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The potential for leakage of CO, from a storage reservoir into the overlying marine sediments and into
the water column and the impacts on benthic ecosystems are major challenges associated with carbon
capture and storage (CCS) in subseafloor reservoirs. We have conducted a field-scale controlled CO,
release experiment in shallow, unconsolidated marine sediments, and documented the changes to the
chemical composition of the sediments, their pore waters and overlying water column before, during and
up to 1 year after the 37-day long CO,; release. Increased levels of dissolved inorganic carbon (DIC) were
detected in the pore waters close to the sediment-seawater interface in sediments sampled closest to
the subsurface injection point within 5 weeks of the start of the CO, release. Highest DIC concentrations
(28.8 mmol L', compared to background levels of 2.4 mmol L-!) were observed 6 days after the injection
had stopped. The high DIC pore waters have high total alkalinity, and low §'3Cp;c values (—20%., compared
to a background value of —2%.), due to the dissolution of the injected CO, (§'>C=—26.6%.). The high DIC
pore waters have enhanced concentrations of metals (including Ca, Fe, Mn) and dissolved silicon, relative
to non-DIC enriched pore waters, indicating that dissolution of injected CO, promotes dissolution of
carbonate and silicate minerals. However, in this experiment, the pore water metal concentrations did
not exceed levels considered to be harmful to the environment. The spatial extent of the impact of the
injected CO, in the sediments and pore waters was restricted to an area within 25 m of the injection point,
and no impact was observed in the overlying water column. Concentrations of all pore water constituents

returned to background values within 18 days after the CO, injection was stopped.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).
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1. Introduction

The greenhouse gas CO, is emitted in large quantities from
fossil-fuel power plants and other industrial activities, such as the
production of concrete and steel. Capture of this CO, and its storage
in deep geological formations (carbon capture and storage—CCS)
is an important technology for reducing global carbon emissions
and consequently for contributing to the deceleration of global
warming (Energy Technology Perspectives, IEA, 2008; IPCC special
report on Carbon Dioxide Capture and Storage, 2005). Large-scale
storage of CO, is proposed both onshore and off-shore, in deep
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saline aquifers (Bachu and Adams, 2003; Gunter et al., 1998;
Vangkilde-Pedersen et al., 2009), hydrocarbon fields (Kovscek,
2002; Zhang et al., 2011) and un-minable coal seams (Kronimus
et al., 2008; White et al., 2005). Within Europe about 40% of the
known storage capacity lies offshore, mainly in the North Sea basin
(Implementation of Directive 2009/31/EC on the Geological Storage
of Carbon Dioxide, 2011). Storage in sub-seabed depleted oil and
gas fields is relatively low-risk and cost-efficient compared to other
storage options, allowing the removal of large volumes of CO, into
well sealed reservoirs (Glover, 2009; Holloway, 2005). Neverthe-
less, potential leakage scenarios include pipeline- and injection
failures, failure of the cap rock seal, or leakage through natural fault
systems (Bachu and Watson, 2009; Blackford et al., 2009; Burnside
et al.,, 2013; Duncan and Wang, 2014; Gherardi et al., 2007). To
ensure the protection of human health and the environment in
the event of CO, leakage, a number of regulatory frameworks
have been put in place (IPCC Guidelines for National Greenhouse
Gas Inventories, 2006; OSPAR Guidelines for Risk Assessment and

1750-5836/© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/3.0/).


dx.doi.org/10.1016/j.ijggc.2014.10.008
http://www.sciencedirect.com/science/journal/17505836
http://www.elsevier.com/locate/ijggc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijggc.2014.10.008&domain=pdf
http://creativecommons.org/licenses/by/3.0/
mailto:alic@noc.ac.uk
dx.doi.org/10.1016/j.ijggc.2014.10.008
http://creativecommons.org/licenses/by/3.0/

A. Lichtschlag et al. / International Journal of Greenhouse Gas Control 38 (2015) 80-92 81

Management of Storage of CO, Streams in Geological Formations,
2007), which include plans for risk management (Implementation
of Directive 2009/31/EC on the Geological Storage of Carbon Dioxide).
Nevertheless, the potential impacts of CO, leakage on the marine
environment, and methods for the detection of leakage and its foot-
print in offshore settings, are at present largely unknown.

At water depths of less than ~300m, CO, released from sub-
seabed storage reservoirs that reaches the surface sediments will
either be in the gas phase, or dissolved in the sediment pore waters,
which lowers their pH (Eq. (1)):

COz(g) =+ H20(1) <~ H2 CO3(aq)
< H*(aq) +HCO3 ™ (aq) < 2H" (39)+CO3° (o) (1)

Laboratory experiments and field studies at natural CO, seeps
indicate that low-pH fluids can affect benthic ecosystems in a
number of ways, including the inhibition of shell formation in
some calcifying organisms, reduced metabolic activity and major
changes to the composition of bacterial and faunal communities
(e.g. Bednarsek et al., 2012; Fabricius et al., 2011; Krause et al.,
2012; Murray et al., 2013; Riebesell et al., 2007). In addition, rates
of some natural mineral weathering reactions increase at low pH
(Ganor et al., 1995), and dissolution and/or desorption of metals
from minerals may be enhanced (Payan et al., 2012; Wunsch et al.,
2014, 2013). These mobilised metals may accumulate in marine
organisms (Lopez et al., 2010), can inhibit growth (De Orte et al.,
2014) or even have lethal effects (Riba et al., 2003; Basallote et al.,
2014).

While laboratory experiments and studies of natural CO, seeps
are useful, they cannot fully assess the effects of increased CO,
concentrations on the benthic ecosystem, either because the
ecosystems will have adapted to CO, seepage (natural seeps), or
because the influences of for instance, the natural seasonal cycling
or of biota, cannot be reproduced (laboratory experiments). To
test the effects of CO, leakage from a CCS reservoir on the marine
environment under natural conditions, we therefore conducted a
field-scale, in situ CO, release experiment in a Scottish sea loch.
The experiment, “Quantifying and Monitoring Potential Ecosystem
Impacts of Geological Carbon Storage (QICS)”, involved the release
of 4.2t of CO, at 11 m sediment depth into coastal sediments over
a time period of 37 days. Here, we report the results of analyses
of the chemical composition of (i) the marine sediments, (ii) their
pore waters, and (iii) the overlying water column, before, during
and after the CO, release. Our data indicate that while the chemi-
cal composition of the sediments and the overlying water column
were largely unaffected by the release of CO,, there were signifi-
cant changes to the composition of the pore waters in the sediments
above the injection point. The consequences of these changes for
the benthic ecosystem and the recovery of the system are subse-
quently discussed.

2. Sampling and methodologies
2.1. The QICS experiment

Full details of the QICS experiment can be found in Taylor et al.
(2015-b). Briefly, CO, gas was released from a borehole drilled
through the bedrock, into the upper overlying unconsolidated
marine sediments, 350 m offshore in Ardmucknish Bay, on the west
coast of Scotland (Fig. 1A). The water depth was 10-12 m, depend-
ing on the state of the tide, and the sediments above the injection
point were 11 m thick. A total of 4.2 t of CO, gas was injected over
a time period of 37 days, taking place from May 17th to June 22th
2012.

Within hours of the start of the CO, injection, bubbles were
observed flowing from the seabed into the water column, and a
series of pockmarks formed approximately 2 to 10 m south-west
of the CO, injection point (Blackford et al., 2014). Seismic imaging
showed the presence of a subsurface plume of gas approximately
50 m in diameter 12 days after the start of the CO, injection; by the
end of the injection the plume was more spatially focussed with a
diameter of approximately 20 m (Cevatoglu et al., 2015; Blackford
etal.,2014). The bubble streams ceased as soon as the CO, injection
was stopped (Kita et al., 2015).

To determine the impact and footprint of the injected CO, on the
near-surface sediments and pore waters, a series of sediment cores,
~20-25 cm long, were collected from: (1) Directly above the CO,
injection point (Zone 1); (2) 25m away from the injection point
(Zone 2); (3) 75m away from the injection point (Zone 3); and
(4) 450 m away from the injection point (Zone 4) (Fig. 1B). Based
on the hydrodynamics of Ardmucknish Bay, Zones 1-3 are influ-
enced by sea water that is potentially affected by the injected CO5,
whereas Zone 4 is a reference site that is unlikely to be affected
by the injected CO, (Taylor et al., accepted, this issue). Samples
of the overlying water column were also taken from all 4 zones.
Both sediment and water samples were taken pre-injection (D-7/D-
6, i.e. 7 and 6 days before the start of the CO, injection), during
the gas injection (D13/D14, D34/D35, in May/June 2012), and dur-
ing 4 sampling campaigns conducted up to 1 year post-injection
(D41/D42, D53/D54, D125/D126, D356/D357/D358). Note that ‘D’
indicates the number of days pre- or post- the start of the CO,-
injection (Table 1).

2.2. Sample collection

Three sediment cores were collected in perspex tubes (5cm
inner diameter) from each zone and on each sampling cam-
paign by Scuba diving and immediately transferred for processing
to a temperature controlled room set to the in situ tempera-
ture (usually ~10°C). One core was sub-sampled for solid phase
sediment analyses and the remaining two cores were used for
sediment pore water extraction. For solid phase analysis, the sed-
iment cores were sliced at 2cm depth intervals. A sub-sample
(3mL) of each section was transferred into a glass headspace
vial containing 5mL of 1molL~! sodium hydroxide and crimp-
sealed for methane analysis. Sub-samples for porosity and grain
size were stored in pre-weighed plastic containers at 4°C and
the remainder of the sediment sample was freeze-dried for XRF
analysis.

Pore waters were extracted from the sediments through
predrilled holes in the core liners using Rhizons (type: CSS, Rhizo-
sphere Research Products, pore size <0.2 ;um), at 2 cm depth intervals
in a nitrogen-filled glove bag. Sub-samples of the pore waters
were fixed with mercuric chloride in gas-tight glass vials (with
no headspace) for dissolved inorganic carbon (DIC) and 813Cp;c
analysis, acidified with 5 pL of thermally distilled (TD) HNO5 for
cation analyses, frozen for nutrient analyses or fixed with zinc
acetate for analyses of sulphide and anions. Further sub-samples
were taken for the analysis of total alkalinity (TA) immediately after
sampling.

Water samples were collected from onboard the research vessel
Seol Mara using a 5 L Niskin bottle. Water samples were taken from
5 depths, ranging from 2 m below the sea surface to 1 m above the
seafloor, with the absolute depth depending on the tidal range.
Sub-samples were transferred into gas tight glass vials without
headspace for DIC, TA and dissolved oxygen analyses. Additional
sub-samples were frozen in plastic bottles for nutrient analyses.
At each sampling site and time point, profiles of conductivity,
temperature and depth were recorded using a CTD
(CTD = conductivity, temperature, depth; Seabird Inc. SBE19).
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Fig. 1. (A) Location of Ardmucknish Bay in the west of Scotland. Black dot marks the CO, injection point at 11 m sediment depth (release epicentre); dotted lines are depth
contours in metres. (B) Location of the sampling zones Z1-Z4 (Z=Zone) in relation to the CO, injection point (Zone 1). Modified after Taylor et al., (2015-b).

2.3. Analysis of marine sediments

The major and minor element composition of the sediments
was determined by X-ray fluorescence (XRF, Philips MagiX-pro
Wavelength dispersive X-ray fluorescence spectrometer, fitted
with a 4 kW Rh end-window X-ray tube) on fused glass beads for
the major elements and on pellets pressed into bricks for the minor
elements (Croudace and Williams-Thorpe, 1988). Total inorganic
carbon (TIC) and total carbon (TC) concentrations were measured
with a CO, coulometer (Model CM5012, UIC Inc.), equipped with
an Acidification Module (Model CM5130, UIC Inc.), and organic
carbon (Corg) was calculated by subtracting the acid soluble
fraction from the bulk carbon. Porosity was determined by mass

Table 1

difference between the wet sediment and sediment dried in the
oven at 60 °C for a minimum of 72 h, assuming a sediment density
of 2.6gcm3. Grain size was measured on the dried sediments
using a Malvern Mastersize analyser after shaking the samples
overnight in a 1% Calgon solution to disaggregate them.

2.4. Analysis of seawater samples

Oxygen concentrations were determined using the Winkler
titration technique (Winkler, 1888). DIC was measured using an
Apollo SciTech DIC analyzer (AS-C3), using a LI-COR CO,/H,0 (LI-
7000) infrared analyser to detect CO, released from the sample
after acidifying with 10% H3POg4. Total alkalinity was determined

Details of geochemical sampling conducted during the QICS experiment. Z=Zone, DIC=dissolved inorganic carbon, TA = total alkalinity, Corg =0rganic carbon, TIC=total

inorganic carbon.

Prior to release Release phase (May 17th-June

Recovery phase

22nd 2012)
Sediment
Day relative to start of D-7/D-6 D13/D14 D34/D35 D41/D42 D53/D54 D125/D126 D356/D357/D358
injection
Sampling date 10th/11th May 30th/31st May 20th/21st June 27th/28th June 9th/10th July 19th/20th Sept. 8th-10th May
2012 2012 2012 2012 2012 2012 2013
Pore fluid
DIC/8'3Cpyc 71/72]Z3]Z4 71/72(73]Z4 71/72(73]Z4 71/72]Z3]Z4 71/72(73]Z4 71/72(73]Z4 Z1
TA 71/72]73]Z4 71/72(73]Z4 71/72|73]Z4 71/72]73]Z4 71/722(73]Z4 Z1/72|73]Z4 Z1/72]Z3(Z4
Nutrients 71/72]73]Z4 71/7273]Z4 71/72|73]Z4 71/72]73]Z4 71/7273]Z4 71/72|73]Z4 71/72(73]Z4
Anions 71/72]73]Z4 71/72(73]Z4 71/72(73]Z4 71/72(73]Z4 71/72(73]Z4 71/72|73]Z4 71/72(73]Z4
Cations Z1 Z1 Z1/24 71/Z24 Z1 z4 -
Methane 71/72]73]Z4 71/7273]Z4 71/7273]74 71/72]73]Z4 71/7273]Z4 71/7273]Z4 -
Sulphide 71/72]73]Z4 71/72(73]Z4 71/72|73]Z4 71/72]73]Z4 71/72(73]Z4 71/72|73]Z4 71/72(73]Z4
Solid phase
Porosity 71/72]Z3]Z4 71/72(73]Z4 71/72|73]Z4 71/72]73]Z4 71/72(73]Z4 71/72|73]Z4 -
Grain size 71/72]73]Z4 71/72(73]Z4 - 71/72]Z3]Z4 71/72(73]Z4 - -
Major and minor - Z1 - Z1 Z1 - -
cations
Corg/TIC 71/Z24 = Z1/724 71/724 71/724 - -
Water column
Sampling date 10th May 2012 31st May 2012 18th June 2012 27th June 2012 11th July 2012 18th Sept. 2012
TA/DIC 71/72]Z3]Z4 71/72(73]Z4 Z1/72(73]Z4 71/72]Z3]Z4 71/72(73]Z4 71/72(73]Z4 -
Oxygen 71/22]73]Z4 71/722(73]Z4 71/72(73]Z4 71/22]73]Z4 71/72(73]Z4 Z1/72|73]Z4 -
Nutrients 71/72]73]Z4 71/72(73]Z4 71/72|73]Z4 71/72]73]Z4 71/7273]Z4 71/72|73]Z4 -
CTD 71/72]Z3]Z4 71/72(73]Z4 71/72(|73]Z4 71/72]73]Z4 71/72(73]Z4 71/72|73]Z4 -
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by Gran titration (Gran, 1952) with the same analyzer (Apollo
SciTech). The precision of the DIC and TA analyses (<40.4%) is
reported as the standard deviation of repeated measurements of
the same seawater sample, and the accuracy was assessed by anal-
ysis of Certified Reference Materials (A. G. Dickson, Scripps (Dickson
etal., 2007)). Nutrient concentrations were measured with a QuAA-
tro nutrient analyser. The precision of these measurements is
+0.027 wmol L~ for PO, and +0.109 pmol L~! for Si, and detection
limits are 0.004 pwmol L~ for PO4 and 0.082 pwmol L~ for Si.

2.5. Analysis of pore waters

Cations were measured by inductively coupled plasma optical
emission spectrometry (ICP-OES; Perkin-Elmer Optima 4300 DV)
and by inductively coupled plasma mass spectrometry (ICP-MS;
Thermo Scientific X-Series 2) after diluting samples by a factor of 50
with 0.04 NTD HNOj3. Standards were prepared from single element
standard solutions that covered the expected range of concentra-
tions. The reproducibility of the ICP-OES analyses, determined by
replicate analysis of the same sample, is better than +3% for all ele-
ments. Measured concentrations of a certified reference material
seawater standard (CRM-SW; High Purity Standards) were within
+5% of the certified values for all elements except the transition
metals, which have very low concentrations in CRM-SW relative to
the pore waters.

Anions were measured by ion exchange chromatography
(Dionex 1CS2500) with 9mmolL~! Na,CO3 as the eluent. Repeat
analysis of IAPSO (certified by the International Association for
the Physical Sciences of the Oceans) seawater as well as single
anion standards indicates that the reproducibility of the Cl and
sulphate analyses is better than +1%; for Br it is better than +2%.
The carbon isotopic composition of the DIC (§13Cpc) was deter-
mined using a multiflow preparation system coupled to an Isoprime
continuous flow mass spectrometer at Royal Holloway Univer-
sity of London. Measurements were made by injecting 0.5 mL of
water into vials containing orthophosphoric acid that had been
flushed with helium and equilibrating the acid and water for 4h
at 40°C (Mattey et al., 2008). §13C values were normalised to the
V-PDB scale via a calibrated sodium bicarbonate internal standard
and the standard deviation of 2 replicate measurements was less
than +0.3%.. The carbon isotopic composition of the injected CO,
(813‘Cco2 ) was measured using a modified trace gas mass spectrom-
etry system (Isoprime Ltd) (Fisher et al., 2006). Total alkalinity was
determined by titration against 0.0005 molL~! HCl using a mix-
ture of methyl red and methylene blue as an indicator. Analyses
were calibrated against the IAPSO seawater standard and the repro-
ducibility of the analyses was better than +1%. DIC in pore waters
was determined as described for water samples in Section 2.4. The
precision of the analysis is usually better than +0.1%, although for
a few samples it was slightly less (up to £0.4%). Total dissolved
sulphide concentrations (H,S+HS~ +52~) were determined using
the diamine complexation method (Cline, 1969). Concentrations

Table 2

of methane were determined by gas chromatography (Agilent
7890 with FID) with a reported accuracy and precision of better
than +£1%. Nutrient concentrations were determined after thaw-
ing and diluting the samples 20 times as described in Section 2.4.
The precision of these measurements is +0.015 wmol L~! for POy,
4+0.054 wmol L~ for Si and +0.34 wmolL~! for NHy4, and detec-
tion limits are 0.007 pwmolL~! for PO,4, 0.095 wmol L~ for Si and
0.2 pmol L~ for NHy.

3. Results
3.1. Chemical composition of the overlying water column

Variations in the chemical composition of the seawater sam-
ples that were collected before, during, and after the CO, injection
are natural and mainly due to seasonal changes (Suppl. Table 6).
Seawater temperature ranges from 9 to 14°C, and salinity varies
between 27 and 34 (Suppl. Fig. 1). These changes in salinity are due
to mixing of brackish water from nearby Loch Etive with a salinity
of 20-31, with higher salinity water (>34) transported into Ard-
mucknish Bay by tidal currents (Taylor et al., 2015-b) via nearby
Loch Linnhe.

Concentrations of dissolved oxygen, phosphate and silicon show
little variation with depth (Fig. 2), and concentrations of these
species at Zone 1, the zone closest to the injection point, are gen-
erally similar to those recorded at Zones 2, 3 and 4. Stratification
caused by the injection of the less saline and buoyant water from
Loch Etive (Taylor et al., 2015-b), is only visible in the distribu-
tion of the dissolved species in September 2012, with slightly
higher concentrations of phosphate and silicon at the sea surface
in some zones. During the course of the sampling, natural sea-
sonal variations in concentrations of oxygen (227-292 wmol L1,
Fig. 2A-D), phosphate (0-0.5wmolL~!, Fig. 2E-H) and silicon
(1-15 wmol L1, Fig. 2I-L) are observed. Highest nutrient con-
centrations and lowest oxygen concentrations are recorded in
July 2012 (D53/D54) and September 2012 (D125/D126), 1 to 3
months after the CO, injection had stopped. Although oxygen
super-saturated waters were occasionally recorded by in situ mea-
surements within 30cm of the seafloor during spring/summer
2012 (Atamanchuk et al., 2015), oxygen super-saturation is not
found in the samples taken with the Niskin bottle 1m of the
seafloor.

DIC and TA concentrations were measured in samples recov-
ered from closest to the seabed (about 1m above seafloor) and
these data are given in Table 2 together with pH values calculated
from the DIC and TA measurements using CO2SYS (Pierrot et al.,
2006). DIC and TA concentrations during the CO, injection period
(D13/D14 and D34/D35, grey shaded area in Table 2) are within the
range of values recorded both pre- and post-injection and similar
to normal seawater. Thus, we find no evidence for the presence of
injected CO, in the water column, at least in these samples. Calcu-
lated pH values (8.1-8.2) also remained within the normal range

Results of analyses of carbonate system parameters in seawater samples collected from closest to the seafloor (~1 m above the seafloor). pH is calculated from DIC (dissolved
inorganic carbon) and TA (total alkalinity) using CO2SYS (Pierrot et al., 2006) and equilibrium constants from (Mehrbach et al., 1973) as re-assessed by (Dickson and Millero,
1987). The grey shaded area indicates samples collected during the CO, injection phase. nd = not determined.

Sampling campaign Zone 1 Zone 2 Zone 3 Zone 4

DIC (mmol L-1)/TA DIC (mmol L-1)/TA DIC (mmol L-)/TA DIC (mmolL-1)/TA

(mmolL~1)/pHeac, (mmolL~1)/pHcyic, (mmolL~1)/pHeaic, (mmolL~1)/pHeyic,
D-7/D-6 2.128/nd/nd 2.038/nd/nd 2.167/2.334/8.1 2.082/nd/nd
D13/D14 2.127/2.321/8.2 2.088/2.277/8.2 2.080/2.210/8.1 2.075/2.254/8.2
D34/D35 2.069/2.258/8.2 2.134/2.315/8.1 2.145/2.339/8.2 2.155/2.373/8.2
D41/D42 2.154/2.370/8.2 2.161/2.368/8.2 2.151/2.371/8.2 2.144/2.343/8.2
D53/D54 2.145/2.368/8.2 2.143/2.366/8.2 2.140/2.375/8.2 2.153/2.371/8.2

D125/D126 2.094/2.307/8.2 2.103/2.309/8.2 1.951/2.131/8.2 1.810/1.971/8.2
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Fig. 2. Profiles of dissolved oxygen (A-D), phosphate (E-H) and dissolved silicon (I-L) measured in the water column over the course of the QICS experiment.

for seawater. The range of natural variability in Ardmucknish Bay
is visible from the variations in DIC and TA concentrations in the
months post-injection, which is comparable to variations recorded

by in situ measurements of pCO, (300-400 p.atm) (Atamanchuk
etal., 2015).

3.2. Chemical composition and physical properties of the
sediments

The grain size distribution of the Ardmucknish Bay sediments
ranges from very fine to fine sands, and porosity is 50-60% in the
uppermost 2 cm and 40-45% below (Table 5, Suppl. Table 3) and did
not change during the course of the experiment. The total organic

carbon content (Corg) of the sediments is low, ranging from 0.3
to 0.4% dry weight, and the total inorganic carbon content (TIC)
of the sediments is also low (<0.1% dry weight) and close to the
detection limit (Table 5, Suppl. Table4). The sediments are mainly
composed of SiO, and Al, 03, with some K, 0, Na, O, Fe; 03, CaO and
MgO (1-3.1%), and minor amounts of TiO,, MnO and P,05 (<0.5%)
(Fig. 3). There is little variation in the chemical composition of the
sediments with depth, or before, during and after the CO, exposure
(Suppl. Table 5). Concentrations of minor elements are generally
low, with ~5ppm Co, <20 ppm Pb, ~40 ppm Zn and ~45 ppmV.
Cu is close to detection limit (2 ppm) and As and Ni are below the
detection limit (2 ppm). Concentrations of minor elements are also
similar before, during and after the release (Table 6).
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Fig. 3. Major element composition of sediments from Zone 1 on D13/D14. The com-
position of sediments collected from this location on D41/D42 and D53/D54 are very
similar (Suppl. Table 5). LOI—loss on ignition.

3.3. Pore water geochemistry

Concentrations of all pore water species measured in Zone 1 to
Zone 4 during the different sampling campaigns are given in Suppl.
Tables 1 and 2.

3.3.1. Carbonate system parameters

Profiles of DIC, §13Cp;c and TA in sediment pore waters are
shown in Fig. 4. Over the course of the experiment, there is lit-
tle variation in DIC in pore waters from Zones 2-4 (i.e. >25 m away
from the CO, injection point) with average (+standard deviation)
values of 2.4 (+0.1)mmol L~! (Table 3, Suppl. Table 1). However,
in Zone 1, the area closest to the CO, injection point, substantial
increases in DIC due to dissolution of the injected CO, are recorded
in pore waters recovered on D34/D35 and D41/D42, i.e. 34/35 days
after the CO, injection started and 5/6 days after the injection
was stopped (Fig. 4A and B). Highest recorded DIC concentrations
are more than 10 times higher than the background concentra-
tion (28.8 mmolL~! compared to a background of 2.4 mmolL-1);
these are found in pore waters from below 14 cm sediment depth
on D41/D42 (Fig. 4, Table 3). Above 14 cm, DIC concentrations of up
to 8mmol L~! are measured (see also Blackford et al. 2014). Note
that these are minimum values, because gaseous CO, can be lost
during core retrieval if DIC concentrations are high. Between 2 and

Table 3

3 weeks post-injection (D53/D54), the DIC concentrations in Zone
1 returned to close to pre-injection background values (Fig. 4B,
Table 3). 813Cpc values show a slight shift from around —2%. to
more negative values (—6%.) in Zones 2, 3 and 4 during the summer
months (Fig. 4H-]). However, pore waters with high DIC concen-
trations (D34/D35 and D41/D42) from Zone 1 have much lower
813Cpyc values, aslow as —20%. (Fig. 4F). The carbon isotopic compo-
sition of the injected CO; is —26.6%.. The pore waters of Zone 1 with
high DIC and low §'3Cp;c values also have extremely high TA (up to
26.1 mmol L~1, compared to a background of 2.5 (+0.3)mmol L~!
measured in Zones 2-4) (Fig. 4K-0, Table 3).

3.3.2. Cations and anions

In Zone 1 concentrations of some cations are also higher than
average in pore waters with high DIC and TA, and low §'3Cpg, i.e.
pore waters sampled on D34/D35 and D41/D42 (Fig. 5, Table 3).
These samples have high Ca concentrations (up to 18.6 mmol L~!
compared to average values of 9.9 mmol L) (Fig. 5A and B, Table 3),
and concentrations of B, Sr and Li are up to 1.2, 1.4 and 3 times
higher than average background, respectively (Fig. 5C-F, Table 3).
In addition, concentrations of Mn and Fe are up to an order of mag-
nitude higher in the high DIC pore waters of Zone 1 (Fig. 5G],
Table 3). Concentrations of Al and Ba are also slightly higher than
average in the high DIC pore waters (Table 3), but no significant
increase in concentrations of K, Na or Rb was observed in pore
waters with high DIC (Table 4). Concentrations of Y, V, Cu, Zr, Cd,
Ag, Hg, Pb, Sn and Ti were always close to or below detection limit.
In Zone 1 concentrations of all cations returned to close to back-
ground values by D53/D54, i.e. 2-3 weeks after the injection of CO,
was stopped (Fig. 5, Table 3). By contrast, concentrations of most
cations measured in pore waters from Zone 4, furthest away from
the CO, injection point, were close to seawater values before, dur-
ing and after the CO5 injection (Fig. 5, Table 3, Supplementary Table
2). Concentrations of dissolved iron (up to 7 wmol L1, Fig. 5H) and
dissolved manganese (up to 7 wmolL~1, Fig. 5]) are nevertheless
slightly higher in pore waters in the uppermost 5cm of the sedi-
ments, due to remineralisation of organic material (Canfield et al.,
1993).

Concentrations of the anions Cl, Br, and sulphate showed only
slight variations over the course of the sampling campaign, and
concentrations are similar in all 4 sampling zones. There are

Chemical composition of pore waters collected from Zone 4 (reference) compared to pore waters collected from Zone 1 (sediments less than 25 m away from the CO, injection
point). Data for Zone 4 are the average (+standard deviation) and maximum value of all data obtained for campaigns D34/D35, D53/D54 and D125/D126. Data for Zone 1 are
the average (+standard deviation) and maximum value for all data obtained for that core. The grey shaded area indicates sampling campaigns with elevated pore water DIC
concentrations. Numbers given in bold depict species that have higher concentrations in the high DIC pore waters. Seawater values are from Turekian (1968) (") or from the
OSPAR convention for the protection of the marine environment (2006) (*"). The former values are for ocean standard seawater; the latter values are for the Northern North

Sea. nd = not determined

Zone 4 Zone 1 D-7/D-6 Zone 1 D34/D35 Zone 1 D41/D42 Zone 1 D53/D54 Seawater
average maximum average maximum average maximum average maximum average maximum
DIC (mmol L") 2.3(£0.2)2.3 2.3(+0.1)24 4.0 (+2.4)103 11.4(+£10.4)28.8 2.6(£0.1)3.1 -
TA (mmol L) 2.3(£0.1)2.7 24(+£0.1)2.4 3.7 (£2.3)10.1 10.7 (+£7.6) 26.1 2.8(+0.3)3.4 -
Mg (mmol L-1) 50.2 (+1.2) 52.3 51.0 (+0.8) 51.7 51.9(+0.2)52.3 51.7 (+0.7) 52.8 50.7 (+0.5) 51.6 54"
Ca (mmolL-1) 9.4 (+0.4) 10.0 9.7 (+£0.2)9.9 104 (+0.7) 124 13.3(+£3.3) 18.6 9.9 (£0.2) 10.1 104"
Ammonium (pumol L) 89 (+£31) 150 56 (+£2) 64 59 (+£11) 95 178 (+68) 333 104 (£27) 144 -
B (wmolL1) 419 (+11) 434 461 (+16) 471 454 (+11) 480 471 (+£54) 567 442 (+14) 461 417
Si(wmolL-1) 68 (+8) 86 61(£7)70 77 (+8) 87 55 (£25) 154 78 (£7)93 105
Sr(wmolL-1) 89 (+2)94 91(£1)92 95 (+2.3) 101 104 (+11) 122 91 (£2)9%4 94"
Li (pmol L1) 27 (+£5)34 29 (+5) 35 42 (+5) 54 53 (+21) 82 35(+6)49 25°
Mn (pmol L-1) 4(£3)13 7(£1)17 11 (4£9)36 19 (£13)49 10(+2)6 0.0011-0.0028"
Fe (nmol L") 4(+7)7 4(+£2)7 10 (£6) 47 36 (+49) 162 7(£6)18 0.004-0.11"
Al (umolL-1) 0.8 (+0.6) 2.2 1.1(+03)1.5 0.8(+0.4)1.4 1.3(+0.7) 2.5 1(+0.8)2.3 0.01°
Ba (nmolL1) 0.15 (+0.03) 0.21 0.12 (+£0.02) 0.15 0.16 (+0.2) 0.19 0.20 (+0.2) 0.26 0.13 (+0.3) 0.18 0.15
Mo (pmol L) 0.2 (+0.1) 0.6 0.2(+0.1)0.3 0.2(+0.1)0.3 0.2(+0.3)0.9 0.3 (£0.1) 0.5 0.001"
Cr (nmolL-1) 9(£11)31 47 (£41) 120 26 (+11)44 20 (+15) 56 nd 2" (Atlantic Ocean)
Sb (nmolL-1) 19 (+16) 61 12 (£13) 41 13 (£13)35 8(+7)20 nd 3
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Fig. 4. Profiles of pore water DIC, §'3Cpjc and TA over the course of the QICS experiment. Note that the scales on the horizontal axis for Zone 1 (panels A, F and K) are different
from the scales used on the rest of the panels. The arrow in panel F indicates the isotopic compositions of the injected CO, gas.

Table 4

Pore water concentrations for chemical species that show little variation over the course of the QICS experiment in all four zones. Data are given as the average concentration
(+standard deviation) measured in each zone during all sampling campaigns. bd = below detection limit, nd = not determined. Seawater values are from Turekian (1968).

Species Zone 1 average Zone 2 average Zone 3 average Zone 4 average Seawater
(mmol L") (mmol L-1) (mmolL-1) (mmol L") (mmol L-1)

Cl 543 (+51) 531 (+74) 541 (+81) 521 (+40) 553

Sulphate 28 (+£2) 27 (+4) 28 (+4) 27 (£2) 28

Br 0.83 (+0.07) 0.81(+0.11) 0.83 (+0.12) 0.77 (+0.06) 0.849

Rb 13e3 (+05e4) nd nd 13e3 (£1.1e %) 14e3

K 10 (+0.2) nd nd 10 (+0.3) 10

Na 411 (+6) nd nd 406 (+8) 474

Sulphide bd bd bd bd -

Methane <le3 <le? <le <le
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Fig. 5. Profiles of pore water cations Ca, Sr, Li, Fe and Mn over the course of the QICS experiment in Zone 1 (sediments less than 25 m away from the CO, injection point)

compared to Zone 4.

no significant changes in the concentrations of these variables
with depth in the sediment column, and average values for the
upper 20-25cm of the sediments are given in Table 4. Sulphide
concentrations are always below detection limit and methane
concentrations are low (<1 wmolL~1).

3.3.3. Nutrients
In all 4 sampling zones, concentrations of dissolved silicon var-
ied between ~50 and ~100 pmolL-1, phosphate concentrations

varied between ~3 and ~10wmolL-! and ammonium varied
between ~100 and ~150 wmolL-! (Fig. 6), There is some natu-
ral variation in nutrient concentrations with site and with season,
and lowest concentrations of pore water nutrients were found in
May (in both 2012 and 2013). However, concentrations of dissolved
silicon and ammonium appear to be higher than average in pore
waters sampled from Zone 1 on D41/D42; these pore waters have
high DIC concentrations due to dissolution of injected CO, (Fig. 6A
and I).
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Fig. 6. Profiles of pore water nutrient concentrations during the course of the QICS experiment.

4. Discussion

Ardmucknish Bay is a normal-productivity marine environment
with seabed sediments that consist of fine grained sands that have
low organic carbon content. The chemical composition of the sed-
iments is typical for sandy marine environments (Tables 5 and 6),
and comparable to the composition of sediments in the North Sea
(Table 6), where the greatest opportunity for offshore CCS lies
within Europe. The chemical composition of pore waters in the
near-surface sediments of the bay prior to the injection of CO,
is similar to that of the overlying seawater, with the exception
of some metals (e.g. Fe, Mn) and nutrients, which typically have

higher levels in the pore waters than they do in the water col-
umn. Concentrations of pore water nutrients show some variation
over the summer months (Fig. 6), which is typical for near-surface
coastal sediments and is the result of seasonal changes and natu-
ral heterogeneity in the supply of organic carbon from the water
column (Klump and Martens, 1989). Increased carbon remineral-
isation during the summer is demonstrated by slightly increased
concentrations of dissolved iron (up to 7 wmolL-1, Fig. 5H) and
dissolved manganese (up to 7 pmolL~1, Fig. 5]) in pore waters in
the uppermost 5cm of the sediment. Remineralisation of organic
carbon is also indicated by pH profiles measured in the upper cen-
timetre of the sediment (Taylor et al., this issue-a). Nevertheless,
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Table 5

Properties of sediments from Ardmucknish Bay. Data are given as the average (+standard deviation) of all measurements made in each zone over the course of the experiment.
For details see Suppl. Tables 3 and 4. Grain size of 63-125 um: very fine sand, 125-250 pm: fine sand. TIC = total inorganic carbon, Corg = organic carbon, cmbsf = centimetres

below seafloor, nd = not determined.

Zone 1 average

Zone 2 average

Zone 3 average Zone 4 average

Porosity

0-2 cmbsf 0.49 (+£0.03) 0.51(+0.03)
16-18 cmbsf 0.43 (£0.01) 0.44 (+£0.01)
Grain size (pum)

0-2 cmbsf 137 (£10) 127 (£11)
16-18 cmbsf 135 (£2) 126 (£2)
TIC (% dry weight)

0-2 cmbsf 0.08 (+0.01) nd

16-18 cmbsf 0.09 (+0.01) nd

Corg (% dry weight)

0-2 cmbsf 0.3 (>£0.1) nd

16-18 cmbsf 0.3 (>£0.1) nd

0.56 (+£0.06) 0.53 (+£0.03)
0.46 (+£0.01) 0.44 (+£0.01)
118 (+11) 142 (+10)
117 (£3) 140 (£3)
nd 0.04 (+£0.01)
nd 0.03 (+£0.03)
nd 0.4 (>+0.1)
nd 0.4 (>+0.1)

rates of organic carbon remineralisation are insufficient to cause
measureable increases in pore water DIC concentrations in the
near-surface sediments (Fig. 4C-E, Table 3). The changes in con-
centrations of nutrients and some cations, together with minor
changes in Cl and sulphate concentrations (Table 4, Supplemen-
tary Table 1) are principally the result of natural changes in salinity
(Taylor et al., 2015-b), and/or seasonal variations in the rate of sup-
ply and remineralisation of organic carbon, and are not related to
CO, leakage.

The QICS experiment demonstrates that injection of CO, into
marine sediments can induce localised, transient changes in the
geochemistry of the near surface pore waters. Although release of
CO, gas into the water column in the form of bubble streams was
observed within hours of the start of the CO, injection (Blackford
et al., 2014), changes in pore water chemistry were not recorded
until 5 weeks after the start of the CO, injection (Fig. 4), and
largest changes were observed about 1 week after the injection
was stopped (Figs. 4-6). This reflects the much slower movement
of the dissolved CO, through the pore waters, relative to CO, in the
gas phase. Where the CO, enriched pore fluids reach the surface
sediments, total alkalinity increases by up to an order of magni-
tude (Fig. 4), there is release of cations including Ca, Sr, Li, Fe and
Mn (Fig. 5), and concentrations of the nutrient elements including
dissolved silicon and ammonium are also increased (Fig. 6). How-
ever, these changes are spatially restricted, and are only recorded
in pore waters from Zone 1; that is, less than 25 m away from the
CO, injection point. Concentrations of all pore water constituents
nevertheless returned to background values 2-3 weeks after the

Table 6

injection was stopped, indicating that the impact of the injected
CO, was short-lived. During later sampling campaigns, there was
no evidence for lateral spread of the dissolved CO, into near sur-
face pore waters into adjacent Zones (Zones 2-4),i.e.into sediments
located >25 m away from the injection point.

Evidence that the increase in the DIC concentration observed
in the pore waters recovered from Zone 1 was caused by the
injected CO,, comes from the carbon isotopic composition of the
DIC (8'3Cpyc, Fig. 4). Pore waters with high DIC concentrations are
enriched in 12C, with §13Cp;c values of —20%. compared to —2%o
for pore waters from this zone pre-injection. The injected CO, has
a 813C value of —26.6%., indicating that the DIC-rich pore waters
consist of a mixture of biogenic ‘background’ DIC and DIC derived
from dissolution of the injected CO, (see also Blackford et al., 2014).
Much smaller shifts in §13Cpc values, to about —4 to —6%., are occa-
sionally recorded in all 4 sampling zones. These are likely due to
in situ production of 12C0O, during the remineralisation of organic
matter, which is generally depleted in 3C with §'3C values ran-
ging from —32 to —10%. for plants and marine plankton (Zeebe and
Gladrow, 2001).

A key concern is that leakage of CO;-rich fluids from CCS reser-
voirs could result in the release of toxic metals from the overlying
marine sediments. Processes controlling metal release into pore
waters at elevated CO, concentrations include mineral dissolution
and desorption of cations from mineral surfaces (Ardelan and
Steinnes, 2010; Kirsch et al., 2014; Wunsch et al., 2014, 2013).
During the QICS experiment, concentrations of a number of metals,
including Ca, Fe and Mn, and the metalloid Si, increased in the

Concentrations of metals in sediments collected from Zone 1 on D13/D14, D42/D43 and D53/D54. Data are given as the average (+standard deviation) of all samples collected
from the upper 18 cm of each core. Data for North Sea sediments are from Stevenson (2001), sediment quality guideline values are from Long et al. (1995), and metal
concentrations in North Sea drill cuttings are from Breuer et al. (2004). LOD = limit of detection, bd = below detection limit, nd = not determined.

As (ppm) Ba (ppm) Co (ppm) Cr (ppm) Cu (ppm) Ni (ppm) Pb (ppm) V (ppm) Zn (ppm)
Zone 1D13/D14 bd (LOD=2) 668 (13) 5(+0) 11(£3) 2(£1) bd (LOD=2) 16 (£1) 45 (£3) 39 (£3)
Zone 1 D42/D43 bd (LOD=2) 674 (15) 5 (+0) 14 (+7) 3 (1) bd (LOD=2) 16 (1) 46 (+£3) 37 (£2)
Zone 1 D53/D54 bd (LOD=2) 660 (19) 5(+0) 12 (+4) 1(£1) bd (LOD=2) 15 (1) 44 (+2) 41(+2)
North Sea muddy nd 442 9 73 13 32 23 34 82
sediments
North Sea sandy nd 335 5 34 3 13 14 19 25
sediments
Guideline values
Rarely associated with <8.2 nd nd <81 <34 <20.9 <46.7 nd <150
effects 8.2-70 nd nd 81-370 34-270 20.9-51.6 46.7-218 nd 150-410
Occasionally associated  >70 nd nd >370 >270 >51.6 >218 nd >410
with effects
Frequently associated
with effect
North Sea drill cuttings  nd 22600 nd 426 374 137 4790 523 2510
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high-DIC pore waters (Fig. 5, Table 3). At the same time, TA
increased. This is consistent with weathering of mineral phases by
the dissolved CO,, including carbonates, silicates and Fe and Mn-
oxides and -sulphides, which have been shown to release cations
during short-term exposure to high-CO, conditions (Ardelan and
Steinnes, 2010; Kirsch et al., 2014; Mickler et al., 2013). Concen-
trations returned to close to background values by D53/D54, i.e.
2-3 weeks after the injection of CO, was stopped, probably due to
a combination of flushing of the permeable sandy sediments with
overlying seawater, re-precipitation of minerals in the uppermost
sediments and sinking of the denser CO,-rich pore water (Blackford
et al, 2014).

Considered together, high Ca concentrations, high TA and high
concentrations of metals typically incorporated in carbonates (Li,
Sr, Ba, B), indicate that dissolution of sedimentary carbonate is
principally responsible for the changes in pore water geochem-
istry. Nevertheless, there is no clear change in total inorganic
carbon (TIC) content of the sediments (Table 5). This is con-
sistent with the results of laboratory experiments, which show
that dissolution of carbonates is the primary source of released
metals even in sandstone aquifers that have very low carbonate
concentrations (Kirsch et al., 2014). The absolute increase in the
concentration of dissolved silicon is much smaller than the abso-
lute increase in levels of pore water Ca (Table 3), implying that the
silicate dissolution rate is much lower than the carbonate disso-
lution rate. This is also in agreement with laboratory experiments
which demonstrate that silicate dissolution rates can be ~2 orders
of magnitude slower than carbonate dissolution (Mickler et al.,
2013).

In the localised area where the injected CO, reached the near
surface sediments (Zone 1), absolute concentrations of metals in
pore waters that are perceived to be the most environmentally and
toxicologically significant, such as Cu, Ag, Cd, Hg, Sn, Pb, and Cr,
were mostly close to detection limit or low compared to heavily
polluted environments (Bryan and Langston, 1992). Some of these
metals may be present as impurities in carbonates and are released
into solution when carbonate dissolves (Kirsch etal., 2014; Wunsch
et al., 2013); additionally, some of these metals co-precipitate with
Fe—Mn oxyhydroxides and sulphides, or are present in silicate min-
erals, all of which can be dissolved in the presence of high CO,
(Mickler et al., 2013).

The extent of metal leaching depends not only on CO, concen-
trations and pH, but it is also a function of the amount of heavy
metals present in the sediment. Concentrations of environmentally
harmful metals in Ardmucknish Bay sediments are generally low
and always lower than the threshold for quantitative environmen-
tal quality guidelines often used for marine sediments and estuaries
defined by Long et al. (1995) (Table 6). Similarly, most proposed
sub-seabed CCS sites, at least in the North Sea, are overlain by sur-
face sediments that mainly consist of sands and mud and have low
levels of trace metals (Stevenson, 2001), Table 6. Nevertheless, the
overall increase in pore water metal concentrations in the QICS
experiment, even at low CO, leakage rates (Table 5), indicates that
release of metals will occur and concentrations can be expected to
be significantly higher at higher leakage rates and/or leakage dura-
tion. Moreover, if sites are contaminated by, for example, drill cut-
tings that can have order of magnitude higher metal contents than
normal sediments (Breuer et al., 2004) (Table 6), or they are located
in polluted areas such as the proposed CO, storage site in Suances
(N-Spain) estuary, then the potential for release of harmful levels of
metals may be higher still (Payan et al., 2012; Basallote et al., 2014).

Microbiological studies indicate that the abundances of
microbes and cyanobateria decreased (Tait, 2015) and the diver-
sity and abundance of macrofauna declined (Widdicombe et al.,
2015) as a result of CO, reaching the near-surface sediments in
Zone 1. As our data indicate that there were only minor changes

in heavy metal concentrations in the pore waters with high DIC,
it seems likely that these changes in the microbial and faunal
community structures are most probably linked to elevated CO,
rather than elevated metal concentrations. Advection of anoxic,
sulphidic and, in the case of a leakage from a saline aquifer,
highly saline pore waters displaced by CO, may pose an additional
threat to benthic ecosystems (Caroll et al., 2014). However, dur-
ing the QICS experiment, sulphide concentrations always remained
below detection limit, and low methane and constant chloride
concentrations suggest that the surface sediments in Ardmuck-
nish Bay were not affected by advection of fluids from other
sources. Previously, in situ benthic chamber experiments con-
ducted at 5000 patm CO, (Ishida et al., 2013) indicate that rates
of sulphate reduction and methanogenesis are enhanced in the
presence of elevated CO,. We find no evidence for this in the
Ardmucknish Bay pore waters and concentrations of sulphate are
close to values of overlying water. This is probably because the
organic carbon content of the sediments is low (<0.6%), so sul-
phate reduction and methanogenesis only occur at depth or not
atall.

Streams of CO, bubbles were observed venting from the sed-
iments into the water column within hours of the start of the
CO,, injection, and ~15% of the injected CO, was estimated to be
released as CO, gas directly into the water column. pCO, concen-
trations of up to 1250 patm were recorded just above the seafloor
in the close vicinity of the bubble streams, compared to background
values of about 360-370 patm (Atamanchuk et al., 2015). Nev-
ertheless, the absence of any increase in DIC or TA in seawater
samples collected using the Niskin bottles from ~1m above the
seafloor (Table 2) indicates that the impact of bubble dissolution is
highly localised in space and time. This is confirmed by pCO, sen-
sor measurements from 1 m above the seafloor that showed only
very localised increase of pCO, in Zone 1 (Atamanchuk et al., 2015).
Although there is no geophysical evidence for the lateral spread
of CO, in the subsurface sediments away from Zone 1 (Cevatoglu
et al., 2015), alterations in microbial abundances were observed
in sediments from Zone 2, which is located more than 25 m away
from the injection point (Tait, 2015). This raises the possibility that
CO,-enriched bottom waters could infiltrate the surface sediments
beyond Zone 1. We find no evidence for increased TA or DIC in
the pore waters in sediments from Zone 2 throughout the dura-
tion of the QICS experiment. This may mean that the microbes
either react very quickly to small and transient changes in CO, in
the water column, or that they react to parameters other than the
chemical composition of the sediment pore waters. In any case,
our data demonstrate that the chemical composition of the pore
waters even in Zone 1 rapidly returns to background levels within
2 weeks of the end of the CO, injection, as does the biology (Tait,
2015; Widdicombe et al., 2015).

Most proposed and operational offshore CCS sites are in shelf
sea environments with water depths of between 30 and 300 m
(e.g. Sleipner (110 m)). At these water depths, with minimum bot-
tom water temperatures of around 3-4°C, any CO, that leaks from
the storage reservoir and reaches the surface sediments will either
be in the gas phase, or dissolved in the sediment pore waters,
as it was in our experiment (Blackford et al., 2015). Our study
demonstrates that once leakage is detected, collection of sediment
cores and chemical analysis of pore water constituents is essen-
tial for establishing the impact of leakage on the marine ecosystem
due to changes in carbonate system, nutrient and metal dynam-
ics in the near-surface, and for assessing the effects of carbonate
buffering. Additionally, our §13Cpyc analyses also demonstrate that
if the stable carbon isotopic composition of the leaked CO, is
significantly different from background seawater, then this may
be a useful tracer of the CO, source. However, it is clear that
localised and transient changes in water column CO, concentra-



A. Lichtschlag et al. / International Journal of Greenhouse Gas Control 38 (2015) 80-92 91

tions cannot be adequately detected by ship-based sampling. To
this end, in situ measurements, for example using pCO, sensors
(Atamanchuk et al., 2015), are much more useful. Our study also
highlights the importance of establishing a chemical baseline for
the near-surface sediments and their pore waters, and the water
column, which takes into account the natural spatial and temporal
heterogeneity in shelf seas driven by biological and physical pro-
cesses such as carbon supply and remineralisation, variations in
freshwater input and mixing. Detailed recommendations for geo-
chemical monitoring at a CCS site, based on results from the QICS
experiment, can be found in Blackford et al. (2015).

5. Conclusions

In order to assess the potential effects of leakage of CO, from
subseafloor CCS reservoirs on the geochemistry of benthic ecosys-
tems, and to determine the footprint of any changes, the chemical
composition of shallow marine sediments, their pore waters and
the overlying water column has been determined before, during
and after a field-scale CO, release experiment. The total amount
of CO, injected into the sediments was relatively small (4.2 t over
37 days), but is comparable to leakage from for example an aban-
doned well (200 tyr—1, IEA, 2008) or through small fractures (<170
to 3800 tyr—1; Klusman, 2003). Nevertheless, pronounced changes
in the chemical composition of the pore waters in sediment are
observed. The injected CO, has a low §13C composition (—26.6%.),
and dissolution of this CO, into the pore waters results in low
813Cpyc values (as low as —20%., compared to background values of
~—2%.)and increased concentrations of DIC and TA. Concentrations
of Ca, Li, Sr, Ba, Si and B are also higher than background, indicating
dissolution of sediment phases. Although carbonates are the main
source of metals released to the pore waters affected by the injected
CO,, the carbonate content of the sediments in Ardmucknish Bay is
relatively low, so higher metal concentrations may be expected as
aresult of leakage from CCS reservoirs in other marine settings that
have higher carbonate concentrations in the overlying sediments.

The extent of metal release that we observe is not sufficient to
be considered as harmful for the benthic environment, as concen-
trations of released metals were very low, transient and spatially
restricted. Nevertheless, it is clear from the QICS experiment that
leakage of CO, results in rapid mobilisation of metals, and that
increased levels of dissolved CO; lead to changes in microbial diver-
sity and the composition of the benthic fauna. Thus, leakage of
CO, through sediments that have higher metal concentrations, and
higher/longer leakage, may well be detrimental to the environ-
ment.

During the release experiment, the footprint of the geochemi-
cal changes to the sediment pore waters was restricted to an area
close to the CO, injection point. Nevertheless, our data clearly
demonstrate that the impact of CO, on the benthic ecosystem is not
confined to seafloor features, such as pockmarks and gas bubbles
streams that are easily recognised using conventional monitoring
tools. The changes in the chemical composition of the pore waters,
however, are likely to be short-lived, returning to background levels
within weeks once the CO, release is stopped.
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