005), the Gorgon Joint Venturers
(GJV) follow this model in their assessment of risks to the terrestrial environment, making the
statement (Chapter 10: Terrestrial Environment - Risks & Management):

While atmospheric emissions and a major leak of CO, present low risks to flora
and vegetation, these issues are discussed in the following sections in
recognition of stakeholder interest.

However, this approach is not followed in the assessment of risk to the marine environment,
where the discussion of risks to coral reefs (Chapter 11: Marine Environment — Risks and
Management) does not include any mention of CO, leaks, while in the assessment of possible
leakage pathways (Chapter 13: Greenhouse Gas Emissions - Risks and Management, Table
13-18) leakage along offshore faults to the north and east of Barrow Island is classed as
possible, with an associated risk statement ‘Impacts on marine fauna are not anticipated as
faults are only identified from seismic and do not extend to the surface.’
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A comparative assessment of the global risk to coral reefs from increasing atmospheric CO,
concentrations versus the localised risk in the instance of a CO, leakage event might also prove
interesting and useful. Coral reefs likely represent one of the most vulnerable ecosystems to
the future high CO,-low pH ocean, thus the mitigation of CO, emissions through CO, storage
should confer considerable benefits to the health of coral reefs when compared to a ‘no storage’
future scenario. Potential impacts of elevated CO, levels on tropical coral reefs have been
discussed widely in the literature with respect to increasing atmospheric CO, concentrations
and the future high CO,-low pH Ocean (e.g. Royal Society, 2005 and references therein). In the
discussion below we focus on the deep water reefs common to the Northeast Atlantic Ocean.

7.1.2 Deep Water Coral Reefs — A Fragile Ecosystem

Recent deep-ocean exploration using advanced acoustics and submersibles has revealed
unexpectedly widespread and diverse coral ecosystems in deep waters on continental shelves,
slopes, seamounts, and ridge systems around the world.

Scleractinian (stony) deep water corals (also referred to as deep sea or cold water corals), have
an aragonite skeleton, and may be either solitary or compound (reef forming). The distribution
of three reef building cold water corals, Lophelia pertusa, Madrepora oculata and Solenosmilia
variabilis, are shown in Figure 7.2 (after Freiwald et al., 2004).

To date, the majority of cold-water coral reefs have been found in the Northeast Atlantic Ocean,
and are usually dominated by Lophelia. Lophelia is a primary framework-building coral, which
produces large, highly branched bushy colonies with branches that join together where they
touch. This structure is incredibly strong, producing a long-lasting reef framework. Madrepora is
often found on Lophelia reefs in the Northeast Atlantic. This species produces a more delicate
skeleton, with slender branches that form a secondary reef framework. Solenosmilia can also
occur in the Lophelia reefs of the Northeast Atlantic contributing to the coral framework.

The occurrence of Lophelia in the Northeast Atlantic varies from scattered groups of colonies to
vast reef complexes (Roberts et al., 2003). The Norwegian Shelf has the highest known density
of Lophelia reefs in the world, with hundreds of large coral reefs located in water depths of 40 to
400m and an estimated spatial coverage on the order of 2,000 km® In UK and lrish waters
Lophelia occurs along the continental shelf, and on offshore seamounts and banks, such as the
Rockall Bank and the Porcupine Seabight. Lophelia has also been found growing on the legs of
some North Sea Oil Rigs (e.g. Gass & Roberts, 2006).

Lophelia colonies grow at very slow rates of ~5-30 mm/yr, taking hundreds of years to form
moderate sized colonies and thousands of years to build a large reef structure (see Gass &
Roberts (2006) and references therein). For example, a large reef complex on the Sula Ridge
off the Norwegian coast (14 km in length and up to 30m in height) is estimated to be ~9,000
years old (Hovland & Risk, 2003).

These reefs are of both ecological and economic importance. The coral habitat is known to
support many associated species, with a high diversity of benthic species and megafauna
(Fossa et al., 2002; Hovland & Risk, 2003; Roberts et al., 2003). The UK Biodiversity Group
(2000) estimates that species diversity is about three times higher on Lophelia reefs compared
to the surrounding soft-bottomed sediments. The reefs have traditionally been rich fishing
grounds, with higher landing rates compared to surrounding waters (Fossa et al., 2002). They
also act as a nursery area for many juvenile animals, including commercially valuable species
such as redfish, and may play a key role as spreading centres for associated faunas,
particularly those species which exhibit high reef abundance but are scare elsewhere (Fossa et
al., 2002; Rogers, 2004). Degradation of a significant part of the Lophelia reefs may therefore
dramatically change the distribution of species diversity along the whole shelf and slope (Fossa
et al., 2002).

Existing threats to these ecosystems are considerable. In particular, intensive trawling has

resulted in widespread damage to deep water reefs (Fossa et al., 2002; Rogers, 2004; Roberts
et al., 2003, 2006). For example, it is estimated that between 30 and 50% of Lophelia reefs on
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the Norwegian continental shelf have been damaged or impacted by trawling (Fossa et al.,
2002). Due to their depth habitat, they perhaps also represent the ecosystem that is most
vulnerable to the effects of ocean acidification, where shoaling of the aragonite saturation
horizon could not only prevent further precipitation of aragonite but also lead to extensive
dissolution (Guinotte et al. 2006; Roberts et al., 2006; Turley et al., 2007).

The slow growth rate and long life of cold water corals makes them particularly vulnerable to
damage, where it could take hundreds or thousands of years (if at all) for reefs to recover and
for the restitution of ecological function (Fossa et al., 2002). The ecological importance of these
reefs in combination with their fragility and the already extensive damage they have sustained
has led to numerous calls and proposals for deep water coral reefs to be protected by law.
Globally, a number of cold water reefs are now protected, either with full protection from all
human activities as designated Marine Protected Areas or Habitat Conservation Areas, and/or
closed to bottom contact fishing in order to protect coral habitat (e.g. WWF, 2004; Rogers,
2006). On the Norwegian Shelf, deliberate destruction of coral reefs is banned and a number of
reefs have more rigorous protection. The Darwin Mounds in the Rockall Trough have been
protected by an emergency measure under the European Habitats Directive and might be
designated as a Special Area of Conservation (SAC), with several other sites in UK and Irish
waters being candidate or draft SACs.

7.1.3 Deep Water Coral Reefs — Coupling to Preferential Flow Paths

It has been suggested that the occurrence of Lophelia reefs on the continental shelf of the North
East Atlantic is correlated with sub-surface faults and other structures associated with low level
hydrocarbon seepage, including gas hydrate fuelled methane seeps (Hovland & Thomsen,
1997; Hovland et al., 1998; Henriet et al., 1998; Hovland & Risk, 2003).

This theory was put forward based on the assumption that light hydrocarbon seeps (mainly
methane) feed a chemosynthetic food chain which in turn supports cold-water corals and their
associated fauna (Hovland and Thomsen, 1997; Hovland et al., 1998; Hovland & Risk, 2003).
However, this hypothesis is somewhat controversial (Rogers, 1999), and there is no definitive
proof that deep-water coral reefs are directly fuelled by seepage (Hovland & Risk, 2003). It may
be that the formation of seafloor carbonate crusts and concretions as a by-product of microbial
chemosynthesis (e.g. Roberts & Aharon, 1994) simply provides the hard substrata required for
larval settlement (e.g. Freiwald, 2002).

Regardless of whether Lophelia reefs explicitly require hydrocarbon seepage, there are
numerous indicators documented by German, British, and Norwegian researchers over the last
10-15 years that all suggest a close link between the location of Norwegian reef structures on
the continental shelf and the seepage of fluids through the seabed (Hovland & Risk, 2003).
These include (Hovland & Risk, 2003):

seaward-dipping sedimentary permeable strata
enhanced acoustic seismic reflectors

adjacent pockmark craters

locally elevated light hydrocarbon sediment content
locally elevated seawater methane content

Although all the listed indicators do not necessarily occur at each of the respective reef
locations simultaneously (Hovland & Risk, 2003), it seems clear that a large proportion of reefs
are located in areas where seepage either has occurred, is occurring, or might occur. As such,
Lophelia reefs are highly likely to be linked to preferential flow paths for CO, migration through
the subsurface.

If leakage of CO, to a deep water reef should occur, the consequent decease in seawater pH
could prevent calcification and even lead to dissolution of the reef structure. It is noted that the
extent to which local pH is affected will be dependent on the scale of leakage. Nevertheless,
the coupling of a preferential flow path with a fragile and valuable ecosystem, where the impact
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of leakage is potentially devastating, means that the possibility of leakage to sediments
underlying a cold water reef should be classed as a High Risk scenario.

7.2 GeoHazards — Methane Gas Hydrates

The second example of a high risk scenario considered here is the possibility of CO, leakage
into methane hydrate bearing sediments.

Gas hydrates are naturally occurring compounds found in permafrost and ocean margin regions.
These materials form when water and small “guest” molecules, such as methane, react at low
temperature, high pressure conditions. The water crystallizes into a network of hydrogen-
bonded molecular cages that contain the guest molecules (Sloan, 1998a).

Large amounts of methane (CH,) in the form of solid hydrates are stored on the continental
shelves (see Figure 7.3), and are often associated with hydrocarbon vents, seeps, or mud
volcanoes. The CH, may be of either biogenic or thermogenic origin, produced by the microbial
degradation of organic matter at low temperatures, and/or the thermal cracking of kerogens at
high temperatures and burial depths (e.g. Kvenvolden, 1995; Milkov, 2005). While some
hydrate deposits form from biogenic gas produced in-situ (i.e. within the CH, hydrate stability
zone), a significant proportion are formed by gases (either biogenic and/or thermogenic)
sourced from depth, where the gases migrate long distances (i.e., hundreds to thousands of
meters) into the stability zone along faults or through permeable sand/silt layers, gas chimneys,
or mud volcanoes (Milkov, 2005 and references therein). The presence of a hydrate deposit
thus indicates a high probability of preferential flow paths in the underlying sediment.

Figure 7.3: Global distribution of methane hydrate deposits on the continental shelf (known and inferred).
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Hydrate deposits are of considerable interest for three reasons: (1) as a submarine geohazard
(2) as a factor in global climate change, and (3) as a potential energy resource (Kvenvolden,
2000). All of these factors are of relevance here as CO, leakage into methane hydrate bearing
sediments has the potential to (1) trigger a submarine landslide, possibly leading to tsunami
generation (2) release large volumes of methane — a potent greenhouse gas - to the
atmosphere, and (3) destroy potentially valuable hydrocarbon reserves.
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7.2.1 Links between Gas Hydrates and Submarine Sediment Slides

A geohazard is shorthand for a geophysical or geological hazard, and is typically used to refer
to rapid onset events. Methane gas hydrates are considered a geohazard due to the possible
connection between hydrate dissociation and submarine sediment failures — or slides.

Risks associated with decomposition of methane gas hydrates have been widely addressed in
the literature (for an excellent overview see Maslin, 2004) and a brief summary is given here.

There is strong circumstantial evidence that the dissociation of methane hydrates due to
ongoing, natural geological processes may play a key role in promoting large-scale seafloor
slumps along the continental margins. Regionally, there are many examples of this connection -
surficial slides and slumps on the continental slope and rise of West Africa; slumps and collapse
features on the U.S. Atlantic continental slope; large submarine slides on the Norwegian
continental margin; sediment blocks on the sea floor in fjords of British Columbia; and massive
bedding-plane slides and rotational slumps on the Alaskan Beaufort Sea continental margin
(Kvenvolden, 1993, 1999, 2000).

7.2.1.1 Sediment Slide Triggering Mechanism

When hydrate forms in unconsolidated sediments it hinders the normal sediment compaction
process. If exposed to lower pressure and/or increased temperature, the decomposition of the
hydrate can disrupt the poorly compacted host sediment and trigger a slide.

Gases are highly concentrated in the solid hydrate phase, thus the decomposition of hydrates
can release large volumes of gas. 1 m® of CH, hydrate can contain the equivalent of 164 m® of
CH, at standard temperature and pressure (Sloan, 1998a). However, the immediate volume
increase that occurs on hydrate decomposition is dependent on temperature and pressure
conditions in the sediment column. The volume expansion factor increases as water depth
(hydrostatic pressure) decreases. For example, at 1000m water depth (and typical seafloor
temperatures), the volume of released CH,4 and water is little over twice the original gas hydrate
volume, whereas at 500m water depth, the volume increases by a factor of 3.5, and in very
shallow hydrate deposits (<300m water depth), expansion factors may exceed 6.0 (see Figure
7.4, Panel A). This volume expansion causes the pore fluids to become highly pressurised and
essentially pushes the sediment apart, leading to a loss of sediment compactness, the
formation of large pore spaces, and potentially triggering a sediment slide. As would be
expected, the steeper the sediment slope, the more likely it is that a slide will occur, where
slides are more likely to be promoted by gas hydrate breakdown on slopes of more than 4
degrees.

Figure 7.4: Volume increases (at T, P conditions in the sediment column) arising from decompositon of methane hydrate or
an exchange reaction with carbon dioxide (assuming 100% replacement). Data only shown within the hydrate stability field.
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7.2.1.2 Impacts of Submarine Sediment Failures

Submarine sediment failures may have a direct impact on oil and gas industry engineering
structures (e.g. sea bottom installations, pipelines, production facilities) and pose a serious risk
to personnel (Kvenvolden, 2000).

Sediment slides also have the potential to generate tsunamis (Maslin, 2004 and references
therein). Tsunamis are caused by the rapid perturbation of the seabed or of the water column
above it, which either lift the sea surface up above its normal level or depress it. Submarine
landslides involve the movement of sub-seafloor material from one place to another, generating
a reverse flow of water (‘dipole mechanism’). In general, the size of the generated wave will
increase with sediment slide volume and velocity. Sediment slide velocity depends on both the
slope and the mechanism of movement. The greater the slope, the greater the component of
gravitational force acting down it and so the greater the accelerating force. Coherent sliding
blocks usually move more slowly than avalanche-like mass movements. However, in ancient
submarine landslides, the very largest blocks, with dimensions of kilometres to tens of
kilometres, moved as far (and, by inference, as fast) as the rest of the rock avalanches with
which they are associated. Geological evidence indicates that this is because these blocks trap
a layer of pressurised mud and debris beneath them upon which they effectively float by a
"hovercraft" effect and so slide without basal friction.

One consequence of a large slope failure event may be the complete loss of methane-gas-
hydrate and free gas to the oceans and eventually the atmosphere (see Figure 7.5). As
methane is a potent greenhouse gas, hydrate formation and dissociation is thus thought to play
an important role in past and future climate change (e.g. Sloan, 1998b; Henriet & Mienert, 1998;
Kennett et al., 2003; Maslin et al., 2004).

Figure 7.5: lllustration of what happens when a sediment slope failure occurs above a gas hydrate layer and how
large quantities of gas may be released (after Maslin, 2004; adapted from Kvenvolden, 1998).
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7.2.2. Exchange Reaction betwee CO, and CH, Hydrate

Thermodynamic arguments suggest that CO, will replace CH, in the hydrate structure, i.e. CO,
hydrate is more stable than CH,4 hydrate. This raises the possibility that simply bathing a CH,
hydrate mass in liquid or gaseous CO, could result in an exchange reaction, with conversion of
CO, to the solid hydrate and concomitant release of CH4 gas. Indeed, this reaction has recently
gained much interest as it offers the potential double benefit of sequestering captured fossil fuel
CO, with recovery of liberated CH, gas as an additional energy source. However, in the case of
unintended leakage or seepage of CO, from a sub-seafloor storage reservoir into hydrate
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bearing sediments if an exchange reaction takes place it would result in the liberation of free
methane gas without capture and recovery.

7.2.2.1 How Likely is it that an Exchange Reaction will Occur?

Several recent laboratory studies have explored the exchange reaction between CH, hydrate
and CO,. Komai et al. (2002) used Raman spectroscopy to observe the reaction between
structure | (sl) CH4 hydrate and gaseous CO; in a small pressure cell. They observed slow
conversion rates (several hours), where CO, hydrate formed both at the surface and within the
interior of the CH,4 hydrate, and water ice crystals were also produced. In a following study,
Yoon et al. (2004) reported that surface shielding by CO, hydrate formed in the outer layers of
the sample plays a key role in retarding the dissociation of CH, hydrate in the interior. Lee et al.
(2003) carried out a similar reaction using finely ground sl CH,4 hydrates to increase the surface
area available for reaction, and '°C NMR to investigate details of cage occupancy. They
observed that CO, replaces CH, in the large cages of the sl hydrate structure, where
replacement was complete in less than 5 hours with recovery of ~64% of the CH, present in the
initial hydrate. In an extension to this work, Park et al. (2006) reported an increased CH, yield
of ~85% when a binary CO,-N, gas mixture was used as the reactant, since N, could replace
CH, present in the small cages of the sl hydrate structure.

Park et al. (2006) also presented results from the first experiment using a structure Il (sll) CH4 +
C,He hydrate and CO, in both the gas (274.15K, 35 bar; 1°C, 350 dbar) and liquid (274.15 K, 42
bar; 1°C, 420 dbar) phases. They reported near identical results for the exchange reaction with
CO; gas (recovery: 92% CH4 & 99% C,Hg) versus CO;, liquid (recovery: 90% CH,4 & 97% C,Hs).
Interestingly, CO, was found to replace CH, in both the sll-large and sll-small cages where this
replacement induced a continuous structural change to sl hydrate as the reaction proceeded
and the critical guest composition limit for sll hydrate was exceeded.

In a novel study, Graue et al. (2006) provide the first example of liquid CO, displacement of CH,
from sl hydrate resident within a porous sandstone (277.15K, 81.6 bar) using 3D MRI to monitor
the exchange process over time. These authors report initially rapid CH, production rates that
decrease with time, where CH, production continued over 4 days, and flushing of the
hydrate/sandstone plug with additional liquid CO, resulted in further CH, liberation.

However, there are significant differences between laboratory studies, and natural hydrate
deposits. In particular, in the natural environmental the hydrate composition and structure are
defined by the deposit and the physical properties of the experiment cannot be controlled.
While laboratory studies have focused on simple synthetic sl CH, hydrates or sll CH; + C,Hg
hydrates, naturally occurring hydrates are more complex and may exhibit significant
heterogeneity in terms of guest gas composition and hydrate structure. The P-T field is set by
the external environment, and the hydrate surface area available for reaction is dependent on
the naturally occurring hydrate fabric. Dunk et al. (2006) recently reported results from the first
in-situ oceanic experiment on this reaction, carried out at the massive thermogenic hydrate
mounds that outcrop from the seafloor at water depths of 850 m in Barkley Canyon, offshore
Vancouver Island (48°18.642' N, 126°3.903' W). The experiment was performed as a feasibility
test to determine if measurable exchange occurred between a macroscopic natural gas hydrate
and liquid CO, under the P-T conditions at the sea-floor (Figure 7.6).
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Figure 7.6: Investigating the exchange reaction between a complex natural gas hydrate and liquid CO, at the seafloor
(A) Collecting a core of hydrate (B) Adding CO., to the reaction chamber - note the sharply defined boundaries of the hydrate
cores (C) Observed visual changes to the hydrate cores, with increased ‘fluffiness’ over time (after Dunk et al., 2008).

\ ®

W CO,
dispensing

Two small cores (10 cm length, 4 cm diameter) of hydrate were collected from the exposed
outcrops using an ROV operated tool. The release of some small gas bubbles was observed
during coring. The cores were ejected into a glass walled, closed top, reaction chamber.
Approximately 2L of liquid CO, were dispensed into the chamber. Under ambient conditions (T
= 4.0 °C, P = 870 dbar, S = 34.2), the densities of the gas hydrate and liquid CO, were closely
matched and less than that of seawater, where the hydrate cores floated at the top of the
chamber fully immersed within the buoyant liquid CO,. The chamber was then placed on a
base plate to seal the system. Over the following ~48 hours, the system was periodically
inspected with the ROV HDTV camera, and at the end of the experiment the sample was
interrogated using in-situ Raman spectroscopy. Initially, the boundaries of the hydrate cores
were sharply defined. 30 minutes following addition of liquid CO,, the core boundaries had
taken on a ‘fluffy’ appearance, where the extent of ‘fluffiness’ increased with time. This increase
in fluffiness’ appears to reflect an ongoing process occurring at the core boundary such as
exchange leading to restructuring of the hydrate and/or dissolution of the hydrate with re-growth
of a secondary hydrate. Raman interrogation after 48 hours reaction time identified gaseous
CH, and CO, hydrate in addition to the initial CH, hydrate and CO, liquid.

These initial results suggest that an exchange reaction will occur under in-situ conditions,
although the extent of exchange may be limited to external surfaces (c.f. Yoon et al., 2004).
This suggests that more exchange may occur in hydrate deposits where the hydrate fabric is
highly porous, or discrete nodules of hydrate are dispersed throughout the sediment column,
with more limited reaction occurring at massive hydrate deposits.

7.2.2.2 Consequences of an Unintended Exchange Reaction

An unintended exchange reaction between CO, that has leaked from a storage reservoir into
methane hydrate bearing sediments would result in the liberation of a free CH, gas phase. If
complete exchange is assumed, the volume of CH, released under in-situ P-T conditions per
unit volume of reacted hydrate is shown in Figure 7.4(B). As the initial hydrate still remains (but
with CO, as the replacement guest molecule), the total volume increase is higher by 1 unit
volume (although this does not account for the consumption of the CO,). As with other
mechanisms that result in hydrate dissociation (e.g. changes in P,T conditions), the resulting
pressurisation of the pore fluids would destabilise the seafloor and could result in large scale
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sediment slides, leading to both widespread hydrate dissociation and the release of buoyant
gas trapped beneath the hydrate capping layer (see Figure 7.5). Thus the overall release of
methane could be significantly higher than that initially replaced by CO..

In addition to the direct impacts of sediment slides and possible tsunami generation, the impact
of releasing methane to the ocean and eventually the atmosphere must also be considered.
Given that the purpose of storing CO, is as a climate change mitigation strategy, for a
leakage/seepage event to result in release of methane should be considered an extremely
serious negative consequence.

Methane is a more potent greenhouse gas than CO,. Global Warming Potentials (GWPs) are
used to compare the abilities of different gases to trap heat in the atmosphere. The GWP is the
radiative forcing that results from adding 1 kg of a gas to the atmosphere relative to the effect of
1 kg of CO,, and is based on both the radiative efficiency (heat absorbing ability) and the decay
rate of the gas (the amount removed from the atmosphere) over a given number of years. The
GWP for methane is 62 over 20 years, 23 over 100 years, and 7 over 500 years. Noting that
replacement in a hydrate structure does not occur on a weight for weight basis, and accounting
for the molecular masses of CO, (44g/mole) and CH, (16g/mole), on a mole to mole basis, the
increased atmospheric forcing factors become 22.5, 8.4 and 2.5. Thus, even in the absence of
sediment slope failure, if methane gas is released to the atmosphere as a result of CO, leakage
from a geological storage site it would negate the benefit of 22.5 times the amount of CO..

Finally, as some CH, hydrate deposits could be viewed as potentially mineable hydrocarbon
reserves, the loss of the original deposit could also represent a significant economic loss.

7.3 Summary & Recommendations

The risks of leakage are high when a high possibility of leakage is combined with the
presence of a vulnerable object in the leakage path. Two vulnerable objects are identified
that may signal the presence of preferential flow paths in the underlying sediments; deep
water coral reefs and natural gas hydrate deposits.

Deep water coral reefs are a fragile ecosystem of both ecological and economic value,
sustaining high levels of biodiversity, and acting as a nursery ground for many species including
commercially important fish stocks. The occurrences of deep water reefs on the continental
shelf of the North East Atlantic are often associated with indictors of hydrocarbon seepage or
possible fluid migration pathways. These pathways could act as preferential flow conduits for
leaked CO,, delivering CO, from the subsurface to the reef. Leakage of CO, to a deep water
reef is potentially devastating, where the resultant decease in seawater pH could prevent
calcification and even lead to dissolution of the reef structure. In turn, destruction of reef habitat
could dramatically change the distribution and diversity of species along the entire shelf and
slope. As the corals are very slow growing, it may take hundreds or thousands of years for
reefs to recover from damage, or they may not recover at all.

The coupling of a preferential flow path with a fragile and valuable ecosystem means that
the possibility of leakage to sediments underlying a cold water reef should be classed as
a High Risk scenario.

Large amounts of methane (CH,) in the form of solid hydrates are stored on the continental
shelves. A significant proportion of natural gas hydrate deposits are formed by gases (either
biogenic and/or thermogenic) sourced from depth, where the gases migrate long distances into
the stability zone along faults or through permeable sand/silt layers, gas chimneys, or mud
volcanoes. These gas migration pathways could act as conduits, delivering leaked CO, into
CH, hydrate bearing sediments. As CO, hydrate is more stable than CH,4 hydrate, this could
lead to an unintended exchange reaction, where CO, replaces CH, in the hydrate structure,
releasing large volumes of CH, gas. The resultant pressurisation of the pore fluids could
destabilise the seafloor and cause a sediment slide, leading to further hydrate dissociation and
the release of buoyant gas trapped beneath the hydrate capping layer, and potentially triggering
a tsunami.
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The potential release of large volumes of methane, a potent greenhouse gas, combined
with the risk of causing a submarine land slide, and possibly triggering a tsunami,
means that the possibility of leakage to sediments underlying a natural gas hydrate
deposit should be classed as a High Risk scenario.
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APPENDIX 1A: Hendriks et al. (2004) Estimates of Reservoir Storage
Capacity (GtCO,).

Region Depleted Oil Fields Remaining Oil Fields Total Oil Fields ECBM
Onshore Offshore Onshore Offshore Onshore  Offshore All All
Low Best High Low Best (%) High Low Best High Low Best (%) High Best Best (%) Best Low Best High
Canada 07 11 15 00 00 (0 00 0.0 04 3.1 00 03 (43 32 15 03 (17) 18 0.0 85 510
USA 25 37 49 1.0 30 (45 54 08 6.2 “5 0.1 05 (1) 48 99 35 (26 134 0.0 317 1902
Central America 05 08 1.0 21 63 (39 1.2 0.1 21 14.5 02 28 (57) 205 29 91 (76) 120 0.0 00 0.0
South America 23 34 45 21 63 (65 12 07 8.3 53.8 03 58  (41) 524 17 121 (51) 28 0.0 20 "7
Northern Africa 12 18 24 0.9 2.7 (60) 438 0.4 45 238 0.1 09 (17) 6.4 6.3 36 (36 9.9 0.0 0.0 0.0
Western Africa 0.2 0.3 0.3 26 78 (%) 13.9 0.1 16 17.8 04 61 (79 674 19 139 (88 15.8 0.0 02 13
Eastern Africa 0.0 0.0 0.0 0.0 00 - 0.0 0.0 0.0 0.2 0.0 0.1 (100) 0.6 0.0 0.1 (100) 0.1 0.0 0.0 0.0
Southern Africa 0.0 0.0 0.0 0.2 0.5  (100) 1.0 0.0 0.1 0.6 0.0 1.0 (91) 106 0.1 15 (94 16 0.0 74 46
Western Europe 0.1 02 02 34 103 (%) 182 0.0 0.1 11 03 40 (98 399 03 143 (98) 146 0.0 10 57
Eastern Europe 03 04 06 00 00 (0 00 0.1 09 5.1 00 00 (0 00 13 00 (0 13 0.0 07 42
Former S.U. 48 72 96 17 51 (41) 90 17 218 1324 02 29 (12 193 2.0 80 (22 37.0 00 250 1501
Middle East 79 1.8 15.7 34 103 (47) 184 5.1 620 4058 08 93 (13 61.1 738 196 (21) 934 0.0 00 0.0
Southern Asia 0.1 01 0.2 04 13 (93 23 0.0 04 21 0.1 06 (60) 30 05 19 (79 24 0.0 20 1.9
Eastern Asia 1.0 15 20 04 12 (44 22 02 30 230 00 05 (14 34 45 17 (27) 6.2 00 1580 8407
South East Asia 06 0.9 12 13 38 (81) 6.7 0.1 1.0 6.0 0.1 14 (58 10.9 19 52 (73 74 0.0 190 1139
Oceania 0.0 0.0 0.0 0.5 15 (100 26 0.0 0.0 0.2 0.0 0.5 (100) 50 0.0 20 (100) 20 0.0 13 54.1
Japan 0.0 0.0 0.0 0.0 00 - 0.0 0.0 0.0 0.0 0.0 00 - 0.0 0.0 00 - 0.0 0.0 0.1 0.5
Greenland 0.0 0.0 0.0 0.0 00 - 0.0 0.0 0.0 0.0 0.0 00 - 0.0 0.0 00 - 0.0 0.0 0.0 0.0
TOTAL 22 332 4441 200 601 (64  106.9 93 1124 7340 26 367 (25 3085 145.6 9.8 (40) 2424 00 2669 14799
Region Depleted Gas Fields Remaining Gas Fields Total Gas Fields Aquifers
Onshore Offshore Onshore Offshore Onshore  Offshore All All
Low Best High Low Best (%) High Low Best High Low Best (%) High Best Best (%) Best Low Best High

Canada 0.1 66 8.1 00 00 (0 00 6.6 8.1 102 07 08 (9 13 147 08 (3 155 22 173 7
USA. 18 6.0 77 12 13 (18 19 6.0 7.7 15.3 07 08 (9 14 137 21 (13 158 22 17.3 776
Central America 02 08 12 13 08 (50 18 08 12 44 56 94 (89 267 20 102 (8) 122 09 73 27
South America 0.2 8.7 176 04 05 (5 09 87 176 494 36 143 (45 604 263 148 (36) 411 29 230 1034
Northern Africa 0.1 138 194 01 01 (1) 02 138 194 428 15 3 (14 98 32 32 (9 364 17 134 605
Western Africa 0.1 11 27 04 05 (31) 09 14 27 6.7 47 "7 (81 285 38 122 (76) 16.0 1.9 15.1 68.0
Eastern Africa 0.0 04 04 0.0 00 (0 0.0 0.1 04 13 0.2 12 (75 40 05 12 (1) 17 07 55 246
Southern Africa 0.0 00 0.1 00 00 - 00 0.0 0.1 02 05 12 (92 45 0.1 12 (92 13 18 140 631
Western Europe 0.2 47 104 103 101 (68) 13.3 47 104 16.9 129 268 (72 119 15.1 369 (71) 520 0.9 70 317
Eastern Europe 0.0 29 39 0.0 0.0 (0 0.0 29 3.9 6.6 0.0 00 (0 0.0 6.8 00 (0 6.8 0.4 34 15.2
Former S.U. 03 71.0 126.3 21 22 (3 5.3 7.0 126.3 3315 240 713 (36 2873 197.3 735 (27) 2708 441 33.0 1485
Middle East 03 923 168.1 0.7 0.7 (1) 14 923 168.1 3726 69.9 850 (34 116.3 2604 85.7 (25 346.1 12 97 436
Southern Asia 02 39 95 06 06 (13 12 39 95 %0 13 46 (39 129 134 52 (29) 186 27 22 9.5
Eastern Asia 0.1 39 78 0.1 01 @3 0.1 39 78 25 02 03 (4 1.0 1.7 04 (3 121 17 134 603
South East Asia 0.1 28 7.0 26 30 (52 44 28 7.0 17.9 16.5 319 (82 613 98 349 (79) 447 08 64 288
Oceania 0.0 0.1 0.2 0.3 04 (80) 0.8 0.1 0.2 0.5 6.9 169  (99) 39.9 0.3 173 (98 176 35 281 126.3
Japan 0.0 0.0 0.0 0.0 00 - 0.0 0.0 0.0 0.0 0.0 00 - 0.0 0.0 00 - 0.0 0.2 19 84
Greenland 0.1 0.0 03 0.0 00 - 0.0 0.0 0.3 15 0.0 19 (86) 104 0.3 19 (86) 22 0.4 33 15.0
TOTAL 38 2187 3007 201 203 (3 322 | 2187 3907 9251 | 1492 2812 (42 7776 609.4 3015 (33) 910.9 302 2403 10809
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APPENDIX 1B: Hendriks et al. (2004)
Capacity

Calculations of

Storage

Calculations of potential CO, storage capacity (in Gt CO,) for Storage

Values used for Estimates

Reservoir Types (Hendriks et al., 2004). Low Best High
Depleted Oil Fields
Assumes part of the volume that was occupied by oil will have been occupied by water and cannot be replaced by CO,.
CO, (Gt) = Op x Vg X Sp X oy * 1077
Op (BO) Total oil produced in the past in Barrels of Oil
Veo (m%BO) Volume of a Barrel of Oil 0.159 0.159 0.159
So Fractional volume of the original space occupied by oil that can be replaced with CO, 0.4 0.6 0.8
Pcoz (kg/mg) Density of CO, at depth 750 750 750
Remaining Oil Fields
Assumes all future ol is produced via EOR and relates extra oil production via EOR to CO; storage capacity.
CO, (Gt) = EOR x Rcozeor X 1072 where
EOR = [Og+Oy] / [(9api+5)/100] % Feor x C
EOR (BO) Enhanced Oil Recovery due to CO, injection in Barrels of Oil
Rcozeor  (kg/BO)  Ratio of net CO, injection to EOR 150 450 800
Or (BO) Total known remaining oil reserves in Barrels of Oil
Oy (BO) Total undiscovered oil reserves in Barrels of Oil F5° F50° Fo5°
Oapl API gravity of oil (specific values used represent the composition of the oil) maximum median minimum
Feor Fractional extra oil recovery due to CO, injection (dimensionless) 0.05 0.12 0.2
C Contact Factor - fraction of oil amenable to miscible or immiscible flooding with CO, 0.75 0.75 0.75
Depleted Gas Fields
Conservatively assumes 75% of void space created can be occupied by CO,
= -12
CO, (Gt) = Gp* Sg X Rcop.cha * Pcozste) * 10
Recozche = 2%107d? - 0.0015d + 4.1707
Gp (m®) Total volume of gas produced in the past
Sg Fractional volume of original space occupied by gas that can be replaced with CO, 0.75 0.75 0.75
Reoz.cha The molar ratio of CO, to CH, for a fixed volume at depth (ratio of volumes @ STP?)
d (m) Reservoir depth maximum median minimum
Pooaste (kg/m®)  Density of CO, @ STP? 1.98 1.98 1.98
Remaining gas Fields
Most likely this will not become available until reservoirs are depleted.
= -12
CO, (Gt) =[Gg + Gy] * S * Rcoz.cha X Pcozste) * 107 where
Gr (mS) Total volume of known gas reserves @ STP*
Gy (ma) Total volume of undiscovered gas reserves @ STP® F5° F50° Fo5°
All other variables as for Depleted Gas Fields
Unmineable Coal Beds
Excluded lignite. Main constraint on utilisation of ECMB considered to be the number of injection wells required.
= -12
CO, (Gt) = ECMB * Ecoa.cus X P cozste) X 107 where
ECMB = A¢ x X¢ * T¢ X pc X G¢ X Fecug
ECMB  (m%) Producible gas from Enhanced Coal bed Methane Recovery (ECMB) @ STP?
Ecoz.cha Exchange ratio - moles of CO, that replace 1 mole of CH, 2 25 3
Pooxste) (kg/m®)  Density of CO, @ STP? 1.98 1.98 1.98
Ac (m?) Surface area of coal basins
Xc Fraction of A that could be utilised for ECMB 0.1 0.1 0.1
Tc (m) Cumulative thickness of coal (estimated for each region) 0 expected 2 x expected
Pc (Mg/m®)  Density of coal
Ge (m*Mg) Gas content of coal @ STP® 4 8 20
Fecms Fractional recovery factor - that part of the gas in place that can be recovered 0.4 0.4 0.4
. c
Aquifers
Assumes only aquifers below 750m depth will be used.
CO, (Gt) = Ay X X X Tp % ($a/100) X S, X p o, x 1072 where
An (m2) Surface area of sedimentary basins
Xa Fraction of sedimentary basins that form aquifers that are part of a structural trap 0.01 0.01 0.01
Ta (m) Aquifer thickness m 50 100 300
ba Aquifer porosity (%) 5 20 30
Sa Fractional volume of aquifer trap that can be filled with CO, 0.02 0.02 0.02
Pcoz (kg/m®  Density of CO, at depth 750 750 750

2STP = standard temperature and pressure

°F5, F50 and F95 are the values of undiscovered resources with a certainty of 95%, 50% and 5% respectively that the amount of ol or gas is at least as high as the reported value.
“Note 2 typographic efrors in this equation (not followed through to calculations) in the text of Hendriks et al. (2004): (1) pcos is quoted at STP, where it should be at depth (2) peos is

quoted in units of Ma/m®, which means the exponential factor should be x10°® not x1072.
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APPENDIX 1C: Dooley et al. (2005) Estimates of Reservoir Storage

Capacity (GtCO,).
Saline Aquifers
Region Coal Basins Depleted Oil | Depleted Gas
Onshore  Offshore (%) All

USA 58.7 1.0 36.7 2731.7 909.3 (25) 3641.0
Canada 3.7 0.0 37 1001.0 249.3 (20) 1250.3
Western Europe 3.7 7.3 40.3 73.3 143.0 (66) 216.3
Japan 0.0 0.0 0.0 0.0 00 - 0.0
Australia and New Zealand 29.3 0.0 11.0 205.3 476.7 (70) 682.0
Former S.U. 18.3 22.0 256.7 370.3 1386.0 (79) 1756.3
China 14.7 37 7.3 330.0 330 (9) 363.0
Middle East 0.0 33.0 190.7 223.7 14.7 (6) 238.3
Africa 7.3 14.7 62.3 173 231.0 (66) 3483
Latin America 3.7 14.7 417 187.0 55.0 (23) 242.0
Southeast Asia 257 3.7 293 121.0 179.7 (60) 300.7
Eastern Europe 3.7 0.0 73 106.3 1.0 (9) 1"7.3
Korea 0.0 0.0 0.0 0.0 00 - 0.0
India 73 0.0 73 187.0 187.0 (50) 374.0
TOTAL 176.0 110.0 700.3 5654.0 3875.7 41)  9529.7

These estimates of regional capacity of potential geological CO,-storage reservoirs were
derived from the technical literature supplemented by the authors technical judgment. Details
are given in: Dooley, J.J. and S.J. Friedman, (2004). A Regionally Disaggregated Global
Accounting of CO, Storage Capacity: Data and Assumptions. Battelle, Pacific Northwest
Division Technical Report Number PNWD-3431, 15p.
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APPENDIX 3.A CO; Vent Sites — Summary of Current Knowledge.

This appendix provides a summary of current knowledge regarding known CO, vent sites. The
extent of knowledge regarding these sites ranges from well investigated, to largely unknown (i.e.
where gas venting has been observed but detailed biological or geochemical surveys have not
yet been carried out and/or reported). CO, vent sites are now receiving a high degree of
attention within the research community — with recognition that cross disciplinary investigations
are needed to provide vital information regarding potential impacts of leakage from sub-seafloor
CO, storage sites and/or oceanic CO, storage and/or the high CO,/low pH ocean. As such, the
number of expeditions to study these sites appears to be increasing and the quality and extent
of information is improving all the time. This appendix briefly summarises currently available
information, providing key references for each site and a basis upon which a future CO, vent
site database can be established. The focus is on sites where venting of a separate CO, rich
gas or liquid phase is known to occur, thus this appendix does not include descriptions of sites
where hydrothermal aqueous fluids rich in CO, (e.g. Loihi seamount, Hawaii; Axial volcano,
JdFR), or where venting of a gas/liquid phase inferred to be CO, (e.g. Vailulu'u Seamount,
Samoan Hotspot) occurs.

List of Sites
Shallow Water & Mid Depth Sites

3.A.1 The Mediterranean Vent Systems

3.A.2 The Atlantic Ocean: Iceland and the Azores

3.A.3 The Caribbean Sea: Dominica, Lesser Antilles

3.A.4 The Eastern Pacific Margin: Baja California Peninsula & Mexico
3.A.5 The Western Pacific Margin I: Kurile Islands & Japan

3.A.6 The Western Pacific Margin Il: Papua New Guinea & New Zealand

Deep Water Sites

3.A.7 The Okinawa Trough
3.A.8 The Champagne Vent Site, NW Eifuku, Mariana Arc
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3.A.1 The Mediterranean Vent Systems

Type of Volcanic Activity: Subduction related
Depth of Venting: Shallow water gasohydrothermal systems
Type of CO, Venting: Gas phase, CO, dominant

Hydrothermal activity in the Mediterranean Sea represents one of the most studied and better
described gasohydrothermal systems. Reviewing the considerably body of literature available
for the numerous Mediterranean vent sites is beyond the scope of this appendix and the reader
is referred to the review by Dando et al. (1999) and references therein, and for the Aegean Sea
in particular to Dando et al. (2000). A very brief synopsis of key findings (based largely on
these reviews) is given below.

Hydrothermalism in this region results from the subduction of the oceanic part of the African
plate below the European Plate, where the subduction zone is delineated by trenches ~3 km
deep. High heat flows in the resulting volcanic arc and back-arc extensional areas have set up
hydrothermal convection systems. Most of the known vent sites are in shallow coastal waters
(<300m depth), where gasohydrothermal activity has been observed in the Tyrrhenian Sea, in
the Northern Aegean, and in the Southern Aegean along the Hellenic Island Arc (see Table 3.1,
Chapter 3).

Mediterranean hydrothermal fluids range from entirely marine to entirely meteoric (rain water) in
origin, and exhibit varying salinities due to both the input of meteoric water and phase
separation as a result of seawater boiling at low pressure (Dando et al., 1999 and references
therein). The chemistry of the vent fluids reflects alteration of the source fluid due to
interactions with sediments at elevated temperatures and the entrainment of sediment pore
waters. Rising gas bubbles can initiate water circulation within the sediment so that the
released water is recharged by overlying bottom water (O’Hara et al., 1995), where studies in
the Aegean have reported a concentric inflow area between 2 and 2.5 m distant from the vent
site (Robinson et al., 1997; Dando et al., 2000).

In the Tyrrhenian Sea vent fluids have been analysed from Vulcano and Panarea. With respect
to ambient seawater, Vulcano fluids exhibited low pH (minimum = 5.2) and high TCO, (65
mmol), with sulphide concentrations of up to 0.27mM, and were enriched in phosphate (30-fold),
Si (19-fold), Li (1.6-fold), Rb (3.7-fold), Fe (112-fold), Mn (16-fold) and NH; (17-fold) (Sedwick &
Stuben, 1996). Similarly, Panarea fluids exhibited low pH (minimum = 4.26) and high TCO, (45-
53 mmol), and were enriched in Li (1 to 5-fold), Ca (1 to 3.8-fold), K (1 to 2.4-fold), and depleted
in Mg, Na, and sulphate (Italiano & Nuccio, 1991). In the Aegean Sea, water from a submarine
brine pool at Palaeochori Bay, Milos, and pore waters from the area exhibited low pH (minimum
= 5.24) and moderately elevated TCO, (2.6-11.8 mmol), and were enriched in phosphate (13-
fold), Si (up to 2300-fold), Na (up to 2.6 fold), K (13-fold), Ca (5-fold), and depleted in Mg and
sulphate (Fitzsimons et al., 1997). Sulphide concentrations of 1.8 mmol have been reported
(Sedwick & Stuben, 1996). Dando et al. (2000) report that vents close to the shore showed up
to 340-fold enrichments in Li, Rb, Sr, Ba and Si, while at deeper vents only 3-fold enrichments
were found. In other areas where gas venting occurs (but gas compositional data are not
available) there have been more detailed studies on fluid composition, including analysis of
metal concentrations. For example, Santorini and Methana hydrothermal fluids are enriched in
Fe, Mn, As, Cd, Cu and Zn (Varnavas & Cronan, 1988). Overall, the chemical characteristics of
these vent fields are similar to others occurring along the Hellenic Volcanic Arc, including the
Yali, Kos, and Milos hydrothermal systems (Smith & Cronan, 1983; Varnavas & Cronan, 1991;
Cronan & Varnavas, 1993).
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CO; is the dominant gas at most of the Mediterranean vent sites, accounting for 75-100% by
volume of the total gas released (Baubron et al., 1990; Italiano & Nuccio, 1991; Calanchi et al.,
1995; Minissale, 1989; Dando et al., 1995a). The CO, is derived from both dissociation of
marine carbonates and degassing of subducted slab and magma (Botz et al., 1996; Calanchi et
al., 1995; Dando et al., 1995a; Fytikas et al., 1989; Minisale, 1989). Paradisos, off the Greek
island of Xanthi, is the single reported exception, where H, comprises 96.6% of the total gas
(Minissale, 1989).

In the CO, dominated systems, minor gas components include significant quantities of nitrogen
(N2), hydrogen sulphide (H,S), methane (CH,), and hydrogen (H.). In particular, H,S can reach
concentrations up to 6.5% in the Calabrian Arc (ltaliano & Nuccio, 1991) and 8.1% in the
Hellenic Arc (Dando et al.,, 1995a). Dando et al., (1995a) suggest that the trace gas
composition may reflect interaction with microbially active sediments, where the rising
hydrothermal gases strip biogenic gases from the sediment column. In particular, the authors
note that high CH, contents were consistently observed in gas samples collected from vents
situated in a seagrass bed in Palaeochori Bay (Milos) where biogenic CH, is formed through the
decomposition of leaf debris.

The total CO, flux (submarine & subaerial; gaseous & dissolved) from the Mediterranean
volcanic systems is significant on a global basis, where Dando et al. (1999) estimate a flux on
the order of 10"-10° kgCO,/day (3.65-36.5 MtCO,/yr). The uncertainty on this estimate is large
due to the general paucity of data from which to calculate robust flux estimates and the inherent
variability of the system (Dando et al., 1999). In particular, episodic events such as
earthquakes result in a large release of gas and the contribution made by such events cannot
easily be determined (Hasiotis et al., 1996). For example, during the March 1992 earthquake
south-east of Milos there were large releases of gas, where the numbers of submarine gas
vents along a 1km transect increased by 65% within an hour of the earthquake (Delibasis &
Drakopoluos, 1993; Dando et al., 1995b).

For the submarine hydrothermal systems, individual bubble stream and/or site estimates are
available for Panarea (Tyrrhenian), Kos (Aegean) and Milos (Aegean). Of these, the estimates
of total CO, released in the free gas phase appear to be best constrained for the extensive
gasohydrothermal systems of Milos (Dando et al., 1995a, 2000).

The CO, flux from the Panarea hydrothermal field is estimated to be 1.8x10* kgCO,/day (6.6
ktCO,/yr; Italiano & Nuncio, 1991). For the Aegean systems at Kos and Milos, measurements
of gas exhalation rates at individual bubble streams show considerable variation both within and
between sites, and over time, ranging from weak or moderate to very rapid venting (Dando et al.,
1995a, 2000). The most recent surveys reported ranges (corrected to STP) of 1.7 to 65.2 L/hr
(average of 16.4 L/hr, sample number not stated) at Kos and 0.1 to 56.6 L/hr (average 8.1 L/hr,
sample number not stated) at Milos (Dando et al., 2000). Note the slightly different flow rates
for Milos in comparison to an earlier survey, which reported a range of 0.16 to 26.23 L/hr, and
mean of 8.56 L/hr (38 seeps, 56 measurements; Dando et al., 1995a).

The total area around Milos over which gas venting occurs is around 34 km?, including an
extensive area to the south and east of Milos running from Zefiros Point in the south, around
Paleochori Bay and Spathi Point to Boudia Bay in the North, with additional areas both at the
opening to and within the Gulf of Milos (Dando et al., 1995a, 2000). The density of bubble
streams within the vent fields varies widely, ranging from areas of no venting, to scattered
individual bubble streams, to areas with multiple vents at a high density. Strongly degassing
vents are scattered throughout the area and are likely concentrated in highly fractured regions
(Dando et al., 2000). In the region of most vigorous venting at Paleohori Bay sediments
appeared to be “boiling” over an area of ~30m? due to the intensity of the gas release, where
flow rates at this site could not be measured (described as similar to a fluid reactor bed; Dando
et al., 1995a). In an area of moderate venting in Paleohori Bay, SCUBA diver surveys indicated
an approximate vent density of 6-7 outlets per m? (Dando et al., 1995a). Comparisons between
the number of vents observed in SCUBA surveys to the number identified from echo-sounding
transects suggest that echo-sounding underestimates the number of bubble streams by a factor
of 7 to 10 (Dando et al.,, 1995a, 2000). Dando et al. (1995a) conclude it is reasonable to
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suppose that for every bubble stream identified using an echo-sounder there are in actuality 2 to
10 times more bubble streams present.

Dando et al. (1995a) estimated the total CO, gas flux from the Milos vent field by (i) conducting
an echo-sounding survey of a significant area of the vent field (ii) determining the average
number of bubbles streams per m? from the echo-sounding survey and correcting for the
underestimation (i.e. multiplying by a factor of 2 to 10) (iiig extrapolating the number of bubble
streams to the area of the entire site (streams per m” multiplied by total field area) (iv)
multiplying the number of streams by the mean gas flux observed at an individual bubble stream
(v) multiplying the total gas flux by the mean fractional CO, content. Estimates of the flux of free
CO, gas determined in this manner give a range of 0.7-3.7 MtCO,/yr (Dando et al., 1995a).
Note Dando et al. (2000) report a slightly revised estimate of 0.9 to 3.5 MtCO,/yr, which has
presumably been calculated in a similar fashion.

Biota

An overview of the biota of Mediterranean gasohydrothermal vent sites is given in Dando et al.,
(1999). The brief notes provided below are from this article, and the reader is referred to this
article (and references therein) for further information.

Dando et al. (1999) note that the Mediterranean vents represent sites at which the impact of
pollution on marine ecosystems can be studied. However, the specific influence of elevated
CO. is not directly discussed.

The Mediterranean vents support many prokaryotes (archea and bacteria) including sulphur and
sulphate reducers, methanogens and iron oxidisers among others. A number of species are
similar to those found at the Ocean Spreading Ridges (OSRs), while others are novel, including
giant sulphur oxidisers and new groups of thermophiles and hyperthermophiles.

Vent obligate taxa are not found at the shallow water Mediterranean vent sites, and the direct
effect of gasohydrothermal venting on the macrobiota is to exclude many of the less tolerant
local species (Dando et al., 1995a; Fitzsimons et al., 1997). Although many species are unable
to survive close to the most toxic of the vents others have adapted to these conditions (Dando
et al., 1999).

In the neighbourhood of vent outlets, seagrasses are absent and algal distributions are changed.
There is a reduced diversity of infauna within sediments at the vents, and many common
infaunal species are absent, although opportunistic species of polychaetes and nematodes that
exhibit a degree of sulphide and temperature tolerance colonise vent vicinities in large numbers,
and nematodes tend to become dominant in the meiofauna (0.1-1mm size class). The only
macrofaunal species to be found at the vent outlets and living on top of brine seeps (Milos) was
a euryhaline and eurythermal (wide salinity and temperature tolerance) nassariid gastropod. In
contrast, the epifauna near the vent sites is particularly diverse and the vent sites are areas of
settlement for exotic thermophilic species. At the periphery of the vent fields, the fauna is
characterised by filter feeders and surface deposit feeders (Gimenez & Marin, 1991).
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3.A.2 The Atlantic Ocean: Iceland and the Azores

Gasohydrothermal activity has been reported in two locations in the Atlantic Ocean, where the
Mid Atlantic Ridge intersects Iceland, and in the Azores.

3.A.2.1 The Iceland Hotspot

Type of Volcanic Activity: Hotspot influenced OSR
Depth of Venting: Shallow to Mid-Depth
Type of CO, Venting: Gas phase, low to intermediate CO,

In Iceland the Mid-Atlantic Ridge (MAR) is superimposed on the large Iceland hot spot. Phase
separation (boiling of sea water) leading to the formation of free gas bubbles emerging from the
sea floor has been reported at two hydrothermal fields in the Kolbeinsey Ridge area.
Kolbeinsey Ridge, named after the Island of Kolbeinsey, is part of the MAR extending from the
Tjornes Fracture Zone at ~66°N to the Jan Mayen Fracture Zone at ~71°N. The southern part of
the Ridge is volcanically active (Fricke et al., 1989) with the latest documented eruption in the
year 1372.

Kolbeinsey Hydrothermal Field — Shallow water depth & low CO,

The Kolbeinsey Hydrothermal Field (KHF) is located to the south of Kolbeinsey lIsland at
~B67°05’'N and 18°43W (Fricke et al., 1989; Botz et al., 1999). The vents are located at 104-113
m water depth, with maximum fluid exit temperatures of 100-130°C (Botz et al., 1999). This site
was first described by Fricke et al. (1989), who observed gas bubbles venting from the seafloor.
Although gas samples were not collected on this first visit, it had been suggested that these
vents might be CO, rich based on the reported gas composition of an onshore geothermal
system (Dando et al., 1995b). However, later sample collection and analysis demonstrated that
these vents have a comparatively low CO, content of <2 mol% (Botz et al., 1999 — see notes
below regarding reporting of gas contents).

Grimsey Hydrothermal Field — Mid water depth & low to intermediate CO,

The Grimsey Hydrothermal Field (GHF) is located to the northeast of Grimsey Island at 66°36’'N
and 17°39W, about 30 km offshore from Iceland. Gas vents at a depth of ~400m have a
reported CO; content of 1-41 mol% (Botz et al., 1999). The general characteristics of this site
have been well described by Hannington et al. (2001), while Botz et al. (1999) and Riedel et al.
(2001) explore the composition and source of the vent gas in more detail. The main findings
from these papers are briefly summarised below.

General Site Description
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The GHF was located by strong acoustic scattering in the water column caused by a large gas
rich plume. Although bubbles were not observed at the sea surface, the plume was readily
detected in 18 kHz echo-sounding profiles over the vent field. Subsequent observations with
the submersible vehicle JAGO confirmed the presence of gas rich vents at the seafloor
(Hannington et al., 2001).

The main vent field occurs at a depth of ~400m (395-407m) and covers an area of ~1km?. It
consists of about 20 large diameter (up to 10m) mounds and 1-3m chimneys and spires of
anhydrite and talc. The north-south alignment of the mounds over a 1km strike length of the
valley floor suggests that their distribution is controlled by a buried fault. Actively boiling
hydrothermal vents occur on most of the mounds and extensive two phase venting indicates
that the field is underlain by a large boiling zone (200x300m). Widespread shimmering water
and extensive white patches of anhydrite in the sediment between the mounds indicates that
the entire 1 km? area occupied by the vents is thermally active.

The site is characterised by low salinity, low sulphur, metal depleted fluids. Most of the high
temperature fluid is discharged through narrow candlestick chimneys protruding from large
anhydrite spires. Fluid exit temperatures ranged from ~200-250°C, with almost all toward the
upper limit of this range and close to the boiling point of water at this depth. The absence of
‘smoke’ in the venting fluids indicates that the concentrations of metal and sulphur are low.
High temperature vent fluids have pH 5.9-6.8 and high alkalinity (2.4-3.0 meg/L). Magnesium
(Mg) and sulphate (SO4*) concentrations are 37-44 and 20.6-25.7 mmol and most likely reflect
mixing of hydrothermal fluids with seawater. End member chlorinity is 274 mmol, about half that
of seawater, supporting the observation of phase separation in the vents.

Surface temperatures in the sediments on top of the mounds are between 50 and 80°C
(Hannington et al., 2001). Higher shallow subsurface temperatures of 110-150°C have been
reported at sediment depths of ~10cm, suggesting that the entire mound may be inflated with
hydrothermal fluid. A number of 3-4m long sediment cores were collected across the field, and
these sediments were probed for temperature measurements. Although not an accurate
measure of in-situ temperature, this exercise demonstrated high heat flow across the site, with
all but one reported core temperatures in the range 25-102°C, compared to ambient bottom
water temperatures of 1.5°C. The highest temperature cores (65-102°C) map out an area of
extremely high heat flow surrounding the main central hydrothermal mounds and are thought to
delineate the extent of the sub-seafloor boiling zone (Hannington et al., 2001). Away from the
subsurface boiling zone, temperatures remained significantly above ambient at ~20-50°C, with
the exception of single measurement at near ambient (2°C) on the boundary of the gas plume.

Gas Venting

As noted above, the GHF was located by strong acoustic scattering in the water column caused
by a large gas rich plume.

The plume is located above the centre of the hydrothermal field, covering an area of ~0.2 km?,
or around 1/5" the total extent of the GHF (from Figure 9 in Hannington et al., 2001). The
acoustic profile shows most intense scattering near the seafloor, where the signal appears to
disperse at depths of 150-50m (Hannington et al., 2001). This suggests complete dissolution of
the gas bubbles in the water column on a length-scale of 250-350m. This inference is
supported by the lack of breaking bubbles at the sea surface (Hannington et al., 2001).

At the seafloor, gas was observed streaming from small holes in the sediments surrounding the
vents and in places large gas pockets were found trapped in the sediments (Hannington et al.,
2001). The presence of bubble streams well away from the high temperature chimneys
suggests that the gas may have originated at greater depth below the seafloor (Hannington et
al., 2001).

Although the temperature of the gas vents was not reported, the location of the plume coincides

with the sediment core temperature measurements noted above, indicating elevated subsurface
temperatures of +25°C.
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Gas bubble samples were collected using a water-filled (1.5 L, inverted) glass bottle positioned
in the gas stream. The water in the bottles was partly replaced by gas which further expanded
during uplift. When the submersible reached the surface a diver closed the sample bottle under
water and then disconnected it from the submersible (Botz et al., 1999).

Appreciable amounts of both CO, and CH, were present in the gas bubbles, with reported CO,
concentrations between 1.1 mol% and 41.2 mol%, and CH,; concentrations between 7.2 and
24.3 mol% (Botz et al.,, 1999 — see notes below regarding reporting of gas concentrations).
The CO, is most likely of magmatic origin which is slightly influenced by subsurface carbonate
dissociation, while the CH, is derived mainly from thermal decomposition of sedimentary
organic matter (Botz et al., 1999; Reidel et al., 2001).

Biota
A detailed biological survey of this site does not appear to have been carried out.

However, Hannington et al. (2001) report that no vent specific macrofauna were observed at the
seafloor, and comment on a single scale worm recovered on an active chimney. For a mid-
depth site the absence of vent specific fauna site is somewhat unusual, as some vent obligate
taxa would be expected. They also note that biological activity was notably absent in all of the
sediment cores collected from this site. This reflects the high temperatures in the cores due to
the presence of a subsurface boiling zone and generally high heat flow in this area.

Notes

High subsurface temperatures and associated lack of sediment in-fauna indicate that this site is
unsuitable as an analogue for investigating the impacts of CO, on local benthic biota. However,
this site may yield further valuable information regarding the impact of gas venting on the water
column.

As yet, no gas flux estimates have been reported, and insufficient information is available to
calculate even a provisional estimate (e.g. number of gas streams and rate of gas venting).
The influence of CO, on the water column has not been investigated, i.e. there is no site scale
survey of water column pH, TCO, or alkalinity.

For the GHF, Riedel et al. (2001) make the statement that ‘apart from boiling water most of the
hydrothermal gas consists of CO, which dissolves on its way to the sea surface’, referencing
this statement to Botz et al. (1999) who report a maximum CO, content of 41%. In a personal
communication Dr Botz noted that at the time this site was investigated, in-situ gas sampling
devices (such as are used today) had not yet been developed, hence it is not possible to really
quantify the total gas phase. Based on macroscopic observations the bubbles dissolved on their
way to the sea surface due to cooling water steam probably accompanied by the dissolution of
CO; (Botz, personal communication).

It seems plausible that the balance ‘gas’ in this case is water vapour (c.f. estimates of the
gas:steam ratio for San Felipe, Gulf of California) — thus under the classification system used
here this may actually be a CO, dominant site (concentrations on dry gas basis).
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3.A.2.2 D. Joao de Castro Seamount, Azores

Type of Volcanic Activity: OSR influenced Hotspot
Depth of Venting: Shallow water gasohydrothermal system
Type of CO, Venting: Gas phase venting, CO, dominant

The D. Jodo de Castro Seamount (also referred to as D. Jodo de Castro Bank) is located in the
Azores archipelago (38°13.3'N, 26°36.2’'W) between the islands of Terceira and Sdo Miguel, on
the hyper slow spreading Terceira Rift. It is classified as a Natura 2000 site (protected area
recognised as a ‘site of Community importance’ under the EC Habitats Directive). This site has
been explored and surveyed by scuba divers and an autonomous underwater vehicle (AUV),
and has been well described by Cardigos et al. (2005), with additional analysis of the seamount
biota by Colago et al. (2006) and Avila et al. (2007).

General Site Description

The D. Jodo de Castro Seamount has an elevation of 1000m, where the upper part of the
seamount has its base at 50 m water depth and shoals to 13m below sea-level at the summit.
The area of the seamount shallower than 50m is ~0.35 km®. The summit is a volcanic caldera
(300 x 600 m, 0.18 kmz), with a depth of 40 m inside the caldera.

Shallow gasohydrothermal activity occurs near the top of the seamount on the western caldera
rim and wall at depths of 20-45 m. The area covered by hydrothermal activity extends to ~
0.011 km? and both hydrothermal fluids and gases discharge from cracks and fissures in the
rocky strata (Cardigos et al., 2005). Of 44 vents examined in detail, 4 discharged only fluids,
and 40 discharged fluids and gas bubbles. Temperatures measured at discrete vents over a 3
year period were relatively constant.

Two distinct zones or types of hydrothermal venting were described (the white area and the
yellow area), where these zones are separated by ~50 m and are characterized by different
physical and chemical properties (Cardigos et al., 2005). The distinct characteristics of these
fluids suggest that phase separation may have occurred in the subsurface, with the yellow and
white systems being fed by different plumbing systems (Cardigos et al., 2005).

The white area is defined by vents surrounded by white bacterial mats (Beggiatoa sp., a
filamentous proteobacteria). This area extends to ~ 9000 m? between 20 and 45 m depth. Fluid
temperatures at the point of discharge are relatively low, ranging from 26.5-42.6°C with an
average of 35.8°C. The fluids have low pH (4.32-5.62, mean 5.01) and are enriched in sulphide
(12-242 yM, mean 82 yM), dissolved gases and Pb (Cardigos et al., 2005).

The yellow area is defined by vents with yellowish coloured openings. This area extends to
~2000 m? between 18 and 25m depth. Fluid temperatures at the point of discharge are
moderately higher than those in the white area, ranging from 58.2-63.3°C, with an average of
61.2°C. The fluids have low pH (4.12-5.47, mean 5.09) and low sulphide (0.7-3 yM, mean 1
pUM) and are enriched in Ba, Fe and Mn (Cardigos et al., 2005).

Gas Venting
The gas is released across a small area (100 x 50 m, 5000 m?) in the western part of the

caldera at water depths of 16—45 m. The gas bubbles discharge through fissures in the rock in
combination with the discharge of low to mid temperature hydrothermal fluids.
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Gas samples were collected by SCUBA divers using inverted funnels in a plastic bag or glass
bottle. The gas is dominated by CO, (90%) with minor amounts of H,S (9-36 ppm), H, (94-
21749 ppm) and CH, (0-84.2 ppm), and is sourced from a magmatic chamber located between
1 and 5 km under the seafloor (Cardigos et al., 2005).

No gas flux estimates have been reported, and insufficient information is available to calculate a
provisional estimate.

Water column profiles of CH4 and H, together with echo-sounder survey indicate deeper vents
located on the south east flanks of the seamount at depths ranging from 150m to more than
400m (Cardigos et al., 2005).

Biota

The biological information available for this site is extensive (Cardigos et al., 2005; Colago et al.,
2006; Avila et al., 2007), and includes analysis of the effects of shallow water venting on marine
biota (Colago et al., 2006) and a comparison of the mollusk community structure between the
seamount and typical inshore habitats (Avila et al., 2007).

Overall, the macro species composition at the shallow vents of the D. Joao de Castro seamount
is typical of that found in shallow water environments of the Azores region with no endemic vent
species present (Cardigos et al., 2005; Colago et al., 2006). In total 156 benthic species were
identified on the seamount including 41 macro-algae (seaweeds), 10 Porifera (sponges), 9
Cnidaria (e.g. sea anemones, corals, jellyfish, sea pens, hydra), 5 Annelida (segmented worms),
20 Arthropoda (e.g. crabs, sea spiders, shrimps, mites) and 44 Mollusca (e.g. sea slugs, snails,
bivalves, octopus) , 7 Echinodermata (e.g. starfish, brittle stars, sea urchins, sea cucumbers),
11 Pisces (fish) and 9 other species (bacteria, comb jellies, sea spiders, bryozoans, nematodes,
salps, turtles, dolphins, marine birds) (Cardigos et al., 2005). In the immediate proximity of the
vents, species diversity was significantly lower, where the species found closest to the vents
were a temperature and/or sulphide tolerant subset of these local species (Cardigos et al.,
2005). However, abundances of some species were higher, with for example, fish being
generally more abundant in areas of venting (Cardigos et al. 2005). Protists and bacteria
adapted to the metal rich waters of this ecosystem were present (Colago et al., 2006).

The heterogeneity of the vent fluids in the two contrasted areas is reflected by the differences
found in the organisms collected (Colago et al., 2006). For example, at the white vents, the
green alga Codium elisabenthae (endemic to Macronesian Islands) was found closest to the
vents at distances from 0-140cm from vent outlets (Cardigos et al., 2005). At the yellow vents
the closest species was Sargassum cf. vulgare, which occurred at distances of 0-70 cm from
the vent outlets, where this species had a high density on the seamount compared to the rest of
the Azores (Cardigos et al., 2005).

A more detailed analysis of the molluscs indicated a smaller number of molluscan taxa and a
different community structure compared to shore environments on the Azores (Avila et al.,
2007). Average numbers and densities of species were lower at hydrothermal vents than at
similar sites without hydrothermal activity (Avila et al., 2007).

Notes

Vents appear to be located on the caldera rim, and the outer caldera wall. Strong currents in
this area result in rapid dilution of the hydrothermal effluent. For example, Cardigos et al.
(2005) note that sulphide concentrations at the white vents are sufficient to support a
chemosynthetic dependent ecosystem, however strong currents cause rapid dilution of fluids
and probably create an unstable system. This accounts for notable difference between this site
and others regarding negative impacts on local biota.

For example if we take a very simplistic view of this site, there is a small area of hydrothermal

venting, where CO, gas is also being released. In the immediate confines of this small area,
species diversity is low and represents a subset of sulphide and temperature tolerant local
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species. However, due to strong currents/rapid dilution, the influence of the vents is confined to
the immediate area, with no evident wider impact on the seamount biota.

This contrasts with observations at ‘restricted’ type sites - e.g. Vailulu’u (Samoan hotspot) or the
Kraternaya Bight (Kuriles), where build up of both CO, and other toxic compounds (metals, H,S)
in the water column occurs, with marked impacts in local ecosystems.
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3.A.3 The Caribbean Sea: Dominica, Lesser Antilles

Type of Volcanic Activity: Subduction related (Island Arc)
Depth of Venting: Very shallow water - gasohydrothermal system
Type of CO, Venting: Gas phase, CO, dominant

Dominica is one of the islands of the Lesser Antilles archipelago, one of only two active island
arc systems in the Atlantic Ocean. Champagne Hot Springs (CHS) is located on the southwest
flank of the Morne Plat Pays volcanic complex, on the southern tip of Dominica, approximately
2km south of the coastal community of Pointe Michel and just offshore from Point Guignard
(McCarthy et al., 2005). This site has been described by McCarthy et al. (2005). A summary is
provided below (all information accredited to McCarthy et al., 2005).

General Site Description

Submarine hydrothermal venting occurs at the CHS in 1-5m water along the submerged flank of
the Plat Pays volcanic complex. The vent field extends approximately 40m seaward and is 22m
at its maximum width, covering a total area of 880m?, where venting occurs along two east-west
trending fissures in the lava rock.

Two types of discharge are observed (i) Focused discharge of a clear fluid at discrete vent
‘ports’ 2-6 cm in diameter (ii) Diffuse discharge of vent fluid and streams of bubbles emerging
directly through the fractured volcanic rocks and unconsolidated sediment.

Six discrete vent sites were identified. Fluid temperatures at the point of discharge ranged from
41-71.4°C, with an average of 56.6°C. The fluids have low pH (5.95 to 6.15, mean 6.04) and
are enriched in Fe, Mn and As, Si and Li.

Sediments in this region are enriched in Na, Fe, As and Sb and depleted in Mn when compared
to average Caribbean seafloor sediments. Hydrothermal hydrous iron oxide precipitates occur
in the immediate vicinity of the discrete vent sites, forming layers up to 5cm thick close to the
vent orifices and ranging in colour from dark brown to bright orange. At distances greater than
~2m, they are only present only as a thin orange coating on the volcanoclastic sediments.

Gas Venting
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Diffuse venting and abundant gaseous discharge occurred throughout the area, with streams of
bubbles emerged directly through the fractured volcanic rocks and unconsolidated sediment.
Venting through the sediment was intermittent, with shifts in stream location of a few cm.

Gas samples were collected into Giggenbach sampling bottles. All gas samples have CO, as
the major component, accounting for 74-93 mol% of the total analyzed gas. N, is the second
most abundant gas, ranging from 4 to 21 mol%. H,S levels are significant, comprising 1.6-3.9
mol%, while CH,4, HCI, O, and Ar are minor constituents. The elevated CO, concentrations,
along with No/Ar and N,/He ratios suggest both magmatic and meteoric gas contributions and
are typical of arc type settings.

Minimum and maximum gas fluxes for individual bubble streams (as determined by fluid
displacement by gas) were 0.1-0.4 L/min respectively.

Biota

No discussion of the biota in relation to vent distribution is available (to the best of the authors
knowledge).

Notes

Although gas fluxes for individual bubbles streams are provided, an estimate of the density of
bubble streams is not given.

The measured total gas release rate (of which 74-93% is CO,) ranges from 6-24 L per hour per
bubble stream under in-situ conditions.

In-situ conditions are not explicitly stated for those vents where the flux measurements were
made. However, vents occur over a water depth range of 1-5m, approximately equal to 1.1-1.5
atm, and it is assumed that measurements are at (or near) the ambient seawater temperature of
29.2°C. Under these conditions, the reported flux is equivalent to 6.0 to 32.5 L/hr at STP, or 76-
520 kgCO.,/yr. Noting the description of abundant venting throughout the area, it would seem
that an average vent density of ~1 stream per m” across the entire vent field would provide a
conservative estimate of 880 streams, suggesting a total CO, flux on the order of 67-458
tCO,lyr.
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3.A.4 The Eastern Pacific Margin: Baja California Peninsula & Mexico

Coastal shallow water hydrothermal activity has been reported at a number of sites along the
shores of the Baja California Peninsula and Mexico (e.g. Vidal et al., 1981; Barragan et al.,
2001; Prol-Ledesma et al., 2002; Forrest et al., 2005). Of these sites, CO, is dominant at San
Felipe (Barragan et al., 2001) and intermediate at Bahia Concepcion (Forrest et al., 2005), both
of which are located in the Gulf of California. At the other sites, N, and CH, are dominant, with
minor amounts of CO; (2 mol% at Punta Banda on the Pacific Coast of Baja California, Vidal et
al., 1981; 0.15 mol% at Punta Mita on the coast of Central Mexico, Prol-Ledesma et al., 2002).

3.A.4.1 San Felipe, Gulf of Mexico

Type of Volcanic Activity: EPR associated Fault Zone
Depth of Venting: Very shallow water - gasohydrothermal system
Type of CO, Venting: Gas phase, CO, dominant
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The description of this site formed part of a wider study of geothermal fluids in the Gulf of
California and Mexico (Barragan et al., 2001) and available information is limited.

Barragan et al. (2001) report that the hot springs of this system boil at various places along the
shoreline. These authors also provide further information from an unpublished report (Gastil
and Bertine, 1982). According to Gastil & Bertine (1982) the springs are located on the south
side of a ridge of oxide-bearing meta-carbonic rocks, where some of the springs are accessible
only during low tide. In addition fishermen have reported the existence of submarine hot springs.
Thus San Felipe is a shallow coastal system, with venting occurring in the inter-tidal (littoral)
zone, and possibly extending into the sublittoral zone.

Barragan et al. (2001) report coastal spring fluid temperatures of 48°C and a pH of 5.8. They
also present analysis of a gas sample from San Felipe, which consists of 99.2 mol% CO,, with
minor N, (0.65 mol%), CH,4 (993 ppmv), Ar (410 ppmv) and H,S (38 ppmv). Details of sampling
are not provided.

Notes
Barragan et al. (2001) also provide the dry gas to steam ratio from their gas analysis. This is
the only paper | have seen where this is reported. Gas to steam ratio is quoted as 472,700 mg

gas per kg steam.

3.A.4.2 Bahia Concepcion, Gulf of Mexico

Type of Volcanic Activity: EPR associated Fault Zone
Depth of Venting: Very shallow water - gasohydrothermal system
Type of CO, Venting: Gas phase, intermediate CO,

Prol-Ledesma et al. (2004) and Forrest et al (2005) report investigations of active hydrothermal
venting associated with the El Requeson fault zone (ERFZ) along the western shore of the
Bahia Concepcidn, in the Gulf of California.

General Site Description

Hydrothermal venting in this area occurs along an NW-SE trending onshore-offshore normal
fault near Punta Santa Barbara. In this fault controlled system, hydrothermal fluids and gas are
being released in the intertidal and shallow subtidal zones (to 15m depth) through rocks and
sediment in a roughly linear trend extending over 750m of coastline (Prol-Ledesma et al., 2004;
Forrest et al., 2005).

Both diffuse and focused venting of hydrothermal fluids and gas occurs, although water flow is
mostly diffuse (Prol-Ledesma et al., 2004). Temperatures in the fluid discharge area vary from
~50°C at the sea bottom up to 87°C at a depth of 10 cm in the sediments (Prol-Ledesma et al.,
2004). In the intertidal zone, fluid flow occurs through fractures, most of which are aligned with
the onshore fault (Forrest et al., 2005). In the subtidal zone, fluid flow occurs through cracks in
bedrock and boulders, pebble-cobble conglomerates and through sediments, where in some
areas fluid flow is vigorous enough to create a shimmering effect in the water column (Forrest et
al., 2005).

Prol-Ledesma et al. (2004) present analysis of hydrothermal fluids sampled from vents with
vigorous flow at 5m water depth. The pH of the fluids ranged from 5.95-6.02, and the waters
had elevated concentrations of Ca, As, Hg, Mn, Ba, HCOjs, Li, Sr, B, I, Cs, Fe and Si, and lower
concentrations of Cl, Na, SO, and Br with respect to ambient seawater. The geochemistry of the
vent fluids indicate that it is meteoric water mixed with seawater (Prol-Ledesma et al., 2004).
The thermal fluids are formed by infiltration and subsequent heating of meteoric water, where
vent fluid is generated by further mixing with seawater (Prol-Ledesma et al., 2004). The
hydrothermal activity is altering the rocks, modifying sediments, and precipitating calcite,
cinnabar, manganese, and opal-A (Canet et al., 2003).
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A temperature logger deployed for a 48 hour period in the vicinity of a vent at 7m depth
recorded significant fluctuations in temperature with tidal height (Forrest et al., 2005). The
highest temperature (44.4°C) was recorded at the lowest water level (6.04m) and the lowest
temperature (33.1°C) at the highest water level (7.21m). This reflects mixing between the vent
fluids (exit temperature of 81.0°C) and ambient seawater (31.5°C), indicating that fluid fluxes
are negatively correlated with tidal height, with the highest flow rates occurring at low tide
(Forrest et al., 2005). This is likely due to variations in hydrostatic pressure related to tidal
loading (Boles et al., 2001; Aliani et al., 2004).

Gas Venting

Gas discharge takes place within an area of more than 1 km?. Prol-Ledesma et al. (2004)
report that gas flow is intermittent and concentrates along small fractures covered by detrital
sediments. However, Forrest et al. (2005) note that in some areas of the subtidal zone there
are numerous persistent streams of gas bubbles emanating from the seafloor (see Figure 4 in
Forrest et al., 2005).

Forrest et al. (2005) report analysis of the gas composition. Samples were collected at 7m
water depth in the same area of vigorous venting where temperature logging was carried out.
Gas was collected from several different sites within this area using plastic funnels placed over
the gas vents to fill inverted glass vials.

The Bahia Concepcion gas samples consisted primarily of N, (54.1-52.6 mol%) and CO, (42.9-
44.1 mol%) with minor amounts of CH,4 (2.1-2.3 mol%), Ar (0.68-0.72%), O, (0.12-0.24 mol%),
He (413-439 ppmv), H, (45-91 ppmv), CoHg (177-179 ppmyv), and C3Hg (20-22 ppmv) (Forrest et
al., 2005).

The high concentration of N, may be partially derived from the thermal alteration of sedimentary
organic matter (Jenden et al., 1988). Gases from other coastal hydrothermal systems in Mexico
also show enrichment in N, with concentrations as high as 87.4 mol% at Punta Mita (Prol-
Ledesma et al., 2002).

The isotopic composition of CH, (613C = -34.3%0) and high CH,/C,Hs ratio indicate that the gas
is thermogenic in origin, consistent with derivation of CH, by thermal cracking of marine algal
kerogens (5'°C between -25%. and -45%o) (Forrest et al., 2005).

Forrest et al. (2005) identify 4 potential sources of CO, in this system which could be consistent
with the measured isotopic composition (5'°C = -5.9%o):

(1) Geothermal fluids dissolving rhodolith calcium carbonates (5°C = -0.2%o to -5.2%o).

(2) Decarboxylation of kerogens, which can be expected to be accompanied by corresponding
shifts in the isotopic composition of the CO, released (Giggenbach, 1997), where at low maturity
levels, the CO, generated is slightly depleted in the heavy isotope compared to the associated
source kerogen (Andresen et al., 1994).

(3) CO, derived from an 80/20 mixture of seawater dissolved inorganic carbon (DIC &"°C = 0%o)
and DIC from buried organic matter that has been broken down by sulfate reduction (3'°C = -
25%o).

(4) Exsolution of mantle-derived volatiles from magma (3'°C values between -4%o and -7%o;
Craig et al., 1981; Botz et al., 2002).

However, the CO,/°He ratio ratio of the gases is 1.83x10°, significantly lower than the typical
CO,/*He ratio of mantle gases, which does not depart significantly from ~2x10° at spreading
zones (Marty and Jambon, 1987). Thus Forrest et al. (2005) conclude that a significant portion
of the CO, is likely generated by thermal decomposition of organic and carbonate-rich
sediments (e.g. Vaselli et al., 2002) or some combination of mantle and sedimentary processes.
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The diversity and abundance of biota on rocky habitats adjacent to diffuse venting sites appears
to be enhanced, particularly in fish and epifaunal filter-feeding invertebrate assemblages, while
infaunal animals are significantly less diverse and abundant in areas of active venting through
the soft sediment (Forrest and Melwani, 2003).

A rhodolith bed borders the vent area (Forrest et al., 2005). Rhodoliths are free-living non-
geniculate coralline algae, and are the major carbonate producers throughout the Gulf of
Mexico (Halfar et al., 2001).
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3.A.5 The Western Pacific Margin I: Kurile Islands & Japan

The Kurile Island Arc stretches for ~600 km from Kamchatka in the north to Hokkaido in the
south. The arc is very seismically active, particularly in the south, and is characterized by
extensive volcanism and hydrothermal activity (see review by Glasby et al., 2006). The
proportion of subaerial and submarine volcanoes are approximately equal, with 105 subaerial
volcanoes, 100 submarine volcanoes, and a further 5 submarine calderas (Glasby et al., 2006
and references therein).

Submarine gas venting has been reported at a number of locations along the Kurile Arc
(Namsarev et al., 1989; Zhirmunsky & Tarasov, 1990; Zonenshayn et al., 1987). However,
most gas vents in this hydrocarbon rich area are dominated by methane (e.g. Gaedicke et al.,
1997; Sahling et al., 2003), and significant CO, gas contents have only been reported at a
single site, Kraternaya Bight, Yankich Island (Namsarev et al., 1989; Zhirmunsky & Tarasov,
1990). Nevertheless, CO, dominated vents have been reported for on-land systems in the
region, such as the Yuzhno-Sakhalinsky Mud Volcano on Sakhalin Island (lying along the
boundary between the Sea of Japan and the Sea of Okhotsk) which vents gases with a CO,
content of 73-86 mol% (Shakirov et al., 2007). Thus it seems likely that additional vents with
significant CO, contents (if not CO, dominated) might well be discovered along the Kurile Arc
and/or in the sea of Okhotsk.

3.A.5.1 Kraternaya Bight, Yankich Island, Ushishir volcano, Central Kurile Arc

Type of Volcanic Activity: Subduction Related — Island Arc
Depth of Venting: Very shallow water - gasohydrothermal system
Type of CO, Venting: Gas phase, intermediate CO,
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Kraternaya Bight has been extensively studied (see for example Tarasov et al., 1990;
Zhirmunsky & Tarasov, 1990; Kamenev et al.,, 2004 and references therein, and the site
description given in Glasby et al., 2006) and a brief overview is given below.

General Site Description

Ushishir is a partially submerged volcano now in the stage of solfatar activity13 (Gavrilenko et
al., 1989). The subaerial parts of the volcano form a group of three islands, known as the
Ushishir Islands. Yankich Island is the circular caldera rim (~1.5km in diameter) that almost
completely encloses Kraternaya Bight, a submerged caldera with a diameter of ~1 km and
maximum depth of 63 m that is connected to the open ocean through a narrow and shallow
straight (depth of 0.2-0.4m at low tide). The Kraternaya Bight is characterized by
gasohydrothermal activity associated with fault zones.

In the southeastern part of the bight, boiling springs (92-96°C) occur in the intertidal zone with
warm (40-60°C) vents at depths of 0-23m (Kamenev et al., 2004; Glasby et al., 2006). These
fluids are strongly acidic (pH of 2—3.5) and contain high concentrations of H,S (up to 340 uM),
other reduced sulphur compounds, ammonia, silica (up to 3mM), phosphorus, and 2-3 orders of
magnitude higher concentrations of Mn, Fe, Zn, Cu, Cd, Ni, and Cr than seawater (Kamenev et
al., 2004; Glasby et al., 2006). In the northern part of the bight, and in the strait, there are
numerous relatively cold (5-15°C), gasohydrothermal vents at depths of 1-15m (Kamenev et al.,
2004; Glasby et al., 2006). The lower temperature of these vents most likely result from mixing
with seawater and ground water. These vent fluids are also less acidic (pH of 6-7) and do not
contain H,S (Kamenev et al., 2004; Glasby et al., 2006).

The restricted communication between waters held in the bight and the open ocean means that
the gasohydrothermal activity exerts a strong influence on the characteristics of the water
column, as well as on both planktonic and benthic communities of marine organisms (Tarasov
et al., 1990; Gamo and Glasby, 2003). The effects of the hydrothermal fluid inflow are reflected
as distinctive peaks of CO,, pH, and H,S in the water column (Tarasov et al., 1990; Zhirmunsky
& Tarasov, 1990), and the anomalously high concentrations of heavy metals in both the water
column and bottom sediments (Shulkin, 1989, 1991).

Gas Venting

The major component of the vented gas is CO, (54-66%), with secondary N, (27-42%). The
rate of gas venting has been measured at three vents at 12-30 L/hr (Namsarev et al., 1989).
Thus a single vent at this location expels CO, at a rate of 2500-7750 mol/yr or 110-340 kg/yr.

Biota

Volcanic activity in Kraternaya Bight exerts a significant impact on the structure and specific
composition of the biotic community, where the influx of gasohydrothermal vents into shallow
waters results in a mixture of photosynthetic and chemosynthetic primary production, leading to
complex metabolic and energy cycles (see for example Tarasov et al. 1985, 1986, 1990;
Tarasov and Zhirmunskaya, 1989; Zhirmunsky & Tarasov, 1990).

The planktonic community is characterized by high rates of production and destruction of
organic matter in the upper surface waters (0-5m). ‘Red tides’ occur due to the daily vertical
migration of the ciliate Mesodinium rubrum harbouring a symbiotic microalgae, Chroomonas
(Tarasov et al., 1990; Zhirmunsky & Tarasov, 1990). Bacterial, algobacterial and diatom mats
occur in areas where hydrothermal fluids are seeping though the sloping crater floor as well as
near gasohydrothermal vents (Tarasov et al., 1990). These mats were thought to serve as
biogeochemical filters which transform the hydrothermal trace elements and reduced
compounds into sedimentary organic matter. In particular, the 5 mm thick algobacterial mats
have a multi-layered structure which includes many microorganisms (different kinds of sulfur
oxidizing bacteria and thermophylic archaebacteria) and are characterized by extremely high
rates of CO, fixation and organic matter production (up to 33.4 gC/mZ/d, Starynin et al., 1989).

3 A volcanic area that gives off sulphurous gases and steam
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Kraternaya Bight supports a rich and diverse macroflora and macrofauna, with high population
density and biomass (Zhirmunsky & Tarasov, 1990). Over 200 species have been identified,
including macro-algae (seaweeds), Porifera (sponges), Cnidaria (corals), Annelida (segmented
worms - polychaetes), Arthropoda (crustaceans, barnacles), Mollusca (snails, bivalves), and
Echinodermata (starfish, sea urchins, sea cucumbers) (Zhirmunsky & Tarasov, 1990).
Seaweed biomass was high, reaching up to 30 kg wet/m? in the northern part of the bight that is
not influenced by fluids with high H,S (Zhirmunsky & Tarasov, 1990). In general, the
macrofaunal community exhibits significant differences to that found outside the bight, where
several species which are common in the bight do not occur outside the island or on other
Kurile Islands — they have changed in morphology and adapted to the extreme conditions
(Zhirmunsky & Tarasov, 1990). The intertidal zone was dominated by barnacles and
gastropods. At deg)ths of 2-5m, sea urchins predominated, forming dense aggregations of up to
1500 indivudals/m*. The sea urchins were found to be only ~1/3™ the size of those from outside
of the bight and lay in several layers. Zhirmunsky & Tarasov (1990) hypothesised that this may
indicate a short lifecycle, most likely due to exposure to extreme conditions. They also noted
that the polychaetes were generally smaller inside the bight compared to outside. At greater
water depths, holuthurians (sea cucumbers) dominated, and colonies of solitary corals
predominated on muds at depths of 15 to 30m, with population densities reaching 540
individuals/m?. Bottom sediments were also inhabited by several bivalve molluscs, nematodes
and other invertebrates.

A specific study on two bivalve molluscs within Kraternaya Bight examined their distribution in
relation to the intensity and type of gasohydrothermal activity (Kamenev et al., 2004). The
bivalve molluscs Macoma golikovi and Macoma calcarea are the dominant macrobenthos
species of Kraternaya Bight, and inhabit all the zones of underwater volcanic activity. The
studies conducted between 1987 and 1997 on the quantitative distribution of these species in
four areas of the bight, which had different intensity, temperature and chemical composition of
gasohydrothermal vents and seep fluids, showed that both species were most abundant in
areas not directly influenced by volcanic activity, and formed settlements with lower densities in
the area of the gasohydrothermal vents containing H,S. In 1993 and 1995, population mortality
was observed in the areas of H,S containing gasohydrothermal vents and fluid seeps. In other
areas of the bight, abundances decreased sharply suggesting a relationship to the
gasohydrothermal activity of the volcano in those years. That maximal concentrations of the
metals Fe, Zn, Cd, and Mn were observed in the tissues of both species in 1993 provides
circumstantial evidence to support this suggestion.

Notes

At first sight the high influx of toxic gases such as H,S and heavy metals suggests that this site
would not provide a good analogue for leakage of CO, from a subseafloor storage site.
Nevertheless, while the effect of high CO, on the biological community has not been specifically
addressed, apparent differences regarding the impacts on biota between the H,S containing
(south east vents) and H,S free (northern vents) vents may provide some information to assist
in separating the effects of CO, and H,S on biota in the immediate vicinity of the vents (note
researchers report lower population densities of both macroalgae and molluscs in regions of
vents containing H,S, but not those containing high CO, and low/no H,S).

This shallow water semi enclosed system provides an interesting comparison to the deep water
enclosed system of Vailulu’'u — which exhibits high mortality in the region of CO, vents (‘moat of
death’). That this system supports a diverse and rich macrofauna is intriguing. In this system
exchange of bight water is tidal (irregular semi-diurnal tides) — on average 700,000 m® of
seawater (2.5 to 3.5°C) flows into the bight at high tide with the same volume flowing out at low
tide (warmed to 9 to 12°C), and the influx of hydrothermal fluids has been estimated to be
~20,000 mslday (Zhirmunsky & Tarasov, 1990). It is a shallow system, therefore saturation
concentrations for CO, are lower than at high pressure, and exchange with atmosphere (loss to
atmosphere) will occur.

Note also the apparently periodic high mortality events in response to increased hydrothermal
activity. i.e. population health is strongly dependent not only on the input of toxic compounds,
but the balance between the input rate of toxic compounds versus the flushing rate of system.
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In this system, the ‘normal’ state is a healthy population (adapted to given conditions), where
increased hydrothermal activity at a constant flushing rate leads to decreased health.
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3.A.5.2 Wakamiko Caldera, Kagoshima Bay, Kyushu, Japan

Type of Volcanic Activity: Subduction Related - Island Arc
Depth of Venting: Shallow water - gasohydrothermal system
Type of CO, Venting: Gas phase, CO, dominant

Gasohydrothermal venting has been recorded in the shallow waters of Kagoshima Bay, located
at the southern tip of Kyushu (Ossaka et al., 1992). Numerous studies of this site have been
made (note some of the findings are published in Japanese), and a brief summary of available
information is given below.

General Site Description

The submarine Wakamiko caldera is situated on the northeastern foot of the Sakurajima
volcano, in northern Kagoshima Bay, Kyushu. Sakurajima is one of the most active volcanoes
in Japan where the main magma chamber is located beneath the Wakamiko caldera (Takahashi,
1997; Yamanaka et al., 1999).

The flat caldera floor lies at approximately 200 m water depth and is covered by layers of recent
sediments up to 80 m thick composed mainly of pyroclastics with a small amount of plant
remains (Yamanaka et al., 1999, 2000). Hydrothermal petroleum generation resulting from
pyrolysis of organic matter in caldera floor sediments has been reported (Yamanaka et al.,
1999; Yamanaka et al., 2000).

Extensive fumarolic activity (gas venting) occurs both across the caldera floor (25 to >200°C)
and at the summit of a shallow knoll like structure (25-30°C) that rises to a depth of ~80 m on
the eastern edge of the caldera floor (Ossaka et al., 1992; Yamanaka et al., 2000; Yamanaka et
al., 2001; Miura et al., 2002). Shimmering fluids have been observed around the vents on the
caldera floor, where fluid chemistry suggests hydrothermal circulation is occurring in the
subsurface (Yamanaka et al., 2001) and hydrothermal minerals such as gypsum, carbonate,
native sulphur, barite, kaolinite, and sulphides rich in Fe, Hg, As and Sb are also present in the
sediments and in veins near vent outlets (Nedachi et al., 1991; Sakamoto, 1985; Sakamoto et
al., 1997). However, the chemistry of waters collected from the knoll site suggest hydrothermal
fluid flow is not occurring at this location (Yamanaka et al., 2001).

Bottom water stratification develops within the caldera during the summer months due to
restricted circulation and the pH and dissolved oxygen level of waters below 150 m decreases
(pH=6.5, DO<0.5 ml/l) due to the input of acidic and anoxic gas and hydrothermal fluids
(Kamata et al., 1978).

Gas Venting

Extensive gas venting occurs on the caldera floor, where vents appear to be concentrated in the
north-western quadrant within an area some 2 km by 2km (see Figure 1 in Ossaka et al., 1992).
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At the knoll site gas venting occurs to the south east of the knoll summit. Vigorous venting is
restricted to an area some 50 m by 25 m which is characterised by coarse sandy bottom
sediments and exposed rocks (see Figure 1 in Miura et al., 2002). Individual and groups of
weaker vents also extend to the north and south east of this region covering a total field area of
~100m by 100m.

Volcanic gases were collected in 1977, 1978, 1990 and 1991 at the caldera floor and in 1977
and 1978 at the knoll (Ossaka et al., 1992). The reported composition of the gas is uniform
between the sites and over time, and is thought to be sourced from the Sakurajima magma
chamber (Ossaka et al., 1992). The gas is dominantly CO, (caldera floor = 77.2-92.6 mol%;
knoll = 80.6-84.3 mol%), with minor CH, (caldera floor = 4.9-19.9 mol%; knoll = 12.5-15.3 mol%)
and N; (caldera floor = 1.7-7.4 mol%; knoll = 2.6-4.0 mol%) and a small amount of H,S (caldera
floor = 0.15-1.37 mol%; knoll = 0.07-0.47 mol%) (Ossaka et al., 1992).

Gases were also sampled from both sites in the period 1995-1998, however to the authors
knowledge only the sulphur isotopic values have been reported (Miura et al., 2002).

Biota

Due to the restricted circulation and depletion of oxygen in summer months there are no
‘remarkable’ megabenthos associated with the caldera floor vent sites (Miura et al., 2002).

In contrast the shallow knoll site supports a chemosynthetic community, including sulphate
reducing bacteria, sulphur oxidizing bacteria, numerous clusters of tubeworms and other fauna
such as a solemyid bivalve with a symbiotic polychaete (Hashimoto et al., 1993; Miura &
Hashimoto, 1996; Miura et al., 1997; Miura et al., 2002).

The tubeworm clusters occur at depths of 80-110m in the region of weak venting to the north
and south-east of the vigorous gas seep area, where most clusters contain a single or a few
small gas seeps (Miura et al., 2002). Solitary worms were also observed within the region of
vigorous venting (Miura et al., 2002). The absence of hydrothermal circulation and sulphur
isotope analysis suggests that the tube-worms depend on biogenic sulphide derived from
bacterial sulphate reduction, possibly using fumarolic methane as an electron donor, implying a
life style comparable with that of communities at cold water methane seeps (Yamanaka et al.,
2001; Miura et al., 2002).

Notes

The presence of a ‘seep’ type tube worm community in close proximity to CO, dominant gas
vents is of significant interest. The CH, content of the vent gases is quite low — at 5-20 mol%. It
is feasible that ‘leaked” CO2 could have a CH4 content of this order under certain
circumstances (potentially leakage from an EGR project) — suggesting the potential for leakage
to result in the development of a chemosynthetic community.
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3.A.6 The Western Pacific Margin Il: Papua New Guinea & New Zealand

3.A.6.1 Luise Harbour, Lihir Island, Papua New Guinea

Type of Volcanic Activity: Subduction Related — Island Arc
Depth of Venting: Very shallow water - gasohydrothermal system
Type of CO, Venting: Gas phase, CO, dominant

Gasohydrothermal venting in the shallow waters of Luise Harbour, Lihir Island, has been
described by Pichler et al. (1999) and Pichler & Humphrey (2001), with a focus on mineral
precipitation as a result of seawater-gas-sediment interaction. The principal characteristics of
this site are described briefly below and unless otherwise stated, all information below is
attributed to these papers.

General Site Description
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Luise Harbour lies on the eastern shore of Lihir, one the islands in the Tabar-Feni island chain.
Lihir itself comprises the remnants of 3 Pliocene to Holocene volcanoes, Kinami, Huniho and
Luise (Wallace et al., 1983).

Several geothermal areas are located within the caldera of Luise volcano, including hot mud
pools, chloride and acid sulphate water springs, and low temperature fumaroles with
temperatures of 39-99C and pH of 1.6 to 2.8 (Wallace et al, 1983). Submarine
gasohydrothermal vents are located in shallow water (3-10 m) approximately 100m offshore
along the north side of Luise Harbour within an area of ~5,000 m2, where venting occurs
through fine to medium sized volcanoclastic sand. Venting is dominated by gas discharge.

Two types of venting have been observed: (1) six focused gas vents were found, with vigorous
discharge of gas and possible associated minor discharge of clear fluid (inferred from
shimmering observed above vent orifices) through vent ports 20-50cm in diameter, with
temperatures at port outlets of 60-96°C. At these sites of focused gas exhalation the point of
discharge was marked by small conical pockmarks in the sandy bottom and sediments were
cemented due to hydrothermal precipitation; (2) dispersed discharge of gas bubbles emanating
through the sandy bottom throughout the hydrothermal area with less vigorous flow rates and
without the formation of a vent orifice (e.g. pockmarks were not present) or hydrothermal
precipitation.

Hydrothermal fluid discharge (it is occurs) was too weak to sample. Dominant precipitates at
the focused vent ports are Fe sulphides and dolomite, with smectites, chlorite and Ca-sulphate
also present. Fe sulphides form 1-2 cm thick colloform bands (1-2 cm) and coat and or replace
primary volcaniclastic sediment grains. Dolomite forms as cement in pore spaces and as
massive veinlets that crosscut already cemented sediment. These minerals precipitate 10-
20cm below the seafloor and form layers up to 10cm thick that extends around discharge sites
for several m.

Two gas samples were collected from the submarine vents and were comprised dominantly of
CO; (94.9-97.5 mol%), with minor H,S (0.32-1.28 mol%), CH,4 (0.24-0.67 mol%), O, (0.34-0.59
mol%) and N, (1.57-2.41).

Notes

This site may represent a particularly good target for studies of the impact of CO, gas venting
on local ecosystems. Note the absence of significant hydrothermal fluid flow, that precipitation
of hydrothermal minerals is restricted to the shallow sub surface, and very high (~95-98%) CO,
contents of the gas.

Pichler et al. (1999) note that O, and (part of) N, may be (i) inherent component of gas (ii)
dissolved air stripped from seawater (iii) introduced during sampling.
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3.A.6.2 Tutum Bay, Ambitle Island, Papua New Guinea

Type of Volcanic Activity: Subduction Related — Island Arc
Depth of Venting: Very shallow water - gasohydrothermal system
Type of CO, Venting: Gas phase, CO, dominant

Gasohydrothermal venting in the shallow waters of Tutum Bay (see notes), Ambitle Island, has
been described by Pichler & Dix (1996) and Pichler et al., (1999), and unless otherwise stated,
all information below is attributed to these papers. In addition, Pichler (2005) examines the
source of the hydrothermal fluids in more detail, and Price & Pichler (2005) examine the
biogeochemical cycling and bioavailability of vent sourced arsenic in Tutum Bay.

General Site Description

Tutum Bay lies on the south west margin of Ambitle Island, one of the Feni islands in the
southernmost island group of the Tabar-Feni island chain. The island is part of a Quaternary
stratovolcano with a central eroded caldera built on Oligocene marine limestone (Wallace et al.,
1983).

Several geothermal areas are located along the western coast of Ambitle island, and
gasohydrothermal venting also occurs in shallow waters (5-10 m) of the near shore region. The
submarine vents lie on the inner shelf along a fault that intersects several of the on land
geothermal areas within a patchy distribution of coral-algal reefs surrounded by medium to
coarse grained mixed carbonate-volcanoclastic sand and gravel.

Two types of venting have been observed: (1) focused discharge of a clear two phase (boiling)
fluid from discrete ports 1-15 cm in diameter, were phase separation occurs at the seafloor; (2)
dispersed discharge of gas bubble streams that issue from the sandy to pebbly gravel
sediments and through fractures in rocks.

Fluid venting at Tutum Bay is the result of subsurface heating of meteoric water (Pichler & Dix,
2006; Pichler et al., 1999; Pichler, 2005). Temperatures at vent outlets are 89-98°C, with
estimated flow rates up to 300-400 L/min. The gas (steam) phase condenses within 2 to 3 m
above the vent orifices, while shimmering extends for several metres from the seafloor. Four
locations of focused venting were found. At three of the sites (2 single vents, and an
assemblage of 3 vents within a small area) fluids exit at high flow rates through ports that are
10-15 cm in diameter. The fourth site is located to the north of the other vents and lies within an
area of massive gas emanation. This site is characterised by a cluster of smaller vents within
an area 1m by 3m that discharge fluids at lower flow rates through ports that are 1-5 cm in
diameter.

Sampled vent fluids represent a mixture of hydrothermal fluid and seawater, where entrainment
of seawater may happen in the shallow seafloor subsurface or during sampling. Vent waters
are depleted in sulphate, Br, Cl, Na, K, Mg, Ca, Sr (slightly) and enriched in CO, (as
bicarbonate - HCOg), Si, Li, Rb, Cs, Fe, Mn, Sb, As and Tl with respect to ambient seawater.

Hydrothermal precipitates accumulate in areas surrounding the fluid vents and do not form
chimney structures. The dominant precipitates are aragonite, and crusts of Fe-oxyhydroxides
interlaminated with ferroan calcite ((Ca,Fe)CO3), where isotope signatures suggest possible
contribution of hydrothermal CO, to these cements.

Gas Venting

Gas venting in this area appears to be itinerant — with shifts in the location of gas stream outlets
on the order of tens of cm, likely due to tortuous migration paths through surface sediments
(Pichler et al., 1999).

Gas samples were collected into 600ml bottles via an inverted funnel placed over the vent

outlets. The sampled gas was composed dominantly of CO, (92.6-97.9 mol%) with minor N,
(2.2-4.7 mol%), O, (0.43-0.73 mol%), CH,4 (0.6-2 mol%) and He (~0.01-0.02 mol%). The gas
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has a magmatic/mantle origin with a minor contribution from subducted sediment (Pichler et al.,
1999).

Pichler et al. (1999) also report an estimate of the total CO, gas flux from Tutum Bay of 100 L/s.
Although raw data from which this estimate has been derived were not provided, it is stated that
over 100 flux measurements were carried out by timing the replacement of a known volume of
water from a graded cylinder — indicating that this is a comparatively robust estimate. As all
measurements were normalised to 1 bar (Pichler et al., 1999), this flux is equivalent to ~200
gCOy/s, ~17 tCO,/day, or 6.2 ktCO,/yr. Examination of Figure 2 in Pichler et al. (1999) shows
gaseous discharge extending over an area some 50-75m by 100m, indicating an average flux of
~0.8-1.2 tCO,/m*/yr, although it is noted that the number of gas streams per unit area is not
uniform within this field.

Biota

Pichler & Dix (1996) note that the Ambitle island gasohydrothermal vent site offers a natural
laboratory to evaluate short and long term adaptation and/or mortality of biota in a tropical coral
reef system due to changes in temperature, salinity or carbonate saturation state.

While dead coral colonies were observed in the immediate vicinity of the fluid vents, where
hydrothermal precipitates accumulated on the dead corals, in general the diversity and health of
the coral reef was found to be indiscernible from reefs that are not exposed to hydrothermal
discharge (Pichler et al., 1999; Price & Pichler, 2005). The main focus of studies addressing
input of toxic chemicals to this system has been an evaluation of the bioavailability of arsenic,
where it was found that despite the amount of As released into the bay, corals, clams and fish
do not show any direct response to the elevated values (Pichler et al., 1999; Price & Pichler,
2005). Indeed, fish were observed to hover over vent orifices, apparently bathing in the
hydrothermal fluid (Price & Pichler, 2005).

Notes

Note Pichler & Dix (1996) refer to this site as Waramung Bay and location map shows slightly
different position (to the south west) to that given in Pichler et al. (1999). However, both papers
are discussing the same site.

Unlike restricted flow systems (e.g. Vailulu'u (Samoan hotspot); Kraternaya Bight (Kuriles);
Matupi Harbour (New Britain Island)), this more open site exhibits little impact of
gasohydrothermal venting on the local biota. See also D. Joao de Castro Seamount, (Azores).
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3.A.6.3 Matupi Harbour, Rabaul Caldera, New Britain Island, Papua New Guinea

Type of Volcanic Activity: Subduction Related — Island Arc
Depth of Venting: Very shallow water - gasohydrothermal system
Type of CO, Venting: Gas phase, CO, dominant

Gasohydrothermal venting in Matupi Harbour was first described by Obzhirov (1992), with
further site details and an analysis of the effect of shallow water venting on the local biota
presented by Tarasov et al., (1999). A brief summary is given below.

General Site Description

The Rabaul caldera is located on the northern most point of New Britain Island, where the island
separates the Manus Basin in the North from the New Britain Trench in the south. The caldera
forms Blanche Bay, a large elliptical, semi-isolated bay that opens in the south-east to the
Bismark Sea. The bay is surrounded by subaerial volcanoes, including the recently active
Rabalankaia, Tavurvur, and Vulcan volcanoes (see notes). Matupi Harbour lies in the north-
eastern part of Blanche Bay and is a relatively sheltered basin of about 4 km? with a maximum
depth of 65 m. The minimum depth in the southern part, where the harbour opens to the bay, is
24 m.

In 1990 an expedition mapped and sampled hydrothermal vent sites in Matupi Harbour (e.g.
Tarasov et al., 1999). Gasohydrothermal fields were identified by visual observations of bubble
release, and by temperature measurements of water and bottom sediments. At this time (see
notes) intensive shallow-water (littoral and sublittoral zones) gasohydrothermal activity occurred
within three distinct areas, two along the eastern shore of the harbour (Sites | and I, western
slope of Tavurvur) and the third on the northern shore (Site Ill, southern slope of Rabalankaia)
(Obzhirov, 1992; Tarasov et al., 1999).

Site | (Tavurvur) was characterised by seepage of hot volcanic fluids and the absence of gas
venting at sublittoral depths (Tarasov et al, 1999). At Site Il (Tavurvur) numerous
gasohydrothermal vents and seeps with temperatures of 50-60°C were located on a steep slope
in water depths of 1-10 m and covered an area of ~500 m®. Venting occurs through the sandy
gravely seafloor with intensive venting through lava blocks. Site Il (Rabalankaia) was
characterised by hotter vents with temperatures of 80-90°C that extended from the littoral zone
to 27 m water depth and covered an area of ~1000 m?. At 27 m depth hot fluids emanated from
hard Fe-Mn conical structures up to 50cm high (chimneys) that were built on top of ring-like
structures of loose yellow-green sediment some 1 m in diameter and 20-30 cm high. Sediment
temperatures at all vent sites were 60-90°C.

Vent fluids had low pH (Tavurvur = 3.56; Rabalankaia = 6.1-7.25) and were enriched in
dissolved gases and nutrients (CO,, CH,, H,, HyS, NH,, SiOaz') and metals with respect to
ambient seawater, with metal enrichments of 2-5 fold for Fe and Mn, 2-10 fold for Cu, 5-20 fold
for Pb and Cd, and 2-1000 fold for Zn (Tarasov et al., 1999). The highest concentrations of
metals and sulphides were observed around Tavurvur volcano, with lower concentrations in the
less acidic vent waters of Rabalankaia (Tarasov et al., 1999).

These emissions alter the chemical composition of the waters in Matupi Harbour, resulting in
acidification and increased content of carbonic acid, silicate, ammonium and particulate matter,
where the effect is most marked in near-bottom layers and in surface waters (0-3m; due to low
density of warm fluids with respect to ambient seawater) in the vicinity of the gasohydrothermal
vents (Tarasov et al., 1999).

Gas Venting
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Gas samples in the sublittoral zone were collected (by SCUBA divers) into air-tight dark glass
bottles using an inverted funnel placed over the vent outlet and analysed using gas
chromatography (Obzhirov, 1992; Tarasov et al., 1999)).

At Site Il (Tavurvur) samples were taken at depths of 2 to 9 m and consisted of CO, (62.3-88.4
mol%), with minor N, (9.5-28.8 mol%), O, (1.8-2.8 mol%), H,S (0-7.0 mol%), H, (0.0006-0.0340
mol%) and CH, (0.007-0.010 mol%). At site Il (Rabalankaia) samples were taken at depths of
7 and 27m, and consisted of CO, (82.7-86.5 mol%), N, (11.7-14.1 mol%), O, (1.5-2.9 mol%),
H, (0.1430-0.1543 mol%) and CH, (0.040-0.045 mol%), with no H,S present in these gases.
The composition of vent gases at these sites reflected that of gases discharged at on-land
fumaroles of the Tavurvur and Rabalankaia volcanoes, which are broadly similar, but with
elevated CH, and decreased H,S at Rabalankaia vents. High concentrations of CO, were also
observed in near bottom waters, with an average CO, content in the range 0.16 to 0.36 ml/L,
reaching up to 5.5 ml/L in the region of gas discharge.

Biota

Tarasov et al. (1999) provide a detailed analysis and discussion of the biota of Matupi Harbour.
A brief summary of the main findings is given below and the reader is referred to this paper for
further information.

Hydrothermal activity exerts a major effect on the composition of planktonic communities in
Matupi Habour, which exhibit high numbers of cyanobacteria, sulphur bacteria and planktonic
amoebas, particularly in the surface water layer over the gasohydrothermal fields.

Primary production in the centre of the Harbour was 1.63 gC/m?/d, decreasing by over an order
of magnitude in the vicinity of active venting to 0.03-0.13 gC/m?/d. On the basis of chlorophyll a
concentrations, the waters of Matupi Habour correspond to typical mesotrophic waters. The
highest values of photosynthesis were an order of magnitude higher than that typically observed
in the sublittoral zone around coral reef islands and were likely stimulated by high input of
nutrients from the hydrothermal fluids. Chemosynthesis varied from 15 to 60% of primary
production, with the highest values found in the surface and near-bottom layers. The highest
values of bacterial production were recorded in the area of the Tavurvur gasohydrothermal
vents: exceeding 216 mgC/m®/d (wet weight) at 14 m depth.

Despite the high values of primary production and a high ratio of conversion to biomass, the
zooplankton community, dominated by cyclopoid copepods, was poor in species. The densest
populations were found in the subsurface water layer in the vicinity of the vent fields.

Bacterial mats on the seafloor were observed only at the gasohydrothermal vent field of
Tavurvur volcano (Site Il). Here white bacterial mats were abundant in the littoral and sublittoral
zones to water depths of 8-10 m. At depths of 0-1 m, the mats were ~0.5 cm thick, and were
dominated by the filamentous colourless sulphur bacteria Thiodendron sp., with abundant
Thiovulum sp. and Beggiatoa sp. At depths of 4-6 m, where volcanic gases and hydrothermal
fluids were seeping intensively through the sediment, the mats were slightly thicker at 1-1.5 cm
thick, and built mainly of Thiodendron sp, with common Thiovulum sp. and Beggiatoa sp., and
numerous filamentous cyanobacteria present in the upper layers.

As at other shallow water hydrothermal vent sites, there was an absence of vent obligate fauna.
Rather the principal effect of hydrothermalism was on species diversity, abundance, and
distribution.

In general, vent sites had poor meiofauna and were almost devoid of macrofauna. However,
the periphery of the vent fields were characterised by the richest (high density and diversity)
benthic communities found in Matupi Harbour, where these communities were significantly
different in composition to those in areas of Blanche Bay less exposed to volcanic fluids and
gases.

In Blanche Bay outside Matupi Habour benthic communities had the usual structure for tropical
inter-reef areas with loose substratum, sufficient light and tidal currents, and were dominated by
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solitary corals (e.g. Fungia, Diaseris, Cycloseris and other fungiids) with a low density of
colonies growing on patches of hard substratum. In Matupi Harbour normal coral reefs were
found only near the mouth of Blanche Bay.

High sediment temperature was a major factor limiting the distribution of benthic organisms
within the vent fields. The usual infauna in Matupi Habour was dominated by nematodes,
harpacticoid copepods and ostracods (80-90% of total). In contrast, zones of high sediment
temperature in the hydrothermal vent fields were dominated by spinoid polychaetes (Polydora
sp. - up to 2000 individuals/m* and 90% of total infauna at Site Il) or a single oncholaimid
nematode species (up to 131,000 indivudals/m® and 100% of total infauna at Site IIl), and epi-
fauna were generally absent or low in abundance. Small mobile crabs were observed, forming
small aggregations around the bacterial mats at Site Il. Nassariid gastropods were also quite
abundant at Site || (Nassarius sp.: 13 individuals/m?)

The periphery of the vents were characterised by a rich fauna dominated by corals (52 species;
30 genera) and sponges, most of which were not found in the area outside Matupi Harbour.
The large input of suspended particulate matter to the water column was one of the principal
factors controlling the distribution of corals and other epifauna. Light penetration was also
reduced by the hot and opaque hydrothermal fluid. As a result, coral species typically found at
greater depth (lower light conditions) were present in shallow waters — for example the black
coral Antipathes sp. was recorded at 3-5 m. At Site Il, a scleractinian coral community was
found at 3-10 m water depth where bubbling of gas through the coral structures was observed
and coral growth was inhibited by ferrous silt covering the surface of the colonies. A diverse
coral community was also found at water depths of 0.5-15 m on the steep slope in the eastern
part of Site Ill. In regions were intensive venting occurred through the coral population the
colonies were small and undeveloped with some parts dead. Bivalves, feather stars, sponges
and anemones with symbiotic fish were also present. At depths of 15-20m corals were present,
however the majority of the colonies had been killed by heavy sedimentation. The epifauna was
most abundant in the Rabalankaia vent field at depths of 25-27 m, where the biomass of
sponges and ascidians (sea squirts) on the ring structures reached 1 kg/mz. It was hypothesised
that the growth of the sponges (siliceous skeleton) may have been stimulated by volcanic
solutions enriched in silicon

Notes

Tavurvur and Vulcan have erupted since the 1990 expedition. Both volcanoes erupted in 1994,
with continued activity at Tavurvur (see eruption history at the Global Volcanism Program:
http://www.volcano.si.edu/world/volcano.cfm?vnum=0502-14=&volpage=erupt).

Gas sampling and composition first reported by Obzhirov, A.L., (1992) and data given in Table
3.1, Chapter 3 is cited to this reference. However, note that a more detailed description of the
vent sites including location, depth and temperature, are given in Tarasov et al. (1999).
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3.A.6.4 Bay of Plenty, North Island, New Zealand

Type of Volcanic Activity: Subduction Related
Depth of Venting: Shallow water - gasohydrothermal system
Type of CO, Venting: Gas phase, CO, dominant
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Extensive gas venting occurs in the Bay of Plenty within the offshore extension of the Taupo
Volcanic Zone on the east coast of New Zealand’s North Island. Bubble zones of shallow water
gasohydrothermal vents extend for a distance of some 50 km along a line running through
Whale Island, the submarine Calypso Mound, and White Island (e.g. Duncan & Pantin, 1969;
Glasby, 1971; Sarano et al.,, 1989; Kamenev et al., 1993). Further geothermal activity also
occurs at the Rurima Rocks, at a seamount to the west of White Island (Duncan & Pantin, 1969),
and to the south-east of the Calypso Mound area (Glasby, 1971). A brief synopsis of gas
venting in this area is provided below. For clarity a map is also included, showing the reported
sites of gas venting in this region.

Sketch Map showing the distribution of gas venting in the vicinity of Whale
and White Islands, Bay of Plenty, New Zealand. After Duncan & Pantin (1969; blue
areas), with additional sites reported by Glasby (1971; purple stars) and Kamanev et al. (1993; pink
stars). The majority of sites were identified by sonar. Observations of bubble bursting at the sea
surface are indicated by a B. Note bubble bursting can only be observed in calm weather.
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General Description & Distribution of Venting

Whale (Motuhora) Island forms the summit of a largely submerged Pleistocene complex volcano
that lies offshore from Whakatane in the Bay of Plenty. Geothermal activity on the island
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includes acid hot springs, steaming ground, and fumaroles which occur primarily between the
354 m high central cone and the eastern tip of the island.

Extensive gasohydrothermal activity occurs in the shallow waters surrounding Whale Island
(see map). Sites reported by Duncan & Pantin (1969) and Glasby (1971) were detected by
sonar and/or bubble bursting at the sea surface. In 1990 an expedition explored 3 sites of
venting, providing further descriptions of these areas with a focus on the biological communities
(Kamenev et al.,, 1993). To the south-west, offshore from Sulphur Bay, venting occurred
through the boulder covered seafloor at water depths of 12 m, where vents were spaced 1-2 m
apart (Kamenev et al., 1993). To the south-east, at McEwans Bay, individual and multiple vents
of volcanic gases and fluids were found on the silty sand seafloor at water depths of 5-12 m,
with a vent density of 15-20 vents per m? (Kamenev et al., 1993). Bottom waters in this area
were enriched in hydrocarbons (Propp et al., 1992). To the south of Whale Island, venting
occurred at a small volcanic crater (150-200 m diameter, 25-45 m deep) located approximately
500 m offshore. At this site bubble bursting was observed at the sea-surface over the entire
area of the crater (Kamenev et al., 1993). The bottom of the crater was covered by a
homogeneous aleurite-pelite soft silt, dark-green in colour with a slight smell of H,S, with bottom
temperatures at the centre of the crater of 81°C, decreasing to 10-15°C at the periphery
(Kamenev et al., 1993). Bottom waters in this area were enriched in oxygen, methane and
ethane (Propp et al., 1992).

The crater site appears to correspond to the southern ‘bubble area’ described by Duncan &
Pantin (1969) and revisited by Glasby (1971). It would appear that in the late 1960s this area
was significantly larger, extending for 3 km in the NNE-SSW direction, with a width of 1.5 km,
and centred 2 km offshore from the eastern end of Whale Island (Duncan & Pantin, 1969).
Duncan & Pantin (1969) reported relatively vigorous bubble bursting activity which appeared
patchy/periodic. They describe bubbles a few mm in diameter bursting at the surface in groups,
with individual bubbles a few cm apart and the diameter of the group between 10 cm and 1 m,
and one group appearing within an area of ~10 m? every 10 seconds to 2 minutes. Similarly,
Glasby (1971) described bubbles ~10 mm in diameter, bursting at the surface at a rate of 5
bubbles per m? per second. This extended bubble zone appears to be associated with a fault
zone lying off the eastern beach area of Whale Island (Glasby, 1971).

Duncan & Pantin (1969) also report a northern ‘bubble area’ centred 5 km NNE of the eastern
end of Whale Island. This zone was ~1.5 km in diameter, with a bubble bursting rate around an
order of magnitude lower than that observed at the southern bubble area (note whether this
relates to an order of magnitude lower emission rate is dependent on the extent of bubble
dissolution during ascent through the water column). In addition, Duncan & Pantin (1961) and
Glasby (1971) report numerous other sites identified by strong columnar scattering (sonar)
and/or visual observations of bubble bursting (see map). The deepest site where bubble
bursting at the surface was reported was ~188 m water depth (Glasby, 1971).

Calypso Mound was discovered in February 1987 within one of these 'bubble zones' (Sarano et
al., 1989; see map). The Calypso gasohydrothermal area is located at 160-180 m water depth,
where the mound itself is a white gympsum (CaSQO,) and anhydrite (CaS0O,.2H,0) cone some
10 m in diameter and 6-8 m high, formed at 167 m depth by discharge of thermal waters at the
ocean floor (Sarano et al., 1989). In this area the near-bottom waters were saturated with
ethane and methane, had slightly decreased salinity, and an increased amount of silicon (Propp
et al. 1992). Bubble streams detected over Calypso Mound using an echogram originate at 167
m depth and terminate at 20 m depth, with no bubbles detected at the surface, indicating
complete dissolution of the gas in seawater (W. Giggenbach and I. Menyailov, Bulletin of the
Global Volcanism Network, 03/1990 Calypso Mound). Note however, Glasby (1971) reported
visual observations of bubble bursting (from depths of ~140 m) in addition to discolouration of
surface waters within the vicinity of the Calypso Mound area (see map).

White Island is the emergent summit of a 16 x 18 km submarine volcano, and is the most
frequently active volcano in New Zealand. Kamenev et al. (1993) report a submarine
gasohydrothermal vent site located of the eastern shore of White Island in water depths of 5-13
m. The seafloor in this location consists of a solid uneven lava flow with patches of dark coarse
sand mixed with gravel. The lava flow had numerous cracks, with 2-3 m deep fissures, the
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bottom of which were covered with coarse sand and gravel. Individual gas vents were located
on the lava flow and in sandy spots, with associated bottom temperatures of 30-40°C. Near-
bottom waters in this region had elevated hydrogen and methane (Propp et al. 1992).

Vent Gas Composition

Gases collected from the seafloor near Whale Island at 34 m water depth are composed
dominantly of CO, (68.0-73.4 mol%) with secondary CH, (12.0-19.3 mol%), N, (11.9-13.1
mol%), O, (0.7-1.4 mol%) and minor Ar (0.08-0.12 mol%) and H; (0.01-0.03 mol%) (Lyon et al.,
1977). These samples may be air contaminated (W. Giggenbach and |. Menyailov, Bulletin of
the Global Volcanism Network, 03/1990 Whale Island), where correction (based on the
assumption that all O, derives from air contamination), gives a slightly increased CO, content of
70.5-78.7 mol%, and CH,4 content of 12.9-20.0 mol%. A similar composition of vent gases from
this area was also reported by Giggenbach et al. (1993), with major CO, (88.0 mol%) and
secondary CH, (9.5 mol%).

While vent gas compositions have not been reported (to the authors knowledge) for the majority
of submarine vent sites in the Bay of Plenty, numerous analyses of the gases vented in on-land
geothermal areas of both Whale and White Island have been made (e.g. W. Giggenbach and |.
Menyailov, Bulletin of the Global Volcanism Network, 03/1990 Whale Island; Giggenbach &
Matsuo, 1991; Giggenbach et al., 1993). In all cases, CO, is the dominant component, with
varying amounts of secondary CH,, N,, H,S and H. It therefore seems likely that the submarine
vents within the Bay of Plenty are also CO, dominant.

Biota

The biota of hydrothermal vent sites in the Bay of Plenty has been described by Kamenev et al.
(1993) for those sites marked by a pink star in the map provided. Unless otherwise stated, all
information below is attributed to these authors.

In general, Kameneyv et al. (1993) find that gasohydrothermal venting does not exert a negative
effect on the local ecosystem. In this system, which has unrestricted hydrodynamic circulation,
the macrobenthos is dominated by species that are common and widely distributed in New
Zealand offshore waters. Areas of reduced species diversity and abundance are restricted to
zones of high sediment temperature within the gasohydothermal vent fields, where the
macrobenthos consists of motile animals, and animals adapted to the high temperature
environment.

In the Sulphur Bay vent zone (Whale Island), large boulders at a depth of 6-9 m were colonised
by macroalgae. The bivalve Modiolus areolatus was found among the macroalgae rhizoids
(anchors) in high numbers, with population densities of ~70 individuals/m®. A gastropod (Cookia
sulcata) was also common in this area. Samples collected near the gas seepages contained
one individual of the burrowing bivalve species Tawera spissa.

In the McEwans Bay gasohydrothermal zone (Whale Island), bacterial and algobacterial mats
covering areas up to several m? were found. The mats were white to brown and 3-5 mm thick,
consisting of thiobacilli and colourless filamentous sulphur oxidising bacteria Thiodendron sp.
and Thiothrix sp. (Sorokin 1991). Algobacterial mats had formed around the margins of the
bacterial mats, consisting of a mixture of colourless sulphur oxidising bacteria and benthic
diatoms. Separate brown diatom mats were also observed, although these were considerably
smaller (2-3 mm diameter) and less numerous.

Dense populations of the bivalve T. spissa occurred in this area, with an average density of
1581.0+134.5 individuals/m?. Nearby was a gastropod (Cominella adspersa) community, with
an average population density of 510.7+96.7 individuals/m®. Other macrobenthos present in
this area were individuals of a second gastropod species (Penion dilatus), star fish (Astropecten
polyacanthus), polychaetes (Spionidae, Capitellidae, and Lumbrineridae families), isopods
(Exosphaeroma obtusum), small soldier crabs, and young individual hexacorals. The
meiobenthos was dominated by nematodes, with harpacticoid copepods, ostracods, amphipods,
tanaids, and polychaetes also present. In general this community structure is very similar in

213



composition to that found outside the zone of hydrothermal activity, but with a higher abundance
and diversity of meiofauna within the hydrothermal areas.

In close proximity to the vent site at a depth of 6-7 m, were mussel beds of the commercially
important species Perna canaliculus. The growth characteristics of these mussels were similar
to those found for P. canaliculus from several areas in New Zealand, indicating no adverse
health effects related to the hydrothermal activity.

At the small volcanic crater site (south of Whale Island), bottom temperature exerted a strong
control on species diversity and distribution. At temperatures up to 30°C, the macrobenthos
was dominated (~90% of macrofaunal biomass) by 3 species, the crab Macropthalmus hirtipes,
the gastropod Cominella maculosa, and the amphipod Proharpinia sp. Individuals of a second
gastropod species (Pelicaria vermis) and brittle stars (Ophiuroidea) were also present. Highest
numbers of these animals were found at temperatures of 20°C or less. At higher temperatures
sediment infauna disappeared. In silt above 50°C only the crab M. hirtipes was found , and at
temperatures of 65°C a tube worm Siboglinum sp. was found. The meiobenthos in the crater
consisted only of nematodes, where at temperatures of 81°C in the crater centre no meiofauna
were observed.

Within the Calypso Mound area, samples from depths of 150-200 m showed a diverse benthic
fauna typical for soft sediments that did not significantly differ from that observed beyond the
vent zone. Polychaete, sipunculid, and echiurid worms, holothurians, starfishes, sea urchins,
sea lilies, ophiurids (brittle stars), bivalves, scaphopods (tusk shells), and gastropods occurred
in great numbers. Within the hydrothermal area tube worms of the genus Siboglinum were also
present, and beyond this zone a priapulid worm was found.

In gasohydrothermal zones of White Island, bacterial mats with an area of 2-3 m? were found,
where these mats were formed of giant cells (up to10 mm) of colourless sulphur-oxidising
bacteria Beggiatoa sp. (Sorokin 1991). On the sandy bottom (temperatures of 30-40°C) both
within and beyond the gasohydrothermal activity zone no macroinvertebrates were found, and
the meiofauna consisted only of nematodes.
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3.A.7 The Okinawa Trough

Type of Volcanic Activity: Subduction related (Back Arc)
Depth of Venting: Deep water
Type of CO, Release: Liquid and hydrate phases, CO, dominant

Although the Okinawa Trough has been well studied, a large proportion of the results are
published in Japanese (particularly within the JAMSTEC Journal of Deep-Sea Research). To
aid accessibility of this material to the international community, Glasby & Notsu (2003) recently
presented an excellent review of the Okinawa Trough, and the reader is referred to this article
for a thorough overview of hydrothermalism in this region.

The Okinawa Trough is an intracontinental back arc basin in the early stages of rifting that
formed as a result of the subduction of the oceanic Phillipine Sea Plate beneath the continental
Eurasia Plate along the Ryukyu Trench (Glasby & Notsu, 2003 and references therein). The
trough is a seafloor depression about 1200 km long, located to the southwest of Japan, behind
the Ryukyu trench and Ryukyu Island Arc (see map below). In the north, the trough is ~230 km
wide, with a maximum water depth of ~200m. In the south, the trough is ~60-100 km wide, with
a maximum water depth of ~2300m. Arc volcanism is dominant in the northern Ryukyu Arc and
back-arc volcanism is dominant in the middle and southern Okinawa Trough (Shinjo et al.,
2000).

The Okinawa Trough is characterized by a thick sedimentary cover, up to 8 km thick in the north
and about 2 km thick in the south (Sibuet et al., 1987). Sediments originate from five sources;
(i) turbidity derived material from the East China Sea (ii) terrigenous material derived from the
islands on the Ryukyu Arc (iii) volcanic fragments from submarine or neighbouring volcanoes
(iv) hydrothermal precipitates (e.g. mounds, chimneys, plume particles) (v) fine grained pelagic
sedimentation (Tsugara et al., 1991; Zhao et al., 1995).

Heat flow is high, with an estimated mean heat flow across the middle and southern Okinawa
Trough of ~130 mW/m? (Yasui et al., 1970; Lu et al., 1981). The heat source is magmatic in
origin, resulting from the subduction of the Philippine plate. Rifting-induced fracture systems
facilitate hydrothermal circulation, where the advecting fluid is recycled seawater with a
magmatic component (Ishibashi, 1991; Glasby & Notsu, 2003).

Four high temperature hydrothermal fields have been discovered in the middle Okinawa
Trough; Minami-Ensei Knoll, the CLAM Site, lheya North Knoll, and the JADE Site. More
recently, hydrothermal venting has been discovered in the southern Okinawa Trough at
Yonaguni Knoll and Hatoma Knoll. All of these sites exhibit vent fluids that are highly enriched
in CO; in comparison to OSR vent sites. Furthermore, the venting of a separate CO, liquid
phase, and/or the formation of CO, hydrate at the sediment-seawater interface, has been
observed at five of these sites. Further details on these sites are provided below. Present
studies in this region are directed towards the southern Okinawa Trough, and new sites may be
discovered here in the future.
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Bathymetric map of the Okinawa Trough showing locations of
CO, vent sites (after Sibuet et al., 1987, Figure 1).
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Yonaguni Knoll Southern Okinawa Trough 24°50.9'N, 122°42.0'E
Hatoma Knoll Southern Okinawa Trough 24°51.3'N, 123°50.5’'E

3.A.7.1 Depression C, Minami-Ensei Knoll, Okinawa Trough

Type of Volcanic Activity:
Depth of Venting:
Type of CO, Release:

Subduction Related
Deep water

Liquid and Hydrate phases, CO, dominant

Buoyant liquid CO, droplets and a buoyant ‘sherbert-like’ hydrate material have been observed
emerging from the seafloor at Minami-Ensei Knoll.

216



Minami-Ensei Knoll is located in the middle Okinawa Trough, approximately 140 km west of
Amami-Ohshima Island (see map above). The knoll is elliptical in shape, reaching a water
depth of 550m at its shallowest point (Hashimoto et al., 1995). Located on the western slope of
the knoll are several small depressions which are thought to be calderas and range in size from
~100 to ~1000 m in diameter (Hashimoto et al., 1995). In 1991 intense hydrothermal activity
and associated discharge of CO, was discovered in one of the larger depressions (‘Depression
C’) during a dive of the Shinkai 2000 (Hashimoto et al., 1993).

Depression C is approximately 1000-1200 m in diameter with a maximum depth of ~720m,
where the base of the depression is relatively flat and is encircled by a steep escarpment
around 100 m high. A series of hydrothermal mounds ~5-6 m in height trend north-south across
the centre of the depression floor. The mounds are topped by clusters of chimneys 0.2-2.5 m in
height from which clear fluids with exit temperatures of 265-278°C emerge (Chiba et al., 1993;
Chiba, 1997; Hashimoto et al., 1995). That the maximum exit temperature recorded is close to
the boiling point of seawater at this depth suggests that hydrothermal activity at the knoll is
violent with repeated explosions (Glasby & Notsu, 2003). The mounds comprise both sulphide
(pyrite, sphalerite, galena and chalcopyrite) and nonsulphide (anhydrite, gypsum, calcite,
dolomite and talc) minerals. The chimneys mainly consist of gypsum and anhydrite with minor
sulphides, calcite, talc and amorphous silica. The mineral zoning in the chimneys resembles
that of black smoker chimneys, with the inner walls comprising massive sulphides encased by
the outer walls of anhydrite and gypsum. Detailed descriptions of the mineralogy and
composition of these hydrothermal deposits have been presented by Nedachi et al. (1992) and
Nakashima et al. (1993, 1995). Shimmering fluids and hot vents with associated rising streams
of small buoyant ‘bubbles’ (droplets) were also observed emerging from the sandy bottom and
fissures on outcrops elsewhere across the depression floor (Hashimoto et al., 1995).

The hydrothermal fluids have high CO, concentrations (64-96 mmol/kg) and low pH (4.9-5.1)
(Gamo, 1995; Chiba et al., 1993). The concentration of CO, in the bottom water within the
depression is ~38-39 mmol/kg (Hashimoto et al., 1995). The composition of the fluids, which
appeared to be influenced by interaction with the sediment (high NH," and alkalinity),
suggesting that Minami-Ensei Knoll is characterized by shallow circulation of hydrothermal fluids
(Chiba et al., 1993).

CO, Discharge

Discharge of a distinct CO, rich phase has been reported at Minami-Ensei Knoll (Chiba et al.,
1992; Hashimoto et al., 1995). Hashimoto et al. (1995) describe clear and cloudy ‘gas bubbles’
(droplets?) emerging from the sandy bottom of the depression and from the dense mussel beds
among the crowded chimneys (Hashimoto et al., 1995). The ‘bubbles’ contained 87% CO,,
where the §'°C value of the CO,, the *He/*He ratio, and the 5%*S of the H>S, support a magmatic
origin for these gases (Chiba et al., 1992). Hydrate formation at the seafloor has also been
observed, where the hydrate texture is described as a ‘sherbet-like’ substance (Chiba et al.,
1992; Hashimoto et al. 1995). The hydrate material emerged intermittently out of the seafloor to
rise up through the water column, where this phenomenon decreased with increasing distance
from the most active vent (Hashimoto et al. 1995). The positive buoyancy of the ‘hydrate’ phase
indicates a composite hydrate-liquid particle (see Chapter 6 for discussion).

Biota

The biological community of Minami-Ensei Knoll has been described by Hashimoto et al. (1995).
In brief, Depression C supports a mixed pelagic-hydrothermal community. There are vent
organisms present, indicating the presence of H,S, however, the trophic structure is
complicated due to the presence of non-vent organisms (Hashimoto et al., 1993; Hashimoto et
al., 1995). Hashimoto et al. (1995) remark on the similarities between the distribution of fauna at
the Minami-Ensei vents and other Okinawa Trough vent sites, noting that there are differences
between these sites and ‘typical’ OSR vent sites. Hashimoto et al. (1995) link these differences
to the type of volcanism and thus indirectly to the CO, content of the vent fluids, where the
Okinawa sites are characterized as ‘arc-type’ volcanism (as inferred from the high concentration
of CO; in vent fluids). However, a specific discussion of the impact of high CO, concentrations
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on the biota, or an in depth exploration of the potential relationship between CO, venting and
the biological community, is not presented.

Notes

There is no indication of a dead zone or mortality sink. The absence of a dead zone implies
one (or both) of the following: (a) circulation is not restricted and the depression is well flushed
(b) biota are either tolerant of high CO, levels or do not remain in areas with high CO, for long
periods of time. With regards to these points:

Depression C is connected by a corridor ~670 m deep to a smaller depression to the NW,
where Hashimoto et al. (1995) comment on ripple marks across the floor indicating a strong
bottom current — thus this depression may be well flushed (although note reported CO,
concentration in bottom waters approx 20 times that of seawater).

The presence of CO, venting within live mussel beds suggests one or more of the following (a)
the mussels are tolerant of high CO, (b) venting is itinerant — thus individual mussels are not
exposed to high CO, for prolonged periods (c) venting in this specific area (i.e. within the
mussel bed) was a recent phenomenon (at the time of observation) such that the health of the
mussel population was not yet noticeably impacted (d) CO, is flowing along confined pathways
(e.g. through hydrate lined pipes) — thus the mussels are protected from (extremely) high
porewater CO,.

3.A.7.2 lheya North Knoll, Okinawa Trough

Type of Volcanic Activity: Subduction Related
Depth of Venting: Deep water
Type of CO, Release: Hydrate phase

Chiba et al. (1996) report the occurrence of CO, hydrates at the seafloor at Iheya North Knoll.
However, no further information is currently available (in English to the authors knowledge)
regarding the nature, fate and impact of CO, release at this site.

Iheya North Knoll is located approximately 25 km to the north of the CLAM site (lheya Ridge).
Hydrothermal activity was discovered at the foot of the Knoll in 1995, occurring at depths
between ~970 and 1050 m within a restricted area about 250 m in diameter (Glasby & Notsu,
2003 and references therein). Many relict and active vent chimneys occur in this area. The
relict sulphide chimneys contain abundant barite, sphalerite, common pyrite, marcasite, galena
and chalcopyrite and rare wurtzite (Chiba et al., 1996). The active chimneys discharge clear
fluids with exit temperatures of ~240-310°C and deposit mainly anhydrite (Chiba et al., 1996,
2000; Chiba, 1997; Kataoka et al., 2000, 2001). The hydrothermal fluids have CI" concentrations
much lower than seawater, indicating phase separation of the fluid below the seafloor, where
variations in fluid composition reflects the mixing of vapour and brine phases in different ratios
(Chiba et al., 1996; Kataoka et al., 2000). In addition, the hydrothermal fluids have lower
alkalinities and NH," concentrations than those from Minami-Ensei Knoll and the JADE site,
indicating that the interaction of the hydrothermal fluids with sediment is less pronounced at this
site (Chiba et al., 2000). This field also has a well-established hydrothermal vent community
(Kim et al., 1989; Ohta, 1990; Momma et al., 1996; Tawara et al., 1997; Yamamoto et al., 1999).

3.A.7.3 CLAM Site, lheya Ridge, Okinawa Trough

Type of Volcanic Activity: Subduction Related
Depth of Venting: Deep water
Type of CO, Release: Unknown

The occurrence of a separate CO, phase (either droplets or hydrate) has not been reported for
this site. However, the hydrothermal fluids from the CLAM Site exhibit high CO, concentrations,
where Glasby & Notsu (2003) report a concentration of 74-86 mmol/kg, while Gamo (1995)
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extrapolates to an end-member concentration of 160-200 mmol/kg (based on an end member
fluid with a Mg concentration of 20 mmol/kg).

3.A.7.4 The JADE hydrothermal Field, Izena Hole, Okinawa Trough

Type of Volcanic Activity: Subduction Related
Depth of Venting: Deep water
Type of CO, Release: Liquid and hydrate phases, CO, dominant

Both venting of liquid CO, and CO, hydrate formation have been observed at the JADE site
(Sakai et al., 1990).

The lzena Hole (also known as the Izena Cauldron) is a small rectangular graben (6 x 3 km with
a maximum depth of 1665m) located in the middle Okinawa Trough (see map above; Kato et al.,
1989; Halbach et al., 1993). In 1988 the JADE hydrothermal field was discovered on the steep
rugged terrain of the northeastern slope of the Izena Hole, where the site occurs at water
depths of 1300-1450 m and covers an area some 1.8 km long and 0.6 km wide (Halbach et al.,
1989, 1993; Sakai et al., 1990).

The JADE field is one of the most active hydrothermal areas in the Okinawa Trough, and is
characterized by extensive hydrothermal mineralization, with hundreds of active and inactive
sulphide-sulphate mounds (up to 10s m in diameter and 15 m high) and chimneys (0.1 to 5 m
high) irregularly distributed across the site (Halbach et al., 1989; Nakamura et al., 1989).
Mounds and chimneys are composed of galena, sphalerite, tetrahedrite, native sulphur, barite
and anhydrite (Kimura et al., 1990). A range of vent types have been reported, including a
single ‘black smoker’ chimney with a vent fluid exit temperature of 320°C (Nakamura et al.,
1990), a number of chimneys and mounds emitting clear fluids with an exit temperature of
~220°C (where sulphide minerals have precipitated prior to discharge; Sakai et al., 1990), and
several large ‘white smokers’ discharging grey or white fluids at the lower temperature of
~130°C (Kimura et al., 1989).

As with other sites in the Okinawa Trough, the hydrothermal fluids exhibit a very high CO,
concentration (200 mmol/kg), significantly higher than that observed at OSR hydrothermal vents
(Ishibashi et al., 1995). The concentration of CH, in bottom waters from the Izena Hole are also
elevated (up to 0.7 mmol/kg) and vary across the site, suggesting a number of vents also emit
CH, (Watanabe et al., 1995). The CO, and He in the hydrothermal fluids are magmatic in origin,
while the CH, is thermogenic (Ishibashi, 1991; Ishibashi et al., 1995).

CO; Release

The JADE site was the first deep water site where venting of a discrete CO, dominated liquid
phase and formation of hydrate were observed (Sakai et al., 1990). Two locations of CO,
discharge were reported, the first approximately 100m to the N of the black smoker chimney,
and the second approximately 500m to the SW (see Figure 1 in Sakai et al., 1990). At both sites,
droplets emerged ‘intermittently but freely’ and when the sediment was disturbed during
sampling (Sakai et al., 1990).

The buoyant liquid CO, droplets are expelled to the ocean through translucent hydrate ‘horns’
that grow out of the sediments, with the liquid CO, emerging from the top of the horns as
hydrate coated buoyant CO, droplets (Sakai et al., 1990). The horns grew to lengths of ~10 cm,
increasing in diameter from a narrow base to about 1 cm at the top, and periodically broke off
and rose through the water column (Sakai et al., 1990). The droplets contained ~86% CO,, 3%
H.S and 11% residual gas (CH, and H;), where the chemical composition and isotopic ratios of
the droplets indicated the same source as the dissolved gases in the black smoker vent fluids
(Sakai et al., 1990; Ishibashi and Urabe, 1995).

Sakai et al. (1990) and Hou et al. (1999a,b) suggested that an impermeable CO, hydrate layer
forms beneath the seafloor in the vicinity of these hydrate pipes, where this hydrate layer acts
as a trap for buoyant liquid CO,. However, Glasby & Notsu (2003) argued that temperatures in
the sub-surface are likely to be too high for CO, hydrate to form as this site occurs in close
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proximity to a black smoker discharging hydrothermal fluids at a temperature of 320°C.
Nevertheless, Sakai et al. (1990) report a temperature of 3.8°C at the sediment-seawater
interface, with a temperature gradient of ~0.8°C/cm, indicating that hydrate formation would be
possible in the upper 8cm of the sediments where temperatures are below 10°C. They suggest
that leakage of droplets through the impeding hydrate layer occurs when the seal is ruptured,
most likely due to shifts in hydrothermal fluid circulation patterns leading to elevation of the 10°C
isotherm, where this hypothesis is consistent with the general observation that seepage of CO,
is occurring in areas of high heat flow (Sakai et al., 1990).

Biota

Large colonies of vent fauna including Galtheidae (squat lobsters), crabs, shrimps and bivalves,
polychaetes have been reported at the JADE site, where the stable isotope ratios of the animals
reflect dependence on symbiotic chemoautotrophic bacteria which utilize H,S in vent fluids and
other reduced inorganic compounds (Kimura et al., 1989, 1990, 1991b; Kim et al., 1990; note all
these publications are in Japanese with English abstract).

3.A.7.5 Yonaguni Knoll, Okinawa Trough

Type of Volcanic Activity: Subduction Related
Depth of Venting: Deep water
Type of CO, Release: Liquid phase, CO, dominant

A seafloor lake of liquid CO,, capped by a hydrate layer, has been reported at Yonaguni Knoll
IV (Inagaki et al., 2006).

The Yonaguni Knoll IV hydrothermal field is located at ~1330-1410 m water depth in the
southern Okinawa Trough (see map above, Inagaki et al., 2006).

The site is characterized by two active black smoker vents with vent exit temperatures of 323°C,
with other active and inactive chimneys throughout the site (Glasby & Notsu, 2001; Fujikura et
al., 2001; Inagaki et al., 2006). The active chimneys consisted mainly of barite and anhydrite
with minor amounts sulphides (J.-I. Ishibashi, personal communication, reported in Glasby &
Notsu, 2001). Near the black smokers, vapour rich clear venting fluids and small liquid CO,
droplets emerge from the seafloor (Inagaki et al., 2006).

Inagaki et al., (2006) report the discovery and exploration of a CO, zone — located some 50 m
downslope to the south of one of the black smoker chimneys (Tiger chimney). The CO, zone
comprises a liquid CO, pool covering an area greater than 200 m?, capped by a thin layer
(<10cm) of CO, hydrate, and covered by 20-40 cm layer of pavement sediments with abundant
white patches (Inagaki et al., 2006). Small droplets of liquid CO, were emanating from cracks in
the pavement structure, and after collection of a sediment core from one of the white patches,
continuous emission of CO, was observed from the cored hole (Inagaki et al., 2006). The in situ
temperature in this area increased from 3.9°C in the overlying bottom water to 9.9°C at 35 cm
sediment depth (Inagaki et al., 2006), consisted with the formation of a thin near surface hydrate
layer (see also JADE site; Sakai et al., 1990).

Seawater pH was depressed around the pavement (6.3) and in sediment porewaters (6.6) with
respect to bottomwaters outside the hydrate zone (7.3), where in-situ pH at the liquid CO,
interface were likely considerably more depressed, potentially with values as low as 4 (Inagaki
et al., 2006).

The CO, concentration of vent fluids was highly elevated (300 mmol/kg). The CO, droplets (2
samples analysed) consisted mainly of CO, (85.10+2.12%), with small amounts of CH,
(13.95+£2.05%), and H, concentrations were below the detection limit (Inagaki et al., 2006).
The stable carbon isotopic compositions of CO, (7.0%.) and CH, (26.4%o) in the droplets were
similar to those from the nearby Tiger vent fluids (7.6%0 and 26.3%o respectively), indicating the
same origin for the gases (Inagaki et al., 2006).

Biota
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While the active hydrothermal vents support an associated vent community (Fujikura et al.,
2001), benthic fauna were rarely observed in the CO, hydrate zone (Inagaki et al., 2006).
Inagaki et al. (2006) have presented a detailed analysis of the microbial community at this site.
High abundances of microbial cells (>10° cells/cm®) were found in the pavement samples above
the CO, lake, decreasing significantly to ~10” cells/cm® at the liquid CO,-CO, hydrate boundary.
Inagaki et al. (2006) conclude that the presence of functional genes related to C1 assimilation,
in addition to the presence of highly 3C-depleted archael and bacterial lipid biomarkers,
suggest that the microbial communities in the CO, liquid and CO,-hydrate-bearing sediments
are dominated by microorganisms assimilating CO, and CH,.

3.A.7.6 Hatoma Knoll, Okinawa Trough

Type of Volcanic Activity: Subduction Related
Depth of Venting: Deep water
Type of CO, Release: CO;, liquid and hydrate, CO, dominant

Seafloor CO, hydrate outcrops and venting of buoyant liquid CO, droplets have been reported
at Hatoma Knoll (Shitashima & Maeda, 2005).

The Hatoma Knoll in the Okinawa Trough is located approximately 50 km to the North of
Iriomote Island. The Knoll has caldera shaped topography, and is ~400-600 m in diameter. The
hydrothermal site covers an area of ~16,800 m*, including two large (~10 m tall) active
chimneys in the centre of the crater bottom at a water depth of ~1500 m, and many vents along
the crater wall (Tsuchida et al., 2000; Nakano et al., 2001; Watanabe, 2001). The site
comprises both active and inactive chimneys, where the chimneys consist principally of
anhydrite and barite (Watanabe, 2001). Active chimneys emit clear fluids (maximum vent exit
temperature of 301°C) characterized by high alkalinity and NH, compared to seawater (due to
interaction of the fluids with sedimentary organic matter) and significantly lower CI- than
seawater (370-540 mmol/kg with respect to 550 mmol/kg), indicating subcritical phase
separation of the hydrothermal fluids beneath the seafloor (Tsuchida et al., 2000; Nakano et al.,
2001).

CO; Release

Shitashima & Maeda (2005) reported on CO, venting at this site, and also carried out a number
of experiments to determine droplet dissolution and rise characteristics, following techniques
developed by Brewer and coworkers (see also Chapters 3 and 6). CO, droplets were observed
emerging from the base of the active chimneys in the centre of the crater (Shitashima & Maeda,
2005). The liquid droplets were dominated by CO; (95-98%), with minor H,S (2-3%) and other
trace gas species (Shitashima & Maeda, 2005). CO, hydrate was also observed at the seafloor
(Shitashima & Maeda, 2005).

The CO, droplets ranged in size from ~4 to 10 mm in diameter, and were tracked during their
ascent, with droplet behaviour observed using an HDTV camera mounted on an ROV. The
initial rise rate ranged from 13 cm/s to 26 cm/s. Both droplet size and rise rate decreased
during ascent as the droplets (a) gradually dissolved and (b) converted to CO, hydrate while
rising. A detailed mapping survey of pH distribution in the CO, vent area, using grid navigation
of the ROV (400m X 400m, 3 layers) which was fitted with a pH/pCO, sensor, showed only a
localized pH depression at the CO, vent site (Shitashima & Maeda, 2005).

Biota

The active hydrothermal vents support numerous associated vent fauna. These communities
have been described in JAMSTEC (In Japanese with English Abstract only). Shitashima &
Maeda (2005) state ‘many organisms such as crab, shrimp, shellfish and fish have lived at the
CO, emission area’. See also Figure 5.6 in Chapter 5, from presentation of Shitashima & Maeda
(2005)).
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3.A.8 Champagne Vent Site, NW Eifuku, The Mariana Arc

Type of Volcanic Activity: Subduction related — Island Arc
Depth of Venting: Deep water
Type of CO, Release: Liquid phase, CO, dominant

Liquid CO, venting has been reported at the Champagne Vent Site, NW Eifuku, on the Mariana
Arc (Lupton et al., 2006).

NW Eifuku is a small volcanic cone located at 21.49°N, 144.04°E on the Mariana Arc. It is the
smallest and deepest in a cluster of 3 volcanoes (neighbouring Daikoku and Eifuku), rising to a
water depth of ~1535m at its shallowest point (Lupton et al., 2006).

Hydrothermal activity on NW Eifuku was inferred from identification of water column anomalies
in the area, where excess H,, CO,, CH,4, Fe and Mn and depressed pH and light backscattering,
were observed within the depth range 1490-1620m (Lupton et al., 2003; Resing et al., 2003).
Later exploration located several sites of hydrothermal discharge on NW Eifuku, where the
Champagne Vent Site (CVS), located ~80 m WNW of the volcano summit at a water depth of
1604 m, is the most intense of these sites (Lupton et al., 2006).

The CVS is characterised by a number of small white chimneys that discharge a buoyant milky
fluid (Lupton et al., 2006). The most vigorous vents emit fluids with exit temperatures of ~103-
108°C, while several other vents discharge at lower temperatures of 11-68°C (Lupton et al.,
2006). Vent fluids exhibited depressed pH (3.4 to 4.8) and very high CO, concentrations (up to
~2700 mmol/kg — approximately an order of magnitude greater than the highest concentrations
reported at the Okinawa Trough), where the very high CO, contents are most likely due to
entrainment of the liquid CO, phase (Lupton et al., 2006)

CO, Release

In addition to hydrothermal vent fluids, liquid CO, droplets coated with a milky hydrate skin were
also observed rising slowly from the seafloor around the chimneys, percolating from crevices in
the seafloor (Lupton et al., 2006). The droplets were approximately 1.5 cm in diameter and
were coated with a milky skin assumed to be CO, hydrate, and were sticky, adhering to each
other and the ROV like ‘clumps of grapes’ (Lupton et al., 2006). The area of seafloor where
active venting of CO, occurred was characterized by pumice and whitish/yellow sulphur-rich
material (Lupton et al., 2006). The flux of CO, droplets increased dramatically whenever the
seafloor was disturbed, consistent with the presence of a layer of liquid CO, beneath the
surface capped by an impeding layer of hydrate, where any penetration of the hydrate cap
released the buoyant liquid CO, beneath (Lupton et al., 2006).

Careful probing of the seafloor where the liquid droplets were forming found temperatures less
than 4°C, consistent with the presence of CO, hydrate (c.f. Okinawa Trough sites - Yonaguni
Knoll (Inagaki et al., 2006) and JADE hydrothermal field (Sakai et al., 1990)).

The droplets consisted mainly of CO, (98.6-99.6%), with secondary H,S (0.5-0.8%) and other
trace gases (CH; and H, <0.01%, He ~6 ppm) (Lupton et al., 2006). The 5'°C and CO,/*He
ratios are within the range typical for volcanic arc settings, and indicate that the carbon is
derived from ~90% marine carbonates, with small contributions from mantle carbon and organic
matter (Lupton et al., 2006). Lupton et al. (2006) also note that the fact that the radiocarbon is

225



“dead” (age = 50,000 years) suggests that the source is subducted carbonates incorporated into
the melt at depth in the subduction zone and not local carbonates on the
volcano edifice.

Biota

Lupton et al., (2006) report few vent animals right at Champagne vent site, although an
extensive biological community was found within the surrounding few hundred m, including
mussels, shrimps, crabs, and limpits.
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B1: The Physical and Chemical Behaviour of CO; in the Ocean

The physical and chemical properties of CO, in seawater affect its fate upon release to the
deep-sea environment. In this section a brief review is given of CO, phase transitions,
buoyancy, hydrate formation, dissolution rates, chemistry of CO, in seawater, and the kinetics of
CO, hydration and hydroxylation.

B1.1 CO, Phase Transitions

The phase transitions of CO, in the ocean are shown in Figure 1 as a function of temperature
and hydrostatic pressure. Also shown for comparison are typical water column temperature-
pressure profiles for the major ocean basins (from WOCE profiles).

Pure CO, exists as a gas in shallow surface waters, where the gas to liquid transition occurs at
approximately 400-500m, depending on location and thus the water column temperature profile
(see Table 1 & Figure 1 below). In the cold North and Barents Seas, off the coast of Norway,
this transition occurs at slightly shallower depths of ~350-380m. (North Sea Hydrographic
profiles from Norway Institute of Marine Research, via BODC database).
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TABLE 1: Depth Of Gas To Liquid Transition In Worlds Oceans

Region Pressure Depth Temperature
(dbar) (m) (°C)
North/Barents Sea (64.7°N, 0.07°E) 345 341 0.7
North/Barents Sea (64.4°N, 0.7°E) 360 356 2.3
North/Barents Sea (62.7°N, 3.9°E) 381 377 4.5
North Pacific Ocean (E) 402 399 6.5
Indian Ocean 436 433 9.6
North Atlantic Ocean (E) 461 457 11.8
North Pacific Ocean (W) 464 460 121
North Atlantic Ocean (W) 530 510 17.5
FIGURE 1: CO, Phase Diagram
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B1.2 CO, Density

CO. is a highly compressible fluid.

The density of CO, can be calculated from the equation of state (Span & Wagner, 1996). A
software package, CO2Tab, based on this equation of state is commercially available. Under
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this approach, the properties of CO, are determined from fundamental equations, with no
interpolation or curve fits to raw data. When densities calculated using CO2Tab are compared
to CO, compressibility data available for the P-T conditions of interest here (Perry, 1950), a
minor offset is observed (Figure 2a), where the application of a simple correction factor results
in excellent agreement between the calculated and experimental values (Figure 2b; E. Peltzer
pers. comm.). Within this report, all calculated CO, densities are the theoretical value
determined from CO2Tab divided by the correction factor of 0.9956.

FIGURE 2: Comparison of the Theoretical and Observed Density of Liquid CO,
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The increase in density of liquid CO, (pcoz) with increasing hydrostatic pressure (depth) is
shown in Figure 3 in comparison to the density of seawater (psw). The point of neutral
buoyancy (pco2 = psw) occurs at ~2600 dbar (see Table 2 and Figure 3). Thus at depths below
this point CO, is more dense than seawater and will form a sinking plume, and at depths above
this point CO, is less dense the seawater and will form a rising plume.

TABLE 2: Depth at which CO, is Neutrally Buoyant in the Worlds Oceans

Region Pressure Depth
(dbar) (m)

North/Barents Sea 2277 2243
North Pacific Ocean (W) 2561 2528
North Pacific Ocean (E) 2576 2543
Indian Ocean 2584 2554

North Atlantic Ocean (E) 2725 2688
North Atlantic Ocean (W) 2765 2727
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Hydrostatic Pressure (dbar)

Hydrostatic Pressure (dbar)

FIGURE 3: COMPARISON OF SEAWATER & CO, DENSITIES
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B1.3 CO, Hydrate

CO, readily forms a gas hydrate (or clathrate), where the phase boundary is well known, and in
the Pacific Ocean typically occurs at ~325m depth (see Figure 1). Hydrates are a solid ice-like
phase formed at low temperature and high pressure between a mixture of water and low
molecular weight gases, where the ‘host’ water forms a molecular cage that traps the ‘guest’
gas. The water molecules that form the lattice are strongly hydrogen bonded with each other,
and the gas molecules interact with the water molecules through Van der Waals forces. CO,
forms a structure 1 hydrate (see Figure 4), which consists of 2 small water cages (5 pentagons,
5'%) and 6 large cages (5 pentagons & 6 hexagons, 5'°67).

The reaction for CO, hydrate formation is:
CO, (g or I) + nHO (I) > CO4,:nH,0 (s)

Where n is the hydration number (average moles of water required to cage one mole of CO5,).
For the ideal hydrate, n has a value of 5.75, however the actual value of n for CO, hydrate
typically varies from 6.07 to 7.8 (Yamamuro and Suga, 1989; Sloan 1991). In a review of the
physical properties of CO, hydrate, Uchida et al. (1995) report a mean hydration number of
7.30+0.13.

A fullé/ formed crystalline CO, hydrate (i.e. no void space/gas pockets) has a density of 1.112
g/cm” (recommended value of Chen (1972) and Bozzo et al. (1975); range in reported values is
1.054 to 1.134 g/cm® (Uchida et al., 1995 and references therein; Aya et al., 1997)). CO,
hydrate is thus denser than seawater at all depths. Hydrate formation within the sediment
column or at the sediment-seawater interface at a CO, vent site may therefore form a barrier to
the rise of buoyant liquid or gaseous CO, (e.g. Lupton et al., submitted; Inagaki et al.,
submitted). Figure 5 shows a mass of CO, hydrate formed at the seafloor at a depth of ~3600m.

FIGURE 4: Structure 1 Hydrate consists of 2 small cages and 6 large cages. (a) Cages are
formed by hydrogen bonding between water molecules shown in red (O) and white (H). The
guest gas molecule is shown in green (CO,). (b) Small cage geometry (512) (c) Large cage
geometry (5'%6%).
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FIGURE 5: CO, Hydrate at the Seafloor (3600m water depth). (a) A pool of liquid CO,
dispensed at the seafloor and contained within a white plastic corral. Note the presence of a
thin hydrate film at the CO,-seawater interface (b) The same corral 24 hours later showing
formation of solid CO, hydrate. Note the ‘frost-heave’ appearance with sediments covering the
surface of the CO, hydrate. This suggests that the dense liquid CO, penetrated into the
sediment pore-space, leading to super-saturation of the pore-fluids, and enabling the rapid
formation of a massive hydrate to erupt from the sediment column (Dunk et al., 2002).

B1.4 Dissolution rate of CO, in the ocean

Exposed to an excess of seawater, CO, will eventually dissolve forming an aqueous phase with
density higher than the surrounding seawater. The dissolution rate of liquid CO, can vary
greatly with the vigor of mixing, which changes the surface area exposed, the thickness of the
diffusive boundary layer, and potentially the thickness of the hydrate membrane formed.
Measurements of the dissolution rate of liquid CO, and CO, hydrate have been made under
varying conditions both in the laboratory and in-situ (see Table 3 for summary).

In a pressure vessel experiment, Aya et al (1997) measured the dissolution rate of a liquid CO,
droplet at 30 MPa (absolute pressure, approximately equivalent to ~3000 m water depth) and
4.5 °C in the presence and absence of a hydrate membrane, determining rates of 1.7 and 2.8
umol/cm?s respectively. Under comparable conditions in an in-situ experiment (3600m water
depth, 1.6°C), Dunk et al. (2002) determined the dissolution rate of liquid CO, through a hydrate
membrane under static conditions (i.e. shielded from seafloor currents) from pH perturbations,
giving a dissolution rate of 1.7 umol/cmzs, in excellent agreement with the pressure vessel data.

In a dynamic water column experiment, Brewer et al. (2002) tracked buoyant CO, droplets
(sheathed with a hydrate membrane) released at a depth of 800m and temperature of 4.4°C.
The initial rise rate for 0.9 cm diameter droplets was 10 cm/s at 800m, and the dissolution rate
(calculated from droplet shrinkage rates) was 3.0 umol/cmzs, where 90% of the mass loss
occurred within 30 minutes over a 200m ascent from the release point. This moderately faster
dissolution rate most likely reflects the dynamic conditions surrounding the plume droplets (i.e.
thin boundary layer, under-saturation of seawater with respect to CO,).

In contrast, Dunk et al. (2005) reported a slower dissolution rate of ~0.5 umol/cmzs for liquid
CO, through a hydrate membrane at 500m water depth and a temperature of 6°C. Although
this experiment was conducted in-situ, the dissolution rate was determined in a closed vessel
experiment, where the CO, was in contact with seawater that became progressively enriched in
CO,, and slow mixing rates were intermittently applied. Furthermore, visual observations
indicated the formation of a comparatively thick hydrate membrane at the CO,-seawater
interface. Indeed, this dissolution rate is more comparable to that determined for solid CO,
hydrate by Rehder et al. (2004). These authors transported cylindrical specimens of pure
polycrystalline CO, hydrate (CO,-5.75H,0) to the seafloor (1028m, 3.5°C) and measured the
hydrate shrinkage rate under natural boundary conditions (variable flow field and under-
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saturation of seawater with respect to CO, hydrate), determining a dissolution rate of 0.4
pmol/cm?s (Rehder et al., 2004).

TABLE 3: Dissolution rate of CO, in Seawater

Location

CO, Phase

(L=liquid, H=hydrate)

Conditions

Dissolution Rate

(umollcmzs)

Pressure Vessel

Monterey Bay
Seafloor
Water Column
Closed Vessel
Seafloor

L + H membrane
L

L + H membrane

L + H membrane

L + H membrane
H (n=5.75)

30MPa, 4.5°C1.7
30MPa, 4.5°C2.8

3600m, 1.6°C, static
800m, 4.4°C, dynamic
500m, 6.0°C, variable
1000m, 3.5°C, dynamic

1.7
3.0
0.5
0.4
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B1.5 Ocean Chemistry of CO,
e CO, Thermodynamics

Following addition of CO, (gaseous, liquid or hydrate) to under-saturated seawater, the CO, will
dissolve to form the aqueous phase:

COz (g, I, h) > COz (aq) (1]
Aqueous CO, then reacts with water to form carbonic acid (H,COj3):

CO; (aq) + H,O R H,CO4 [2]
Carbonic acid dissociates rapidly to form the bicarbonate ion (HCO3') and a hydrogen ion (H,
N.B. will actually be present as hydronium ions H;O"):

H,CO3 R HCO3 + H' [3]

It should be noted that H,CO; as a distinct chemical species has not been spectroscopically
detected, and that the majority of dissolved CO, is present in the aqueous form (~99.7%,
Langmuir, 1997). The direct reaction pathway from aqueous CO, to bicarbonate may also be
significant:

CO; (aq) + H,0 R HCO5 + H* [4]

As the two species CO, (aq) and H,COj; cannot be distinguished from each other, for the
purposes of equilibrium calculations these terms are combined as total dissolved CO, (referred
to in the literature as both CO,* and H,CO3*):

COQ* = C02 (aq) + H2CO3 [5]

Where the solubility of CO, is dependent on the fugacity of CO, (f = partial pressure of CO,
corrected for non-ideal behavior. The fugacity is about 0.3% to 0.4% lower than the partial
pressure over the conditions of interest) and K; (the solubility coefficient of CO, in seawater):

_ [co,]

— 6
° f(Co,) 1]

And reactions [3] and [4] are approximated to an overall reaction with equilibrium constant K,
(first dissociation constant of carbonic acid):

CO, = HCO5 + H" [71

_[HCO; J[H"]

- (8]
[CO; ]

1
The bicarbonate ion can undergo a further dissociation to form carbonate and a second
hydrogen ion, with equilibrium constant K, (second dissociation constant of carbonic acid):

HCO3 ® CO;” + H' [9]

_[COF][H"]

[10]
[HCO, ]

2

K; and K, have been determined for various temperatures and salinities by several different
investigators. The data presented by Merbach et al. (1973) are based on experiments
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conducted using real seawater, and the values of K; and K, preferred here are the recent refits
of this data presented by Lueker et al. (2000). The preferred value of K, is from Weiss (1974).

The total dissolved inorganic carbon in seawater (referred to within the literature variably as DIC,
TCO,, TC, or ZCO,) is the sum of carbon contained within this system:

TCO, = CO,* + HCO3 + CO5* [11]

o Buffering & Alkalinity

The oceans have a large chemical capacity to take up CO, due to the extensive buffering
capacity of the seawater carbonate system.

The oceans are described as a highly buffered system since relatively large quantities of acid or
base can be added to seawater without causing a large change in pH, i.e. the concentration of
chemical species whose equilibria controls pH (log:«{H'}) is significantly higher than the
concentrations of either H" or OH".

The alkalinity of seawater is its capacity to act as a base by reacting with protons (hydrogen
ions). In this respect, alkalinity can be considered as the ability of seawater to neutralize added
acids, and is sometimes referred to as the acid neutralisation capacity (ANC). Several anions in
seawater can act as buffers, where total alkalinity (TAIk) is measured in milli-equivalents per litre
(meqg/L). Various definitions of alkalinity (differing in the seawater ions included) have been
given in the literature. The definition presented here is that given by Dickson (1981):

TAK = [HCO;] + 2[CO5”] + [B(OH)4] + [OH] + [HPO,*] + 2[PO,*] +
[SIO(OH)3T + [HS] + 2[S] + [NH3] — [H'] — [HSO, ] — [HF] — [HsPO,] [12]

At circumneutral pH, the pKas of boric, phosphoric, silicic, and sulfuric acids are such that these
acids make a small contribution to TAIk (i.e. these acids are dominantly present in the
protonated forms), and the concentration of the hydrogen and hydroxide ions are near negligible.
The Carbonate Alkalinity (CAIk) can therefore be used to approximate seawater alkalinity. As
the concentration of carbonate is also significantly lower than that of bicarbonate, unless there
are significant amounts of organic acids present, seawater alkalinity is largely dependent on the
concentration of the bicarbonate ion.

CAlk = [HCOs] + 2[CO;”] = [HCO5] [13]
o Effect of adding CO, to Seawater
Adding CO; increases TCO, without changing TAlk (no change in total charge).

The principal effect of adding CO, to seawater is to consume the carbonate ion and to form the
bicarbonate ion:

CO; + Hy,0 + CO5* > 2HCOy [14]
In addition, some CO, undergoes simple reaction with water
CO, + H,0 > H' + HCOy [15]

In either case, TAIk does not change. The combined reactions produce bicarbonate, and lower
both ocean pH (increase acidity) and carbonate ion concentration (see Figure 7 below).

The speciation of the TCO, system in seawater as a function of pH is shown in Figure 6.
Although it may appear that pH controls the relative proportions of the CO, system species, this
is somewhat misleading. Rather it is the TCO, that controls the speciation of the CO, system
and thus the pH of seawater. This is illustrated in Figure 7, which shows the pH, CO,*, HCOj3
and CO,;” concentrations for a parcel of seawater that is progressively enriched in TCO.,.
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FIGURE 6: Speciation of the CO5 System in Seawater as a function of pH.

Pacific Ocean water (WOCE Line P17N, Station 10) at P =458.1 dbar, S=34.1, T=6.0°C,
TCO, = 2886.9 mmol/kg, TAlk = 2306.4 meq/kg, pH = 7.614 (total scale).
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FIGURE 7: Change in CO, system speciation and seawater pH on enrichment of
seawater TCO, (i.e. addition of CO, up to 5 times seawater concentration).
Pacific Ocean water (WOCE Line P17N, Station 10) at P = 458.1 dbar , S =34.1, T = 6.0°C,
TCO, = 2886.9 mmolikg, TAlk = 2306.4 meqg/kg, pH = 7.614 (total scale).
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e Dissolution of Calcium Carbonate
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The solubility product, Ksp, defines the solubility of a mineral. Ksp is the product of the
concentration of the constituent ions of the mineral in solution when at equilibrium with the solid
phase, and will vary with T and P. For calcium carbonate (CaCOs;):

Ksp = [Ca™"][CO5"] [16]

There are two polymorphs of calcium carbonate, calcite and aragonite. Aragonite is more
soluble than calcite, thus Ksp(aragonite) > Ksp(calcite).

The saturation state of seawater with respect to calcium carbonate is described by the solubility
ratio, Q:

Q = [Ca”"][CO5"/Ksp [17]

Where values of Q <1 represent undersaturation (CaCO; will dissolve) and values of Q >1
represent supersaturation (CaCOj; will precipitate).

The consumption of CO3> following the addition of CO, to seawater (see equation 14 above)
will decrease Q. Depending of the initial value of Q, this will either make it more difficult to
precipitate CaCOg3, or lead to dissolution of CaCOs.

Dissolving CaCOg3 produces CO5?, thus adding 2 mole equivalents of TAlk and one mole of
TCO, to seawater through the reaction:

CaCO; (s) R Ca®* + CO5> [18]
The carbonate ion will then react with CO, to form bicarbonate:
CO; + COs* + H,0 R 2HCOg [19]

Thus increasing TAIk more than TCO, leads to a decrease in the partial pressure of CO,, and
the overall effect of dissolving CaCO; is:

CaCO; (s) + CO, + H,0 R Ca” + 2HCO; [20]
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B1.6 Measurement of the CO, System in Seawater
e Analysis of the CO; system at ambient concentrations

At ambient seawater concentrations (TCO, = 2 mmol/kgg, it is not currently possible to measure
the individual concentrations of CO,*, HCO3; and CO;” in seawater, and the CO, system is
characterized by four measurable parameters:

(1) Total Alkalinity, TAIk (equation 12 above)

(2) Total Inorganic CO,, TCO, (equation 11 above)

(3) pH = -log1o{H"}

(4) the fugacity of CO, in air that is in equilibrium with the sample, f(CO5)

The knowledge of any two of these parameters, along with temperature, pressure, abundances
of other constituents of seawater (principally the concentrations of Si and PO43'), and the
relevant equilibrium constants, allows determination of the other two parameters, and the CO,
system speciation. In practice, a third parameter is usually measured to check the internal
consistency of any measurements and calculations.

NOTE: an excellent software package, CO2SYS, which calculates the CO, system
speciation under user-defined conditions is available for download free of charge (Lewis
& Wallace, 1998).

¢ Analysis of the CO, system at elevated concentrations

Although there are as yet no techniques available for the direct determination of the CO, system
speciation at ambient concentrations (TCO, = 2.0-2.5 mmol/kg), new techniques are being
developed for in-situ analysis at higher concentrations. In particular, Raman spectroscopy
offers the unique promise of separate detection of the CO, system species, since each has a
characteristic spectroscopic signal (Nakamoto, 1997; Davis & Oliver, 1972, Figure 8).

The rapid development of laser Raman spectrometers (LRS) for deep-sea science (Brewer et
al., 2004a; Pasteris et al., 2004) provides new opportunities for advanced detection of the
oceanic CO, system. In a recent deployment of a deep-sea LRS, Dunk et al. (2005) reported
an in-situ detection limit for CO,* of ~10 mmol/kg (at 500 m depth), improving considerably on
the previously reported detection limits for the aqueous CO, system. Although direct
comparisons between detection of CO,*, HCO3', and CO32' should not be made due to different
Raman scattering efficiencies of these species, laboratory analysis has demonstrated that the
current DORISS system allows direct detection of 15mM HCOj;, where the use of a new
generation of advanced high volume collection optics (product currently under development
from Kaiser Optical Systems, Inc.) enables direct detection of 7mM HCO; (Brewer et al.,
2004b).

In summary, Raman detection of the oceanic CO, system (TCO, = CO,* + HCO; + CO32') is
capable of providing direct quantitative assessment of carbonate system speciation at elevated
levels (ca. 5-10 times ambient seawater concentrations). The application of the Raman
technique is therefore suitable for examination of natural deep-ocean volcanic CO, sources, and
other sites where elevated CO, concentrations are expected (e.g. monitoring of oceanic CO,
disposal sites or the seepage or leakage of CO, from sub-seafloor geologic sequestration sites).
Furthermore, although the natural levels of CO, in the ocean are typically too low to detect with
current instrument sensitivity, there are significant opportunities for signal enhancement (3,4).
These techniques are currently under development for application in the ocean, and in-situ
detection limits can be expected to improve substantially over the next 5-10 years.
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Intensity

FIGURE 8: Raman Spectra of CO,* HCO, and 0032'

The spectrum for CO,* (136 mmol/kgwas acquired in-situ). The spectra for HCO, and
CO,* were acquired in the laboratory from aqueous solutions of NaHCO,-Na,SO,

(487 mmol/kg:31 mmol/kg) and Na,CO,-Na,SO, (124 mmol/kg:31 mmol/kg), where the
concentration of SOf‘ is approximately equal to that of seawater. The peak at 1332 Acm’!
is from a diamond wafer placed in the optical path of the instrument.
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B1.7 CO; Rich Plumes, Perturbation of Seawater pH & the Kinetics
of CO, Hydration and Hydroxylation.

The slow hydration and hydroxylation kinetics of carbon dioxide at ambient temperatures and
pressures are well known to ocean chemists. This has serious implications both for the sensing
of CO; rich plumes and the accurate estimation of the TCO, burden in the water column
surrounding a CO, release site.

In investigations of CO, dissolution in seawater as part of an ocean CO, sequestration scenario,
Brewer et al. (2005) artificially created a CO, rich plume of seawater by generating flow over a
contained reservoir of liquid CO, placed on the seafloor. CTD & pH sensors were placed at
various distances downstream from this “benthic flume”. When currents were favorable, the
plume of CO, enriched seawater passed the sensors, and negative pH spikes were recorded.
Although a decrease in pH is expected from the addition of CO, (see Figure 7 above), the low
pH excursions were frequently accompanied by negative spikes in conductivity. Normally, one
would expect that if sufficient CO, had dissolved to depress the pH, a proportional increase in
the conductivity would occur due to the presence of additional H* and HCO; ions. Brewer et al.
(2005) attributed the negative spikes in conductivity to disequilibrium in the CO, system, where
varying quantities of excess dissolved CO, were "diluting" the seawater salinity, and hence
decreasing the conductivity.

The presence of unreacted CO, was confirmed by drawing a sample (~500 ml) of the CO,
enriched seawater from the plume into a reaction vessel fitted with pH probe. The reaction
vessel was then closed, and the trapped solution pumped around a small recirculation loop (to
ensure thorough mixing) until the system had reached equilibrium (see Figure 9). While the
initial pH of the plume water at the time it was drawn into the reaction cell was ~0.22-0.25 units
below ambient, at equilibrium the ApH was much larger at 1.06-1.11 units (Figure 9). For this
example, using the pH measured in the plume would suggest a TCO, enrichment of ~70-80
pmol/kg, underestimating the true TCO, enrichment by a factor of 6-7.

In summary, the slow hydration of CO; is such that at a CO, release site, local advection may
remove the reactants far from the observing site before equilibrium is reached. A pH electrode
senses only hydrogen ions, and thus will not detect the dissolved CO, signal until after the
hydration step, and subsequent rapid de-protonation steps, are complete. This can result in
significant underestimation of the true dissolved CO, burden. Corrections to this can be made
by either (i) observing the reduction in conductivity caused by the large quantity of non-ionic
CO, flowing by the sensor or (ii) trapping a sample of the CO, enriched water and allowing it to
reach equilibrium.
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FIGURE 9: Example of CO, System Disequilibrium

The pH record from a closed loop flow experiment carried out on water samples
drawn from a CO, rich plume. Ambient seawater pH of 7.88 is measured above
the plume (A). The intake tube is lowered into the plume, and a decreased
varying pH of ~7.6 is observed (B). On closing the circulation cell, the pH
signal quickly drops to a stable pH of ~6.77 (C). The sequence is repeated by
opening the cell, recording once again higher, and rapidly varying, pH signals in
the CO, rich plume (D). Upon closing the cell the pH again drops (E). On
opening the cell and raising the intake tube into background seawater normal
and stable ocean values are recorded (F).
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Johnson (1982) reported the rate constants for the hydration and hydroxylation of CO, in
seawater as a function of temperature. Zeebe and Wolf-Gladrow (2001), have compiled an
elegant and comprehensive kinetic model of CO, hydration and hydroxylation, which illustrates
the strong impact of pH on the rate of reaction. In recent work the Zeebe and Wolf-Gladrow
model has been compared to observed in-situ reaction rates measured at depths from 5 to
1000m in the Pacific Ocean (Peltzer et al., 2005; Dunk et al., in prep). Based upon these
comparisons, it is clear that experimental measurements made in-situ are in very good
agreement with the model of Zeebe and Wolf-Gladrow (2001). Likewise, for future
measurements in dynamic environments, this model should be an excellent predictor of the time
necessary to achieve equilibrium and thus provide an advance indication of the spatial and time
frames for analyses. A MATLAB script file for performing these calculations is available (Dunk
et al., in prep).

NOTES ON PRESSURE

Absolute Pressure = Hydrostatic Pressure + Pressure at sea-level (1 atm)

Hydrostatic pressure (dbar) is approximately equivalent to depth (m), where the absolute relationship
between these parameters is dependent on latitude (Unesco, 1983).
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