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Abstract

In-situ carbonation of basaltic rocks could provide a carbon storage solution
for the long term. Permanence is essential for the success and public
acceptance of carbon storage. The aim of this study was twofold, to evaluate
and make a first estimate of the theoretical mineral storage potential of CO,
in basaltic rocks, and to characterise the mineralisation process using
geochemical data from the CarbFix test site in Hellisheidi, SW-Iceland,
which comprises both injection and monitoring wells.

Studies on mineral storage of CO, in basaltic rocks are still at an early stage.
Therefore, natural analogues are important for gaining a better understanding
of the carbon mineralisation process in basaltic rocks at elevated pCO,. The
amount and spatial distribution of CO, stored as calcite in the bedrock of
geothermal systems in Iceland indicate a large storage potential for CO, in
basaltic rocks. These natural analogues were used as a guideline for
evaluating the theoretical potential of CO, storage in basaltic formations. The
largest storage potential lies offshore, where CO, may be stored in minerals
for the long term in mid-ocean ridges. The theoretical mineral CO, storage
capacity of the mid-ocean ridges exceeds, by orders of magnitude, the
amount of CO, that would be released by the burning of all fossil fuel on
Earth. Iceland is the largest landmass found above sea level on the mid-ocean
ridges, about 103,000 km?. It is mostly made of basaltic rocks (~90%), which
makes it ideal for demonstration of the viability of this carbon storage
method.

Two injection experiments were carried out in 2012 at the CarbFix site where
175 tonnes of pure CO, and 73 tonnes of a CO,-H,S-gas mixture were
injected into basaltic rocks at 500-800 m depth with temperatures ranging
from 20-50°C. All gases were dissolved in water during their injection.
Extensive geochemical monitoring was carried out prior to, during, and after
these injections. Sampled fluids from the first monitoring well, HN-04,
showed a rapid increase in Ca, Mg, and Fe concentrations during the
injections. Pyrite was identified in water samples from the injection well,
which indicates that the H,S was mineralised before it reached the first
monitoring well. In July 2013, the fluid sampling pump in the well broke
down due to calcite precipitation, confirming the mineralisation of the



injected CO,. Calculations indicate that the sampled fluids were saturated
with respect to siderite about four weeks after the injections began, and with
respect to calcite about three months after each injection. Pyrite was
supersaturated prior to and during the mixed gas injection and in the
following months. Mass balance calculations, based on the recovery of non-
reactive tracers co-injected into the subsurface together with the acid gases,
confirm that more than 95% of the CO, injected into the subsurface was
mineralised within two years. Essentially all of the injected H,S was
mineralised within four months of its injection.

Data collected prior to, during, and after the CO, injection was used in an
attempt to model the CO,-water-rock interaction during and after the
injection. The results suggest that the mineralisation of the second and main
breakthrough of the injected carbon is mainly driven by basaltic glass
dissolution. The results also point towards dissolution of crystalline basalts
during the first breakthrough of the injected solution. This breakthrough path
is dominated by fracture flow, indicating that the fracture transects the more
crystalline interiors of the lavas. No carbonates are saturated in the injection
fluid, but iron rich carbonates, such as siderite, are predicted to form if the
pH exceeds ~4.6. With progressive dissolution of basaltic rock, and a
subsequent rise of pH along with a decrease in the dissolved CO,
concentration, more Ca-rich carbonates, such as calcite, are calculated to
become saturated. At this stage, carbonates become more abundant, forming
along with chalcedony, and later, both zeolites and smectites appear. The
efficiency of the carbon injection is limited by the porosity and the
availability of cations, both of which are restricted by the formation of
zeolites and smectites at pH above ~6.



4 -

Agrip

Steinrenning koltvioxids (CO,) i basalti er adferd sem nyst geeti til ad binda
kolefni til frambudar. Mikilveegt er ad bindingin verdi varanleg, svo satt verdi
um hana i samfélaginu og tiletladur arangur naist. Markmid pessarar
rannsoknar var tvipeaett, annars vegar ad meta getu basalts til
kolefnishindingar, og hins vegar ad varpa ljosi & steinrenningarferlid med

jardefnafraedilegum goégnum af CarbFix-sveedinu & Hellisheidi, en par eru
borholur badi til nidurdeelingar og voktunar.

Rannsoknir & adferdinni eru enn & frumstigi. Til ad 6dlast skilning & ferlinu er
mikilveegt ad skoda nattarulegar hlidstaedur & sveedum par sem kolefni binst i
basalti vid hdan hlutprysting koltvioxids. Magn og dreifing karbonatsteinda i
bergi islenskra hahitasveeda nytast til pess ad leggja mat & pad hversu mikid
kolefni mé& binda i basalti, en visbendingar eru um mikla bindigetu basalts.
Moguleikarnir eru mestir & hafsveedum, par sem binda ma kolefni i
uthafshryggjum & 6ruggan hatt til langs tima. Fraedilega séd veeri unnt ad
binda par margfalt magn pess koltvioxids sem etla metti ad losna myndi ef
ollu jardefnaeldsneyti & jordinni yrdi brennt. island er stersta landmassi
ofansjavar a Uthafshrygg, um 103.000 km2 ad flatarmali. bad er ad mestu ar
basalti og pvi kjorinn vettvangur til ad préa pessa adferd til
kolefnisbindingar.

Tveaer nidurdzlingartilraunir voru gerdar a CarbFix-sveaedinu arid 2012; 175
tonnum af hreinu koltvioxidi, og 73 tonnum af bléndu koltvioxids og
brennisteinsvetnis, var dalt nidur i basaltlég & 500-800 m dypi vid 30-50°C
hita. Gasid var leyst i vatni vid nidurdaelingu. Efnasamsetning vokvans var
voktud fyrir, eftir og 4 medan & nidurdaelingu st6d. | badum tilraunum matti
greina hrada aukningu i styrk kalsiums, magnesiums og jarns i vatnssynum,
sem safnad var Ur voktunarholu naest nidurdelingarholunni & medan &
nidurdeelingu stdd. Pyrit greindist i vatnssynum ar nidurdeelingarholunni, og
synir pad ad brennisteinsvetnid steinrann &dur en pad nadi voktunarholunni. i
jali 2013 biladi deela i holunni af véldum kalsitatfellinga, og stadfesti par
med steinrenningu koltvioxidsins sem delt var nidur. Efnavarmafradilegir
utreikningar benda til siderit-mettunar um fjérum vikum, og til Kalsit-
mettunar um premur manudum eftir upphaf hvorrar nidurdalingar. Pyrit
reiknast yfirmettad i synum teknum bedi fyrir og eftir nidurdalingu
blondunnar, og medan & henni st6d. Massajafnveegisutreikningar, byggdir a
ohvarfgjornum ferilefnum sem delt var nidur med gasinu, stadfesta ad meira



en 95% koltvioxidsins hafdi bundist i steindir innan tveggja ara, og megnid af
brennisteinsvetninu innan fjdgurra manada.

Efnagreiningar og 6nnur gégn ar koltvioxidnidurdalingunni voru notud til ad
herma samspil koltvioxids, vatns og bergs @ medan & nidurdalingu stéd og
eftir hana. Nidurstodur benda til pess ad steinrenning porra koltvioxidsins sé
drifin af leysingu basaltglers. baer benda p6 einnig til leysingar & kristdlludu
basalti pegar fyrstu merki um nidurdelingarvokvann koma fram i
voktunarholunni. Su rennslisleid tengist sprungulekt, sem bendir til pess ad
sprungan skeri kristalladri hluta hraunlagasyrpunnar. Engin karbonatsteind
naer mettun i nidurdeelingarvokvanum, en jarnrik karbonot & bord vid siderit
reiknast mettud ef pH er harra en ~4.6. Med aukinni leysingu bergs, og
haekkandi pH-gildi, koma fram kalsiumrikari karbonot & bord vid kalsit. A
bessu stigi myndast meira af karbdnatsteindum, auk kalsedons, og sidar
birtast zedlitar og smektit. Arangur nidurdalingarinnar raedst af poruhluta og
frambodi & katjonum, en hvort tveggja takmarkast af myndun zedlita og
smektits vid pH harra en ~6.
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1 Introduction

The Earth’s climate is warming.

08 | Temperature Anomaly (°C)
0.6 -
0.4 -
0.2
0.0 -
-02 -

0.4

NASA Goddard Institute for Space Studies

Hadley Center/Climatic Research Unit

NOAA National Center for Environmental Information
Japanese Meteorological Agency

-0.6

T T T T T T
1880 1900 1920 1940 1960 1980 2000 2020

Figure 1. Data from NASA's Goddard Institute for Space Studies, NOAA
National Climatic Data Center, Met Office Hadley Centre/Climatic Research
Unit and the Japanese Meteorological Agency, showing the globally-
averaged surface temperature anomaly from 1880-2015. The average
temperatures at 1950 are shown as a reference value. A positive anomaly
indicates that the observed temperature was warmer than the reference
value, while a negative anomaly indicates that the observed temperature was
cooler than the reference value. Modified from NASA (2017a).

Earth’s 2016 surface temperatures were the warmest since modern
recordkeeping began in 1880, with globally-averaged temperatures some 1°C
warmer than the 1950’s average (Figure 1). This makes 2016 the third year in
a row to set a new record for global average surface temperatures (NASA,
2017a; NASA, 2017b).



Human influence on the climate system is clear (e.g. Cook et al., 2016). The
leading cause of this rapid change in climate over the past half century is the
increase in the amount of atmospheric greenhouse gases (GHG), mainly
emitted by human activities. These include methane (CH,), nitrous oxide
(NO,), and the major contributor: carbon dioxide (COy). Since the
industrialisation, CO, concentrations have risen from about 270 parts per
million (ppm) to over 400 ppm, and are currently rising at over 2 ppm
annually (NOAA, 2017a).

The consequences of this rapid warming are already apparent with signs
including diminished ice sheets (e.g. Watkins et al., 2015), glacial retreats
(e.g. Marzeion et al., 2014), sea level rise (e.g. Church and White, 2006),
ocean acidification (e.g. Caldeira and Wickett, 2003), and an increased
number of extreme weather events (e.g. NOAA, 2017b). The continued
emission of greenhouse gases will cause further warming of the atmosphere
and oceans. This, in turn, will cause long-lasting changes in all components
of the climate system with increased likelihood of severe, inescapable and
irreversible impacts for people and ecosystems. Not only are the direct
consequences of climate change a risk to societies; climate change will
amplify existing risks and create new risks for natural and human systems. A
rise exceeding 2°C above pre-industrial level will cause serious
environmental consequences, including increased droughts, floods, and
storms. Millions will lose their livelihoods and have to migrate, causing
increased tensions and the risk of war (IPCC, 2014b).

In spite of this knowledge, the annual global CO, emissions rose more rapidly
from 2000-2010 than in the previous three decades, and exceeded earlier
predictions of their rate of change by a factor of two. In the past three years
(2014-2016), the growth in annual CO, emissions has stalled (IEA, 2016b).
In 2016, these global annual emissions from the burning of fossil fuels, and
from industrial processes totalled some 36 gigatonnes (Gt)CO, (Global
Carbon Project, 2017).

To prevent a rise in temperature beyond 2°C with 50% probability requires
that the atmospheric CO, concentrations are stabilised at a maximum of 450
ppm (IPCC, 2014b). This requires a substantial and sustained reduction in the
net flow of new CO, into the atmosphere from now onwards. The Paris
Agreement (UN, 2015), the first universal and legally binding climate deal,
aims to keep the global temperature rise “well below 2°C” from the pre-
industrial levels, and to pursue efforts to limit the temperature increase to 1.5
°C, “recognizing that this would significantly reduce the risks and impacts of
climate change”.



Achieving the goals of the Paris Agreement, and balancing emissions during
the second half of this century, requires rapid and extensive employment of
low-emission technologies and adaption and mitigation options. Many
options can help in addressing climate change - but no single option is
sufficient by itself. Here we focus on the role of carbon capture and storage,
now and into the future.

1.1 The role of carbon capture and
storage

Carbon Capture and Storage (CCS) includes a range of different
technologies, involving various processes for CO, capture, separation,
transport, storage, and monitoring. These technologies are expected to play a
significant role in the global climate response following the ratification of the
Paris Agreement for the following reasons:

1) CCS is the only available technology that can significantly reduce
emissions from fossil fuel-based power generation that will remain a
feature of power production for the foreseeable future.

2) CCS isthe only option available to significantly reduce direct
emissions from many industrial processes at the large scales needed in
the longer term, such as production of steel and cement.

3) Since some “non-zero” sources are unavoidable, CCS will also be
needed to deliver "negative emissions" in the second half of the
century if these ambitious goals are to be achieved.

In the World Energy Outlook 450 Scenario, which is consistent with a 50%
chance of limiting global increase in average temperature to 2 °C in the long
term (Figure 2), CCS is increasingly adopted from 2020 and onwards, with
deployment accelerating around 2030, and capturing around 5.1 GtCO,
annually by 2040, accounting for one-third of the CO, reductions needed
(IEA, 2016b). Furthermore, most of the IPCC model assessments that have a
better than 50% chance of limiting global increase in average temperature to
less than 2°C assume large scale deployment of negative emission
technologies in order to stay within the proposed limits (IPCC, 2014).
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Figure 2. Cumulative CO; reductions by sector and technology in IEA’s
“450 scenario”, which aims on limiting the global increase in average
temperature to 2 °C in the long term. This includes further employment of
renewables, fuel switching, nuclear power - and extensive deployment of
carbon capture and storage. Modified from IEA, (2015).

The emission goals in Europe aim at reducing GHG emissions by 20% by
2020, and 40% by 2040, compared to the 1990 emissions. The Commission's
proposal for a 2030 climate and energy policy framework acknowledges the
role of CCS in reaching Europe’s emission goals, and states that “CCS may
be the only option available” for direct emission reduction from industrial
processes on the scale needed in the longer term (European Commission,
2017). The bottom line is that the implementation of CCS will not be optional
if the Paris Agreement is to be fulfilled.

Yet, the pace of CCS deployment is a long way from meeting expectations
despite the growing recognition by climate experts of its importance as a
climate mitigation option (IEA, 2016a; IPCC, 2014b). In 2005, IPCC
released an ambitious special report on CCS, where the deployment of CCS
is considered of significant importance to reach climate goals (IPCC, 2005).
Since then the development of CCS has been slow (Figure 3). For every
large-scale CCS project that has been operating since 2010, at least two
projects have been cancelled (IEA, 2016a). In 2016 there were 15 large-scale
CCS projects in operation around the world with a capture capacity of about
30 MtCO, per year, which is less than 0.001% of the global CO, emissions in
that same year (Global Carbon Project, 2017). This year, three large-scale
projects in the US are planned to start operation, bringing the capture
capacity up to about 40 MtCO, per year (Global CCS Institute, 2016). This
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capture capacity is though trivial compared to the 5.1 GtCO, that are required
to be stored via CCS by 2030 within IEA’s “450 scenario” (IEA, 2016a)

After many years of research, development, and rather limited practical
experience, it is crucial to shift to a higher gear if CCS is supposed to meet
expectations as a true mitigation option. Increased research, development
efforts, and commercial demonstrations are essential over the next decade,
along with continued deployment of large scale CCS projects already
underway. This is extremely important given that CCS is currently the only
mitigation option to reduce emissions from point sources.

The priorities for supporting CCS are well-recognised; it requires both
identification and characterisation of CO, storage resources and the
introduction of financial incentives. This includes both investment and
targeted financial support for research, development and demonstration of
CCS, mapping of storage sites, and other enabling factors, which all needs to
begin now (e.g. IEA, 2013). This support is vital for CCS development,
aiming at cost reduction for scaled up projects, that is of high importance for
its implementation in both industry and power production. The lack of
scaled-up of pilot projects also points towards the fact that the incentives
already in place are not sufficiently large and long term enough for the
projects to be successfully followed through.

Even though cost reductions are important for driving the industry and
energy sectors towards implementation of CCS technologies, lower costs
alone are not enough. Inadequate legal framework for CO, transport and
storage, both on- and offshore, is a great inhibitor in the deployment of CCS,
which needs to be tackled at governmental level. More importantly, there is
no legal framework in place, such as a carbon tax, that penalises large CO,-
emitting sources. The EU emission trading system, which was set up in 2005
as a tool for reducing GHG emissions, has failed dramatically. With the price
of carbon set far too low, it has been almost impossible for CCS to compete
within a business-as-usual atmosphere.

For the successful deployment of CCS in the coming years there are many
challenges that need to be addressed. These require scientific effort and
economic support. Lastly, but maybe most importantly, significant steps need
to be taken at the governmental level.



1.2 Solving the climate change issue

The world’s societies will need to both mitigate and adapt to climate change
if they are to effectively avoid or diminish the harmful climate impacts
(IPCC, 2014a). The failure of climate change mitigation and adaption is, for
the sixth year in a row, considered in the top five impactful risks for the years
to come (WEF, 2017). Since before the first IPCC report in 1990 an effort
has been made to raise awareness about the urgency of climate change but,
without success. In fact, in a survey from 2015 only some 42% of Europeans
and Americans considered climate change to be a major threat
(PewResearchCenter, 2015).

The scientific community has, up until now, failed in its role of
communicating to the public. The message has not been clear — quite the
contrary: with technical climate reports filling thousands of pages and where
potential climate scenarios are presented as “2DS”, “450”, and“RCP6.0”, the
climate problem becomes the problem of scientists. The fact is though, that
climate change is neither a problem of scientists, nor the general public. The
climate issue will not be solved solely by individuals, and no country will be
able to solve it on their own. Voluntary initiatives will not only be
insufficient, but insignificant relative to the magnitude of the problem.

It is the role of the scientific community to work on the possible adaption and
mitigation options, but solving the climate change issue requires huge effort
on the governmental level, otherwise the difficulty and cost of stabilising
climate will steadily worsen (IPCC, 2014a). When communities are faced by
a threat due to a war, or a natural disaster, it is the role of the governments to
take action. The same applies for climate change, one of the greatest
environmental challenges facing human kind. Strong government actions are
required at international, regional, national, and sub-national scales.
International co-operation is critical.

1.3 Mineral storage of carbon in basaltic
rocks

The study presented here has been carried out at the Faculty of Earth Science,
University of Iceland, and at Lamont Doherty Earth Observatory of
Columbia University in New York. It is a part of two larger projects:



1. The CarbFix project - which has the overall objective to develop an
industrial solution for mineral storage of CO, in basaltic rocks, and in
the process to train young scientists to bring this novel knowledge
rapidly to future generations.

2. The NORDICCS project — with the overall aim at increasing the
deployment of CCS in the Nordic countries, by creating a network
integrating research and development capacities, and the relevant
industries.

Most of the ongoing CCS-projects are injecting CO; into large sedimentary
basins where the CO; is injected as a separate buoyant phase which is trapped
below an impermeable cap rock (e.g. IPCC, 2005). In Iceland an alternative
method is being developed as a part of the CarbFix project, where the CO; is
dissolved in water during, or before injection into porous and fractured
basaltic rocks. Because the CO, is dissolved it is not buoyant, solubility
trapping happens immediately and no cap rock is required. Basalts are very
reactive and contain about 25 weight percent of calcium, magnesium, and
iron oxides. The CO, charged water accelerates metal release and formation
of solid carbonates such as calcite, magnesite, and siderite and solid solutions
thereof form resulting in long term storage of CO; (e.g. Gislason and Oelkers,
2014; Matter et al., 2016; Sigfusson et al., 2015).

The CarbFix project is a collaborative research project founded by Reykjavik
Energy, the University of Iceland, Columbia University, and CNRS, in 2007.
In 2012, two pilot-scale injections were carried out in Iceland, where 175
tonnes of CO, and 73 tonnes of CO,-H,S gas mixture were injected,
respectively. Extensive geochemical monitoring was carried out prior to,
during, and after both injections. After the success of the two pilot scale
injections, the project was scaled up in 2014. The scaled-up injection began
during June 2014, and is on-going. By the 1% of January 2016, about 6,000
tons of CO; had been injected (Gunnarsson et al., in prep).

As previously mentioned, one of the priorities for further deployment of CCS
Is mapping and characterisation of storage resources. One of the objectives of
NORDICCS was to create a Nordic CO; storage atlas comprising potential
storage sites in all the Nordic countries, including the theoretical storage
potential of basaltic rocks (NORDICCS, 2015).



The scope of this PhD study is twofold:

1)  To evaluate and make a first estimate of the theoretical mineral storage
potential of basaltic rocks, both on- and offshore Iceland, and at the ocean
ridges.

2)  To use geochemical data from the CarbFix injection site in Hellisheidi,
SW-Iceland to characterize the mineralisation process.

The results are presented in following research articles:

I.  Snabjérnsdottir, S.O., Wiese F., Fridriksson Th., Armansson
H., Einarsson G.M., Gislason S.R., 2014. CO, storage potential of
basaltic rocks in Iceland and the oceanic ridges. Energy Procedia
Volume 63, 2014, pages 4585-4600.

II.  Snabjérnsdéttir, S. O., Gislason, S. R. CO; storage potential of
basaltic rocks offshore Iceland. Energy Procedia, VVolume 86, 2016,
pages 371-380.

1. Matter J.M, Stute M., Snabjornsdoéttir S.O., Oelkers E.H.,
Gislason S.R., Aradottir E.A., Sigfusson B., Gunnarsson I.,
Sigurdardottir H., Gunnlaugsson E., Axelsson G., Alfredsson H.A.,
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Abstract

Iceland is the largest landmass found above sea level at the mid-ocean ridges, about 103,000 km? mostly made of basaltic rocks
(~90%). Theoretically much of Iceland could be used for injection of CO,, fully dissolved in water. Most of the pore space in the
older rocks is filled with secondary minerals, thus the young and porous basaltic formations, found within the active rift zone and
covering about one third of Iceland, are the most feasible for carbon storage onshore.

Studies on mineral storage of CO, in basaltic rocks are still at an early stage. Therefore, natural analogues are important for
gaining a better understanding of CO, fixation in basaltic rocks. Volcanic geothermal systems serve as an applicable analogue
since the systems receive considerable amounts of CO, from magma in the roots of the systems. Wiese et al. [1] quantified the
amount and spatial distribution of CO, stored as calcite within the bedrock of three active geothermal systems in Iceland. The
results from this study reveal a large storage potential of basaltic rocks and can be used as a guideline for the theoretical potential
of CO, storage in basaltic formations. The largest storage potential lies offshore, with long-term advantages for safe and secure
CO, storage in the mid-ocean ridges. The theoretical mineral CO, storage capacity of the ocean ridges, using the Icelandic
analogue, is orders of magnitude larger than the anticipated release of CO, caused by burning of all fossil fuel on Earth.
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1. Introduction

The reduction of CO, emissions to the atmosphere is one of the greatest challenges of this century. One solution
to this is carbon capture and storage. Therefore, identifying locations for secure CO, storage is one of the most
pressing scientific problems of our time. Injection of CO, into basaltic formations provides significant advantages
including permanent storage by mineralisation and a great potential storage volume [2-4].

To date, most subsurface carbon storage projects have injected CO, as a separate, buoyant phase into large
sedimentary basins; a method that requires high integrity cap-rock for long term storage [4, 5]. Some of the risks
associated with CO, buoyancy can be mitigated by its dissolution into water during injection [6, 7]. Once dissolved,
CO, is no longer buoyant, making it possible to inject into fractured rocks, such as the basalts along the ocean
ridges.

Basaltic rocks are rich in divalent cations (e.g. Ca*’, Mg*" and Fe*"). The CO,-charged water accelerates metal
release and the formation of solid carbonate minerals such as Calcite (CaCOj3), Magnesite (MgCO;) and Siderite
(FeCO;) for long term storage of CO, [4, 6, 8, 9].

Iceland is the largest (103,000 km?) landmass found above sea level at the mid-ocean ridges, made mostly
(~90%) of basaltic rocks. Carbon capture and storage experiments conducted in Iceland can be used as analogues,
along with natural analogues, for carbon storage along the ocean ridges. Theoretically much of Iceland could be
used for injection of CO,, fully dissolved in water. Most of the pore space in the older rocks is filled with secondary
minerals, diminishing the transmissivity of the potential injection wells. Thus the young and porous basaltic
formations, found within the active rift zone and covering about one third of Iceland, are the most feasible for
carbon storage onshore.

2. Mineral storage potential of CO, in basaltic rocks

Sedimentary rocks €0, gas bubbles | %

Carbonate minerals

Fig. 1. Carbon storage in sedimentary basins and basaltic rocks. (A) Carbon storage in sedimentary basins; CO, is injected as a separate buoyant
phase and is trapped below an impermeable cap rock. (B) In the CarbFix method, CO, is dissolved into water during its injection into porous
basaltic rocks. No cap rock is required because the dissolved CO, is not buoyant and does not migrate back to the surface. Figure from Gislason
and Oelkers, [4].
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There are two ways of injecting CO, into rocks for geological storage. In the most common method (Fig. 1A)
pure compressed CO, is injected as a separate buoyant phase into porous rock layers, such as sandstone or basalt, at
more than 800 m depth; it is anticipated that the presence of an impermeable layer will keep the CO, from escaping
back to the surface (structural trapping) (Fig. 2). Eventually some of this CO, becomes trapped in small pores,
limiting its mobility (residual trapping). Over time, the CO, dissolves in the formation water (solubility trapping).
Some of this dissolved CO, reacts to form stable carbonate minerals (mineral trapping). As the progress goes from
structural to mineral trapping, the CO, becomes more immobile and thus the storage more secure. However, this
process can take thousands of years or more [10, 11].

100
Structural &
stratigraphic

trapping

Solubility
trapping

% trapping contribution

1 10 100 1000 10,000
Time since injection stops (years)

Fig. 2. A general representation by S. Bensson of the evolution of trapping mechanism of CO, over time when injected as a separate buoyant
phase [10]. When CO; is dissolved in the water prior or during injection solubility trapping occurs immediately and the bulk of the carbon is
mineralized within few years [4, 7, 12, 13].

In Iceland an alternative method is being tested, in a project called CarbFix (www.carbfix.com), where the CO, is
dissolved during injection into porous basaltic rock (Fig. 1B). CO, is aspirated into down-flowing water within the
injection well at 350 m depth. The CO, bubbles dissolve in the water before it enters the rock. Once dissolved in
water, CO, is no longer buoyant and does not migrate back to the surface. The CO,-charged water accelerates both
the metal release from the basalt and subsequent formation of solid carbonate minerals. Solubility trapping occurs
immediately, and the bulk of the carbon is trapped in minerals within few years [4, 7, 12, 13]. Once stored as a
mineral, the CO, is immobilised for geological time scales [4, 6, 9].

In addition to CarbFix, one other field injection project is ongoing, assessing the feasibility of carbon storage in
basalts; the Big Sky Carbon Sequestration Partnership (BSCP) in north-western USA, near Wallula, Washington
[14, 15]. In the BSCP project, pure CO, is injected as a separate buoyant phase into a porous basaltic layer,
anticipating that the presence of an impermeable layer will keep the CO, from escaping back to the surface.

3. Geological settings of Iceland

Iceland is one of the most active and productive sub-areal volcanic regions on Earth with magma output rates of
more than five km® per century [16]. The most voluminous volcanism on the Earth occurs at the mid-ocean ridges
where total magma production is about 400 times greater than in Iceland. Seafloor spreading generates about 20 km®
per year of mid ocean ridge basalt (MORB) which is one of the dominant volcanic rock types on Earth [e.g. 17].
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Fig. 3. Map based on Geological map of Iceland [18]. Iceland, 1:1.000.000. Icelandic Institute of Natural History.

The Iceland basalt plateau rises more than 3000 m above the surrounding sea floor and covers about 350,000 km?
[16]. Iceland itself is 103,000 km?, mostly made of young 0-20 M yr. igneous rocks and sediments thereof.
Approximately 90% of the bedrock in Iceland is basalt (Fig. 3) indicating that theoretically much of Iceland could
be used for injecting CO,, fully dissolved in water, into basaltic rocks.

Studies on the permeability and porosity of Icelandic bedrock show that porosity and permeability generally
decrease with progressive alteration, gradual burial and increasing rock age since most of the pore space in the older
rocks is filled with secondary minerals [19, 20]. Thus, the youngest basaltic formations, found in the active rift zone,
are the most feasible for carbon storage onshore in Iceland. These basalt formations consist of lavas, hyaloclastic
(glassy) formations and associated sediments younger than 0.8 M yr covering about one third of Iceland.

4. Key parameters for mineral storage of CO,

Mineral carbonation requires combining CO, with divalent metal cations to form carbonate minerals, such as
calcite (CaCOs), dolomite (CaMg(COs),), magnesite (MgCOs), siderite (FeCOs), and Ca-Mg and Mg-Fe carbonate
solid solutions [4, 8].

With few exceptions, the required metals are divalent cations, including Ca*", Mg®" and Fe*". The availability of
divalent metal cations for carbonate precipitation is enhanced by rapid dissolution rates of Ca,Mg,Fe-rich silicate
rocks such as basaltic and ultramafic rocks. These dissolution rates can be enhanced in several ways including
increasing the mineral-fluid interfacial surface area, injecting into glassy rather than crystalline rocks, and choice of
temperature/injection fluid composition. These enhancement methods are described in detail in Gislason et al. [6, 9].

The most abundant cation sources for mineral storage of CO, are silicate minerals and glasses [6, 21]. Basalt
contains about 25% by weight of calcium, magnesium, and iron oxides [22, 23]. Basaltic rocks are reactive in water,
thus the metals contained in basalts are readily available to combine with the injected CO, to form carbonate
minerals [6, 22, 24, 25, 26, 27, 28].

Basaltic rocks are abundant at Earth’s surface; a little less than 10% of the continents and much of the ocean floor
is composed of basalt [6, 29, 30].

Whilst the availability of divalent metal cations remains the limiting factor for mineral storage of CO, it is not the
only concern. For successful injection and mineral carbonation, other key parameters must also be considered.
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4.1. Availability of water for injection

Mineral storage of CO, via the CarbFix method requires a substantial amount of water. The water demand to
fully dissolve one ton of CO, at 25 bar pressure and 25°C is 27 tons of pure water. About 4% of the injected mass is
CO,. The CO, solubility increases, and thus the amount of water required for its dissolution decreases, by elevating
the CO, partial pressure and lowering the temperature [6].

On the continents, the water present in the target storage formation can be pumped up and used to dissolve the
CO, during the injection. Although the pumping of water from the subsurface may increase costs, water pumping is
also necessary during the later stages of pure CO, injection into sedimentary basins, when a large portion of the pore
space has been filled with CO,.

The amount of water required could pose a problem in some areas, for example in places with insufficient ground
water sources, low recharge rates or inefficient water management. In some cases seawater might be the only viable
option. Porous basalts near the continental margins have enormous storage capacities adjacent to nearly unlimited
supplies of seawater [31]. The CO, solubility decreases by about 10% at elevated partial pressure of CO, and
therefore the amount of water required for its dissolution increases by 10% at seawater salinity.

The basaltic ocean ridges are porous and vast amounts of seawater are circulated annually through them by
natural processes. Every year, about 100 Gton of water is circulated through the oceanic ridges; this is about three
time’s greater than the present mass of anthropogenic release of CO, to the atmosphere [32, 33].

Dissolution of basalt, basaltic glass and peridotite in seawater has been studied to some extent [25, 34]. The
results show that dissolution of CO, into seawater prior to or during injection appears to be a promising approach but
further modelling and experimental work is required to refine the concept.

4.2. Temperature

The release of the divalent cations needed from glassy basaltic rocks for carbonate formation can be enhanced by
raising the temperature. Increasing the temperature from 0 to 100°C, at pH 3.5 and fixed total concentration of
dissolved aluminum (10 mol/kg), increases dissolution rates by a factor of 60. The same temperature increase, at
pH 9, results in a 4.5 order of magnitude increase in rates [35]. The dissolution rates of the secondary minerals
present in altered basaltic rocks, such as zeolites and clays, are also raised at elevated temperature. They become
unstable in the CO,-charged injection waters resulting in their dissolution and thereby creating additional porosity in
the near vicinity of injection wells [23]. The temperature can be raised by increasing the depth of injection wells
and/or drilling into areas of high geothermal gradients.

Total pressure (Kb)
0 1 2 3 4 5

Calcite + Quartz
0 00000 —

Wollastonite + CO2

Temperature (°C)

700 +

900 +

PC02= 1 bar

Fig. 4. Simple, thermodynamic system of calcite (Cc), quartz (Q) and wollastonite (Wo); total pressure (Kb) vs. temperature at fixed CO,
pressure of 1 bar. Modified figure from Skippen et al. [36].
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The lower boundary for mineral storage of carbon in basalt is dictated by the thermal gradient and the
thermodynamic stability of carbonates such as calcite rather than the availability of divalent cations from the
dissolution of basaltic rocks. At high temperatures the primary porosity of reactive rocks and therefore reactive
surface area tend to decrease and the solubility of carbon dioxide in water decreases with increasing temperature.

The thermodynamic stability of carbonates is limited at temperature in excess of 300°C. Observations of
hydrothermally altered basaltic rocks from Iceland show that calcite does not form at temperatures above 290°C [e.g.
37]. This finding is in a good agreement with thermodynamic data [36] as shown in Fig. 4 for the simplified calcite,
quartz and wollastonite system.

Geothermal systems in Iceland typically have a thermal gradient above 200°C/km and a very similar overall
pattern of calcite distribution has been reported by Wiese et al. [1] and Témasson and Kristmannsdottir [38] showing
that, with some exceptions, generally below about 1000-1500 m depth very little calcite is present.

In terms of temperature, mineral storage of CO, could theoretically be executed at depths greater than 1500 m in
basaltic rocks outside of the geothermal systems where carbonates remain stable at greater depths due to a lower
temperature gradient, but other factors like decreased porosity and permeability with increased depth would have to
be considered for it to be beneficial.

4.3. The partial pressure of CO,
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Fig. 5. The results of reaction progress modelling of basaltic glass-CO,.water interactions. Mole fractions of secondary minerals formed as a
function of reaction progress for groundwater in contact with basaltic glass saturated at 25 °C with 2 and 30 bars CO, pressure. Carbonate
fraction increases relative to clays and zeolites with increasing pCO,. Figure from Gysi and Stefansson, [39].

Thermodynamic model calculations suggest that elevated partial pressure of CO, will enhance the efficiency of
carbon mineralisation as shown in Fig. 5 [39, 40].The higher the partial pressure of CO, the higher the fraction of
released divalent cations that precipitate as carbonates rather than zeolites and clays.

Natural analogues for CO, injection into basaltic rocks at moderate temperature in West-Greenland suggest that at
relatively high partial pressure of CO,, Fe and Mg rich carbonates are stable; at intermediate CO, pressure Mg-Ca
carbonates dominate and at the lowest partial pressure Ca-carbonates are most common [41].

4.4. Porosity, Permeability

Studies on permeability and porosity show that generally porosity and permeability decrease along with
progressive alteration, gradual burial and increasing age. The oldest bedrock in Iceland, in NW- and E-Iceland, is so
dense it is almost impermeable (Fig. 6). The permeability increases towards the active rift zone where the rocks are
younger. The youngest formations in the active rift are made of highly porous and permeable basaltic lavas and
hyaloclastic (glassy) formations with abundant groundwater flow [43].

Hydrothermal alteration and formation of secondary minerals takes place when the rocks are buried under
younger formations and are then exposed to more heat and pressure. Most of the pore space in the older rocks is
filled since the molar volume of secondary minerals is larger than the molar volume of primary minerals and some
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secondary minerals contain water and CO,. Gradual burial of the strata also causes compression on the underlying
layers making them even less permeable [e.g. 19, 20].

[T7] Extensive flow

[ Variable flow

[ Productive flow

["] Moderate flow

[ Minor flow

[7] Limited groundwater

Orkustofnun 05.05.2014

Fig. 6. Map based on hydrogeological map of Iceland from Hjartarson [42]. The most permeable rocks are situated within the active rift zone
(blue and green colors). The permeability decreases towards the older formations, the oldest formations situated in the NW and E parts of Iceland
(brown colors) are nearly impermeable. Prepared by the National Energy Authority.

Since 1992 the National Energy Authority of Iceland and later the Iceland GeoSurvey have carried out systematic
sampling of fresh to highly altered igneous rocks of variable composition in order to define the petro-physical
properties of Icelandic bedrock [e.g. 20, 44, 45]. The average permeability of the basaltic lava samples was
measured to be 367 mD. The average porosity of the lavas was measured to be 8.09 %, however, the porosity of the
unaltered lavas was measured to be 27.8% but as soon as secondary minerals started to appear the porosity dropped
below 7% and was measured to be 6.13% in samples of highly altered basaltic lavas (Table 1).

Hyaloclastites are clastic, glassy rocks formed dominantly in sub-glacial phreatic eruptions. Hyaloclastic
formations are extremely heterogeneous and show very broad variation both in porosity and permeability (Table 2).
Frolova et al. (2004) analysed 80 samples of basaltic hyaloclastic tuffs of variable burial depth (0-1000 m) and age
(>2.5 M yr). The porosity of the samples analysed varied between 14 and 57% and permeability between 1*10~ mD
to 6.4*10° mD. The wide dispersion is mainly the result of different degree of alteration, with a general decrease
both in porosity and permeability with increasing depth, although some exceptions are present.

These results establish the large effect alteration and formation of secondary minerals have both on porosity and
permeability of both crystalline basalt and glassy formations. The most feasible formations for carbon storage
onshore in Iceland are situated within the active rift zone where the basaltic rocks are young and still porous and
normal faults are common. These formations are younger than 0.8 M yr. and cover about 34,000 km?, which is about
one third of Iceland.

It should be noted that the initial porosity and permeability of the bedrock prior to injection of dissolved CO, will
be affected. As stated before, secondary minerals, such as zeolites and clays, present in altered basaltic rock become
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unstable in the CO,-charged injection waters resulting in their dissolution and thereby creating additional porosity in
the near vicinity of injection wells [23].

Table 1. The effect of alteration on the porosity of basaltic lavas from Stefansson et al. [45]

Average porosity (%) # of samples

All samples 8.09 108
Unaltered lavas 27.8 9
Smectite-zeolte alteration (alteration temperatures below 200°C) 6.69 31
Chlorite-epidote-actinolite alteration (alteration temperatures above 200°C) 6.13 56

Table 2. The average porosity and permeability of the main rock types in Iceland and the range in porosity and permeability
measured in 80 samples of hyolaclastic tuffs.

# of samples  Average porosity (%)  Standard Average Standard
Deviation  permeability, deviation
Klinkenberg (mD)
Basltic lavas' 52 8.09 9.14 3.75 14.67
Basalt intrusions' 19 3.68 3.71 0.157 0.263
Acid rocks' 20 12.09 6.39 0.028 0.044
Hyaloclastic formations® 80 14-57 1¥10°-6.4%10°

Data from Stefansson et al.' [45] and Frolova® [20].
4.5. Depth

The minimum depth for injection of CO, using the CarbFix method is dictated by dissolution of CO, and water
demand for injection. The CO, has to be dissolved at minimum pressure of 25 bars, which is 250 m below the water
table, and some distance is needed for the descending CO,-gas-bubbles to dissolve [6, 7]. The ideal depth for
injection of CO, is therefore below 350 m.

Geothermal systems typically have a thermal gradient above 200°C/km compared to 50 to 150°C/km in dense
and permeable rocks outside of them [43]. Defining the lower boundary for mineral storage of carbon at 1500 m
depth allows inclusion of the areas with the highest thermal gradient, considering that stability of carbonates is
limited at temperature in excess of 300°C, and therefor gives a rather conservative estimate of the storage potential.
The benefit of injecting deeper than at 1500-2000 m is uncertain due to the rapid decrease of permeability with
depth and temperatures over 300°C in areas with high temperature gradient. The targeted depth range for injection
of fully dissolved CO, into basaltic rocks is therefore 500-1500m.

When injecting into high-temperature geothermal systems with steep thermal gradients it is important to stay
below the liquid-vapour curve for water to prevent boiling.

4.6. Risk of contamination of groundwater

The reaction between the CO,-charged water and the basaltic rocks not only releases divalent cations that end up
in carbonates, but also other metals that can be harmful for the biota. The metals of main concern are Al and Cr, but
some other elements, such as Fe and Mn, can be both essential for life and toxic depending on their concentration.
The toxic metal release is the most dangerous at the early stage of CO, injection into basalt [46-48]. Natural
analogues have shown the secondary minerals, such as carbonates, effectively scavenge the potential toxic metals
that are released at early stages [46, 48].

A novel high pressure column reactor [49] was used to study the mobility of metals at the early stage (hours) of
CO; injection into basalt. Dissolved Al, Fe, Cr and Mn exceeded the allowable drinking water limits according to
the European Directive relating to the quality of the water intended for human consumption [47, 50].
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Samples analysed from monitoring wells after injection of 175 tons of CO, at the CarbFix site in Hellisheioi,
SW-Iceland showed that no dissolved metals exceeded the allowed drinking water limits during the field
experiment.

5. Natural analogues for mineral storage of CO,

Hellisheidi
Geothermal area

"

Reykjanes
Geothermal area

Fig. 7. Theoretical area feasible for CO, mineral storage in Iceland: Basaltic formations younger than 0.8 M yr within the active rift zone.
Volcanic geothermal systems are marked with white dots but they serve as an applicable analogue as they receive considerable amounts of CO,
from magma chambers or intrusion in their roots. High-temperature geothermal systems studied by Wiese et al. [1] are marked with white dots.

Studies on mineral storage of CO, in basalts are still at an early stage [e.g. 4, 23, 51]. Therefore, natural
analogues are important for gaining a better understanding of CO, fixation in basaltic rocks. Volcanic geothermal
systems serve as an applicable analogue; the systems receive considerable amounts of CO, from magma chambers
or intrusions at the roots of the systems and can therefore be considered as a natural experiment to determine the
CO, storage capacity of the bedrock [1, 52].

The large amounts of CO, that are already naturally fixed within the geothermal systems underscore the storage
potential of basaltic rocks. Wiese et al. [1] estimate that the total CO, fixed within the active geothermal high-
temperature systems in Iceland shown by orange dots in Fig. 7 amounts to 30-40 GtCO,.

Wiese et al. [1] quantified the amount and spatial distribution of CO, stored in calcite within the bedrock of three
active geothermal systems in Iceland: Krafla in the north-east of Iceland and Hellisheidi and Reykjanes in the south-
west (Fig 7.). The CO, content was measured in 642 drill cutting samples from a total of 40 wells, located in the
three geothermal systems.
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Fig. 8.Cross-sections extending from west to east (looking north) showing the distribution of CO, fixed in the bedrock at Reykjanes (left) and
Krafla (right) geothermal systems. Concentration of fixed CO; is indicated by different colors, see bar for scale (From Wiese et al. [1]).

The values measured in the Reykjanes geothermal system, which is considered to be the youngest of the three
geothermal systems (active for 10,000-100,000 years), were significantly lower than elsewhere in this study, on
average 28.2 tons of CO, per m” of surface area fixed in the uppermost 1500 m of the wells. The average CO, load
in the uppermost 1500 m in Hellisheidi geothermal system was measured 65.7 tons per m® of surface area. The
highest values are measured in the Krafla geothermal system, which is considered to have been active for the
longest, between 110,000 and 290,000 years, on average 73.1 tons of CO, per m” of surface area in the uppermost
1500 m [1] (Table 3, Fig. 8).

The amount of CO, fixed in the bedrock of the three geothermal systems obtained from this study can be used as
a guideline for the theoretical CO, storage potential in onshore basaltic formations in Iceland.

Table 3.Average CO, load (tons/m? of surface area and kg/m™) and suggested age (years of activity) of the three geothermal
systems of interest (from Wiese et al. [1])

CO; fixed in uppermost 1500 m  CO; fixed in uppermost 1500 m  Activity of Geothermal system

per unit surface area (tons/m?) (kg/m™) (years)
Reykjanes  28.2 18.8 10.000-100.000
Hellisheidi  65.7 43.8 >70.000*
Krafla 73.1 48.7

110.000-290.000

*Franzson, et al. [53]
5.1. Storage potential of the Icelandic rift zone
The active rift zone covers about 34,000 km?, or about one third of Iceland (Fig. 9). By using the average CO,

load in the uppermost 1500 m of the Reykjanes system as a minimum and the average CO, load in the uppermost
1500 m of the Krafla system as a maximum (Table 3) and applying these to a 1000 m thick segment at 500-1500 m



Sandra O. Snebjornsdéttir et al. / Energy Procedia 63 (2014) 4585 — 4600 4595

depth, of the relatively fresh basaltic formations within the rift zone yields a very large value; 2,470 Gt of CO, as a
maximum (Krafla analogue) and 953 Gt as a minimum (Reykjanes analogue). This scenario is highly theoretical but
underscores the large mineral storage potential within the rift zone of Iceland where the rocks are young and still
porous and normal faults are common.

Other attempts have been made to estimate the capacity for mineral storage of CO, in basalt. McGrail et al. [2]
estimated that the Colombia River basalts alone have the capacity to store over 100 Gt of CO,, assuming an
interflow thickness of 10 m, average porosity of 15% and 10 available interflow zones at an average hydrostatic
pressure of 100 atm. Anthonsen et al. [54] applied McGrail’s assumptions to all the bedrock of Iceland, giving an
estimated capacity of about 60 Gt CO,. Using the same assumption to calculate the potential capacity of mineral
storage of CO, within the active rift zone in Iceland the number goes down to about 21 Gt CO,.

Fig. 9. Theoretical area feasible for CO, mineral storage in Iceland: Young and porous basaltic rocks (>0.8 M yr) within the active rift zone
covering about one third of Iceland.

Furthermore, Goldberg et al. [3, 31] revealed the large storage capacity of sub-oceanic basalt formations at the
Juan De Fuca plate west of Oregon, USA. The geologically feasible area at suitable depth for mineral storage of
CO, there is calculated to be about 78,000 km”. Assuming a channel system dominating permeability over one-sixth
of the uppermost 600 m of the area, it is estimated to contain 7800 km® of highly permeable basalt. Given an
average channel porosity of 10%, 780 km? of potential pore volume will be available for CO, storage. Anthonsen et
al. [54] also applied Goldberg et al. [31] calculations to all of Iceland, resulting in an enormous number of about
1,200 GtCO,. If these calculations are limited to the bedrock of the active rift zone in Iceland, over 400 Gt CO,
could still be stored.

5.2. Storage potential for CO, transportation via pipeline

To get a more realistic value of the capacity for mineral storage in Icelandic basalt formations, transportation of
CO, via pipeline was taken into consideration. The 30 km long, hot water pipeline from Nesjavellir to Reykjavik
was used as an approximation and the area within 30 km radius of eight of the largest harbours proximal to the rift
zone was selected (Fig. 10). The formations included were, as in the previous scenario, basaltic lavas, hyaloclastic
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formations and associated sediments, younger than 0.8 M yr. Three harbours in the north-east were included
(Husavik, Kopasker, Raufarhofn), one in the south-east (Hofn i Hornafirdi) and four in the south-west (Reykjavik,
Reykjaneshafnir, Grindavik, and Porlakshéfn). In addition, an industrial harbour which is under construction in
Helguvik, in SW-Iceland, was included. Population centres, water protection areas, national parks, natural
monuments, nature reserves and country parks were excluded from the area. The area that fits the criteria is about
2390 km?, close to 2% of Iceland.

Fig. 10. Theoretical area feasible for CO, mineral storage in Iceland; Basaltic formations from Holocene and upper Pleistocene in the vicinity
(radius of 30 km) of a large-scale harbour (white dots). Population centers, water protection areas, national parks, natural monuments, nature
reserves and country parks were excluded from the area.

Using the results from Wiese et al. [1], as done in the previous example, and applying the average CO, load in
the uppermost 1500 m of the Reykjanes system as a minimum and of the Krafla system as a maximum to a 1000 m
thick segment of the defined area generates a maximum capacity of 175 Gt CO, and minimum of 67 Gt CO, . For
comparison, in 2012 the global CO2 emissions to the atmosphere were 35.6 Gt from fossil fuel burning, cement
production and land-use change [33].

Applying the study of McGrail et al. [2] and assuming an interflow thickness of 10 m, average porosity of 15%
and 10 available interflow zones at an average hydrostatic pressure of 100 bar, the estimated capacity of the defined
area goes down to about 1.4 GtCO,.

Using the study of Goldberg et al. [31] and assuming a channel system dominating permeability over one-sixth of
the uppermost 600 m of the area and average channel porosity of 10%, we get a number of 28.5 GtCO,.

5.3. The Icelandic analogue and the oceanic ridges

The length of the rift zone in Iceland, the largest landmass found above sea level at mid—ocean ridges, is about
600 km. The oceanic ridges rise on average 1000-3000 m above the adjacent ocean floor (Fig. 11). The ridges
extend through all of the major ocean basins, with a total length in excess of 60,000 km [29]. The theoretical mineral
CO, storage capacity of the ocean ridges, using the Icelandic analogue, is of the order of 100,000-250,000 Gt CO,.
This theoretical storage capacity is significantly larger than the estimated 18,500 Gt CO, stemming from burning of
all fossil fuel carbon on Earth [55].
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Using the assumptions of McGrail et al. [2] and applying them to the ocean ridges gives an estimate of about
2,000 GtCO, and applying Goldberg’s et al. [31] study gives an estimate about 40,000 GtCO,.

« -~ Canary Basin p
o,

Fig. 11. Iceland and the Mid-Atlantic ridge. (Based on map from Amante and Eakins [56]).

As stated before, seafloor spreading generates about 20 km® per year of mid ocean ridge basalt (MORB). A
minimum of about 9 tons of basaltic glass is required for mineralising one ton of carbon, assuming all calcium,
magnesium and iron are converted into calcite, magnesite and siderite [8]. If the annual production of MORB by
seafloor spreading would be used for mineral storage of CO,, about 25 GtCO2 could be stored per year, which is
about 70% of the annual global anthropogenic CO, emission to the atmosphere in 2012.

6. Conclusions

There is a high potential for mineral storage of CO,; in Icelandic basalts and 30-40 GtCO, are estimated to be
already naturally fixed within the active geothermal systems [1]. This amounts to the anthropogenic global annual
emission of CO, to the atmosphere in 2012 [33].

Onshore projects on mineral storage of CO, in basalt, such as the CarbFix project in SW-Iceland and the Big Sky
Carbon Sequestration Partnership in the northwest United States near Wallula, Washington are yet the only projects
where CO, is stored in basalt.

Results from CarbFix injection experiments on rapid mineralisation of injected CO, when dissolved prior or
during injection [4, 7, 12, 13] show a very promising outcome for mineral storage of CO; in basaltic rocks.

The largest storage potential lies offshore, where theoretically all CO, from burning of fossil fuel carbon could be
stored with long-term advantages for safe and secure CO, storage in the mid-ocean ridges. The question remains;
how much of this storage potential is practical to use?
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Abstract

Injection of CO, into basaltic formations provides significant benefits including permanent storage by mineralisation and large
storage volume. The largest geological storage potential lies offshore and in the case of basalt, along the mid-oceanic ridges
where CO, could be stored as carbonate minerals for thousands of years. Most of the bedrock, both on land and offshore Iceland
consists of basalt that could theoretically be used for injection of CO,, fully dissolved in water. The most feasible formations are
the youngest formations located within the active rift zone. It is estimated that up to 7000 GtCO, could be stored offshore Iceland
within the Exclusive Economic Zone. Site specific geological research and pilot studies are required for refining the concept and
offshore pilot scale projects should be considered as the next steps in evolving the method.
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1. Introduction

The reduction of carbon dioxide (CO, emissions to the atmosphere is one of the greatest challenges of this
century and multiple approaches are needed for halting climate change by reversing the rise in emissions. One
solution to this is carbon capture and storage (CCS). In fact, the International Energy Agency estimates that under
the 2°C scenario, CCS will provide one sixth of required emission reduction in 2050 [1]. Injection of CO, into
basaltic formations provides significant benefits including permanent storage by mineralisation and a great potential
storage volume [2-5]. Mineral carbonation requires combining CO, with divalent metal cations to form carbonate
minerals, such as Calcite (CaCOs), Dolomite (CaMg(COs),), Magnesite (MgCOs), siderite (FeCOs), and solid
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solutions thereof [3, 6]. Basaltic rocks contain over 25 wt% Ca, Mg, and Fe-oxides and are reactive in water, thus the
metals contained in basalts are readily available to combine with the injected CO, to form carbonate minerals [7-12].
Once dissolved in water, CO, is no longer buoyant and does not migrate back to the surface. The CO,-charged water
accelerates both the metal release from the basalt and subsequent formation of solid carbonate minerals for long term
storage of CO; (fig 1.) [3].

The method of dissolving the CO, during injection into reactive basaltic rocks changes the time scale for mineral
storage significantly with solubility trapping occurring immediately, and the bulk of the carbon trapped in minerals
within only few years [3, 13, 14]. Once stored as a mineral, the CO, is immobilised for geological time scales [3, 6,
11, 15]. This method will be referred to as the CarbFix method, named after the project that pioneered it.
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Fig. 1. Carbon storage in sedimentary basins and basaltic rocks. (A) Carbon storage in sedimentary basins; CO; is injected as a separate buoyant
phase and is trapped below an impermeable cap rock. (B) In the CarbFix method, CO; is dissolved into water during its injection into porous
basaltic rocks. No cap rock is required because the dissolved CO; is not buoyant and does not migrate back to the surface. Figure from Gislason
and Oelkers [3].

Most of the oceanic floor and about 10% of the continents is composed of basalt which is the dominant rock type
on Earth’s surface [16, 17]. The most voluminous volcanism on the Earth occurs at the mid-ocean ridges where
seafloor spreading generates about 20 km® per year of mid-ocean ridge basalt (MORB) [18]. The offshore formations
offer a unique environment for CO, storage with a vast volume of pore space, and fresh and reactive rocks. The
ridges extend through all of the major ocean basins, with a total length in excess of 60,000 km [29]. The theoretical
integrated CO, storage capacity of the ridge system has been estimated to be of the order of 100,000-250,000 GtCO,
[2] considerably larger than the estimated CO, emission from burning all fossil fuels on Earth [19].

The physical properties of the mid-oceanic ridges have been studied extensively, mainly through scientific
drilling, and geophysical and bathymetric surveys [e.g. 20]. The flanks of the ridges are known to contain highly
fractured and permeable basaltic layers [21] with pervasive circulation of seawater initiating at the spreading axis
and continuing for millions of years as the oceanic crust moves away from the axis and cools and ages [22]. The
advective heat flow for the entire oceanic ridge system is estimated to be about 10** W, with about two thirds of the
heat loss occurring in seafloor younger than 8 Ma. The mass flow of seawater necessary to produce this heat loss at
the oceanic ridges is about 1,000 GtH,O/yr [23].

A vast amount of water is required to dissolve the CO,, depending mostly on pressure, temperature, and salinity
[11]. At 25 bar CO, pressure and 4°C, about 20 tonnes of seawater of average salinity (35%o) are required for
dissolving each tonne of CO,[24, 25]. The 2014 anthropogenic CO, emissions to the atmosphere were 36 GtCO,/yr
[26]. It would take about 720 GtH,O to dissolve all of that CO, in seawater at 25 bar CO, pressure, about three-
quarters of the amount that percolates into the ridge system every year.

Here, a first attempt is made to estimate the theoretical capacity for mineral storage of CO, in young basaltic
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formations offshore Iceland, within the Icelandic Exclusive Economic Zone which extends 200 nautical miles from
the coastal line, covering area of about 740,000 km? Observations made during screening of basaltic formations
onshore are initially used to calculate a first order estimate of the offshore potential. However, further work and a
more thorough study of the available data is required for selection of suitable formations for mineral storage of CO,
and estimation of the CO, storage potential, including lab and field injection experiments using seawater and
extensive monitoring and characterization of current onshore injection experiments.

2. Geological settings of Iceland and the North Atlantic Basin
Iceland sits astride the North Atlantic Ridge where the North American and the Eurasian plates are separated (fig.

2). Iceland is one of only two places on Earth where an oceanic spreading centre rises above sea level and is the
largest area of sub-aerially exposed mid-ocean ridge on Earth [27].

Fig. 2. Iceland and the Mid-Atlantic ridge. Based on map from Amante and Eakins [28].

The plate boundary in, and close to Iceland is composed of several rift segments and transform zones, forming an
overlapping spreading centre with propagating rifts both at the southern and northern parts of the island (fig. 2 and 3)
[29, 30], with a spreading rate of about 18-20 mm/yr [31]. In SW-Iceland, at the tip of the Reykjanes peninsula, the
offshore Reykjanes Ridge (RR) meets the on-land Reykjanes Oblique Rift which extends to form the West Volcanic
Zone (WVZ) as shown in Fig. 3. In N-Iceland the Northern Volcanic Zone (NVZ) is linked to the offshore
Kolbeinsey Ridge (KR) by the NW-trending Tjornes Fracture Zone (TFZ) [e.g. 32, 33] (fig. 3).

The plate boundary is affected by the existence of a mantle plume located beneath Iceland [34]. The mantle
plume has profoundly influenced the creation of the oceanic crust along the North Atlantic basin. The thickness of
the crust along the Reykjanes Ridge is of 10-11 km [35] which is about 6-7 km higher than normal oceanic crust
[36] but the influence of the mantle plume appears to extend less far north along the Kolbeinsey Ridge with 1-2 km
thinner crust than along Reykjanes Ridge [37]. The effect of the mantle plume results in the anomalously shallow
bathymetry of the Reykjanes Ridge and Kolbeinsey Ridges compared to mid-oceanic ridges in general; the depth of
the Iceland sea north of Iceland is about 1000-2000 m and as shallow as 500 m at Reykjanes Ridge closest to land
and up to 1500-2000 m at the southern end of the ridge [38]. These areas, north and south of Iceland, are shown by
the shaded part of the ridges in Figure 3.
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The excessive volcanism associated with the combination of a mantle plume and divergent rifting has led to the
forming of the Iceland basalt plateau shown in Fig. 2 and Fig. 3. The plateau rises more than 3000 m above the
surrounding sea floor and covers about 350,000 km? including the terrestrial 103,000 km? of Iceland [39]. Iceland is
mostly made of young 0-20 M yr. igneous rocks and sediments thereof, but approximately 90% of the bedrock is
basalt [40]. The relatively flat shelf around Iceland is generally at depths of between 100-200 m and its average
width is 80 km [41]. Sediments, mostly originate onshore and are abundant at the edge of the shelf, close to and
below the slope of it. The thickness of the sediments below the slope are estimated to be up to 1000-2000 m, except
in one area north of Iceland within the TFZ, between Skjalfandi bay and Eyjafjordur fjord in Figure 3, where the
sedimentary pile is estimated to be as thick as 4000 m [42].

The ridges consist, as stated before, of MORB but are somewhat covered with sediments; very thin layers, or
none at all, above the axis of the ridges where new crust is being formed but thickening towards the seafloor as the
rocks gets older, reaching 1000-1500 m at the end of the slope of the ridges [38].
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Fig. 3. General outlines of the plate boundary in Iceland. Reykjanes Ridge (RR) enters Iceland at the tip of the Reykjanes Peninsula which
extends to form the Western Volcanic Zone (WVZ). The Northern Volcanic Zone (NVZ) extends north where it is linked to the offshore
Kolbeinsey Ridge (KR) by the NW-trending Tjornes Fracture Zone (TFZ). Large hourglass circles indicate wells drilled in the coastal areas and
small hourglass circles indicate wells drilled offshore as a part of DSDP and ODP. The area that fits our criteria as feasible for CO, mineral
storage offshore Iceland is shaded. It extends 30 km to each side of the axis of the Reykjanes Ridge SW of Iceland and the Kolbeinsey Ridge N
of Iceland, from the costal line and to the boundary of the Iceland Economic Zone. Modified after Einarsson and Seemundsson, [43], map based
on data from Esri, GEBCO and NOAA [44].

3. Data available on offshore formations
The areas offshore of Iceland have been studied to some extent, especially the areas north and north-east of

Iceland, in connection with oil and gas exploration. The research includes gas-analysis, multi-beam bathymetry, side
scan sonar, seismic surveys, seafloor photography, and coring of sediments in selected areas [45]. The most concrete
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information on offshore formations is from wells drilled at the coastal line of Iceland, on the shelf, and seafloor
which could give valuable information on formations for mineral storage of CO, offshore of Iceland (fig. 3)

Wells drilled in Heimaey Island south of Iceland and Flatey Island in the Skjalfandi Bay north of Iceland can give
information on the formations at the shelf south and north of Iceland. Wells drilled at the coast at the Reykjanes
peninsula can somewhat represent the stratigraphy offshore SW-Iceland. Several wells have also been drilled
offshore of Iceland as a part of the Deep See Drilling Project (DSDP) in 1970-1976 and Ocean Drilling Program
(ODP) in 1993-1995, ranging from about 120 to about 620 m in depth from the seafloor These are mostly
sedimentary cores, but in some cases cored down to the basalt basement at about 300-600 m depth [e.g. 20].

Two deep wells have been drilled in Heimaey Island, the largest island of the Vestmannaeyjar Islands south of
Iceland; 1565 m and 2277 m deep (fig. 3). The stratigraphy of the wells consists mostly of alternating sedimentary
formations and basaltic hyaloclastites; glassy formations formed under water resulting in fragmentation of the
magma. The chemical composition of the sediments indicates that the formations are derived from weathering of
volcanic rocks on land, located within the East Volcanic Zone north of Vestmannaeyjar Island [46].

A 554 m deep well was drilled in Flatey Island in the bay of Skjalfandi north of Iceland in 1982 (fig. 3). The
stratigraphy of the well is mostly sedimentary rocks formed in shallow water or on land during glaciation and three
10-20 m thick basaltic lava sequences [e.g. 42, 47]. Seismic- and gravity-surveys conducted in the area indicate that
the island is located on top of the sedimentary formation located between Skjalfandi bay and Eyjafjordur fjord which
is estimated to be about 4 km thick [42].

Several wells have been drilled at the south-western tip of the Reykjanes peninsula (fig. 3), in connection with
geothermal utilisation in the area, which show some trends in stratigraphy. Below about 100 m and down to about
900-1000 m depth the formation consists of glassy basaltic hyaloclastic formations and marine sediments indicating
eruptions under water and formations of sediments in water depth less than 50 m. The dominant rock type below
900-1000 m depth is crystalline basalt, most likely pillow basalt formed offshore, but hyaloclastites and sedimentary
tuff-units are also cut by the wells [e.g. 48].

4. Most feasible formations for CO, mineral storage offshore Iceland

Seismological studies on the internal structure of the oceanic crust reveal a remarkably homogeneous structure
compared to the continental crust. Two igneous crustal layers are identified; layer 2 characterized by low velocities
and steep velocity gradients and layer 3 by high velocities and low velocity gradient. These seismic velocities are
related to bulk porosity and rock composition within the oceanic crust [22].

The feasible formations for mineral storage of CO, lie within the so called layer 2 which is associated with the
upper crust. The top-part of layer 2 consists of a few hundred metres thick extrusive section that caps the crust along
the ridges with the highest bulk porosities (20-40%) within the oceanic crust. Below this section lies a 1.5-2 km thick
sheeted dike section with porosities of less than 10%. The permeability and porosity structure of the crust is the
result of both tectonic and magmatic processes [22]. Little is published on the mean thickness of the porous top-part
of layer 2 at the Mid Atlantic ridges but the thickness at the Reykjanes Ridge is measured to be 400 £ 100 m,
decreasing with crustal ages over 5 Ma [49].

The velocity of the top-part of layer 2 increases as the crust ages away from the spreading axis, reaching typical
levels of deeper crustal rocks by <10 Ma [22]. The young (<3.2 Ma) DSDP basalts are pervasively altered [50-52]
indicating that the alteration must commence very soon after the crust is formed [53]. The first stages of alteration of
the oceanic crust are formation of palagonites and later smectites but both processes are the results of seawater-basalt
interaction. This involves large amounts of water and can produce major chemical fluxes between layer 2 and the
oceanic reservoir, but these processes typically occur in Atlantic type crust younger than 3 Ma [52]. Radiometric
dating of vein smectites from MORB also indicates that most of the alteration occurs within 3 Ma [54]. Porosity data
from DSDP and ODP sites show a similar relationship for samples with crustal ages >5 Ma [55] but the crust retains
roughly half of its porosity after 10-15 Ma with continuing alteration at decreasing rate [56].

Studies on Icelandic bedrock show that, as with oceanic crust porosity and permeability generally decrease with
progressive alteration, gradual burial, and increasing rock age since most of the pore space is filled with secondary
minerals in the older rocks [57, 58]. Average porosity of young and un-altered basaltic lavas has been measured to
be about 27% compared to 6-7% in highly altered samples [59]. Thus, the youngest basaltic formations found within
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the active rift zone (<0.8 Ma), have been evaluated as the most feasible for carbon storage onshore Iceland [2]. As
for the porosity and permeability, the structure of the top-part of the Icelandic crust, as studied in wells drilled within
the active rift zone, also reveals a similar structure as the oceanic crust with the top few hundred meters dominated
by extrusive rocks; glassy formations and pillow basalts erupted during glacial times and lava flows during inter-
glacials, sheeted dykes becoming more dominant with increasing depth and finally gabbro or granophyre-like
intrusions in the deepest parts [e.g. 60].

The same criteria are therefore used here for the assessment of mineral carbon storage potential offshore as for the
onshore formations in Iceland. The selected area for the storage estimate reaches from the axis of the Reykjanes
Ridge SW of Iceland and the Kolbeinsey ridge NE of Iceland and extends 30 km to each side of the ridge axis which
is the width of the active rift zone in Iceland (fig. 3). Using the spreading rate of about 18-20 mm/yr it can be
estimated that the age of the formations is <3 Ma, eliminating the more altered and less porous formations. This
inclzudes area from the costal line and to the boundary of the Iceland Economic Zone which covers about 93,000
km~=.

The difference between injecting CO, dissolved in water and in a buoyant supercritical stage is underscored in
Figure 1 and discussed in chapter 1 of this paper. Supercritical CO, is kept trapped below an impermeable cap rock,
but since dissolved CO, is heavier than the formation fluids, the injection wells are not dependent on cap-rocks or
seals. In fact, the dissolved CO, can be injected into fractured and even open aquifers, as long as the flow path is
long enough for alkalinity generation and eventually mineralisation of the CO,. As stated before, the time required
for mineralisation is of the orders of months to years [3, 13, 14]. The total depth of injection, including the seawater
column, should be at least 300 m yielding about 30 bar pressure, enough for considerable solubility of the CO, in the
seawater, as also discussed in chapter 1. Site specific studies and further experience with the CarbFix method will
inform how far the injection wells would have to reach into the basalt formation for successful injection. However,
the experience from the on-shore injection experiments of the CarbFix project in Hellisheidi has shown that 200 m
below the water table in the basalt formation is more than enough [13].

5. Storage potential estimates

Few attempts have been done to estimate the mineral storage potential of CO; in basaltic rocks. The first attempt
was made by McGrail et al. [61] that estimated the storage potential of continental flood basalts for storage of
buoyant, supercritical CO, assuming that the Columbia River basalts which cover more than 164,000 km? of
Washington, Oregon, and Idaho, have the capacity to store over 100 GtCO,. The targeted depth of the injection was
1000 m assuming interflow thickness of 10 m, average porosity of 15% and 10 available interflow zones at an
average hydrostatic pressure of 100 atm.

Applying the same criteria to the selected area of 93,000 km? offshore Iceland gives storage potential estimate of
about 60 GtCO; (fig. 4, Scenario 1). This is a rather conservative estimate considering that the total CO, measured to
be fixed within the active high temperature geothermal systems in Iceland, an area which covers less than 1 km? of
Iceland, amounts to 30-40 GtCO, [62]. McGrail’s study [61] differs from this study in two fundamental ways.
Firstly, the basaltic formations of the study are continental basalts with different structure and petro-physical
properties than the young and glassy basaltic formations of the oceanic crust. Secondly and more importantly, they
anticipate that the CO, is injected as a supercritical buoyant phase into the basaltic rocks which requires deeper wells
and a cap rock to prevent the supercritical CO, from leaking out of the reservoir. Injecting supercritical CO, also
results in orders of magnitude lower mineralisation rate than if the CO, is dissolved in water prior to or during the
injection using the CarbFix method [3, 14].

Goldberg et al. [63] revealed the large storage capacity of sub-oceanic basalt formations at the Juan de Fuca plate
east of Oregon, USA. Assuming a channel system dominating permeability over one-sixth of the uppermost 600 m
of the area, it is estimated to contain 7800 km?® of highly permeable basalt feasible for mineral storage. Given an
average channel porosity of 10%, 780 km?® of potential pore volume will be available for CO, storage. If liquefied
CO;, is injected to fill this volume and it remains in liquid form, about 750 GtCO, could be stored in this area. If the
CO, reacts with the basalt and is mineralised about 900 GtCO, could be stored in the area.

The Goldberg et al. study is done on oceanic crust which makes it more applicable to the area offshore Iceland.
However, with McGrail et. al, Goldberg et al. assume injection of buoyant supercritical CO, which puts more
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constrains on the targeted area, requiring more than 200 m thick sediment cover as a seal and water depth greater
than 2700 m. If the petro-physical criteria from Goldberg et al. [63] are applied to the 93,000 km? area offshore
Iceland, estimating 9300 km® of permeable basaltic rocks along the ridge axis, with 10% average channel porosity.,
then 930 km? of potential pore volume would be available, yielding to a mineral storage potential of 1100 GtCO,
(fig. 4, Scenario 2).

Snaebjornsdottir et al. [2] used a study done by Wiese et al. [62] on the amount and spatial distribution of CO,
stored as calcite within the bedrock of three active high-temperature geothermal systems in Iceland, as a natural
analog for mineral storage of CO, in young basaltic formations. A significant amount of CO, is naturally fixed
within basaltic rocks in geothermal areas which receive CO, from their heat source; magmatic intrusions in their
roots. The amount of CO, stored as calcite in the three geothermal systems; Krafla in the north—east of Iceland and
Hellisheidi and Reykjanes in the south-west, was estimated by measuring the CO, content of about 700 samples of
drill cuttings from 42 wells in these three areas. The results indicate that about 28.2 to 73.1 tonnes of CO, per m* of
surface area are already naturally fixed in the uppermost 1500 m of the three areas. The lowest values are measured
in the Reykjanes geothermal area, which is considered to be the youngest of the three geothermal areas (active for
10,000-100,000 years) and the highest values are measured in the Krafla geothermal area, considered to have been
active for the longest (between 110,000 and 290,000 years). These time scales are orders of magnitude larger than
the time scales CCS requires, but considering how fast these reactions occur when CO; is dissolved in water during
injection [3, 15, 64] the results can be used as a guideline for the theoretical CO, storage potential.

The CO,-load in the uppermost 1500 m of the Reykjanes system was used to as a minimum and the Krafla system
as a maximum and the values applied to the uppermost 1500 m of the relatively fresh basaltic formations within the
active rift zone of Iceland [2]. If the same method is used to estimate the storage potential offshore Iceland gives
values of 2600 GtCO; (fig. 4, Scenario 3) and 6800 GtCO, (fig. 4, Scenario 4) respectively.

As stated before, the permeability, porosity and general structure of the Icelandic crust within the active rift zone
is similar to the oceanic crust. The formations on-shore can therefore give valuable information on offshore storage
of CO,. The storage potential estimates using the Icelandic analogue give results of the same order of magnitude as
Goldberg et al. [63]. The main difference lies within the different approaches: Goldberg et al. estimate the storage
potential from petro-physical properties of the oceanic crust for injection of supercritical CO, whilst Snabjérnsdottir
et al. [2] use natural analog for mineral storage of CO..
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Fig. 4. Storage potential estimates of the selected area feasible for mineral storage of CO, offshore Iceland along the of the axis of the Reykjanes
Ridge SW of Iceland and the Kolbeinsey Ridge N of Iceland within the Exclusive Economic Zone using criteria from McGrail et al. [61] as
scenario 1, Goldberg et al. [63] as Scenario 2 and Snabjornsdéttir et al. [2] as Scenario 3 and 4.
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6. Conclusions

The largest geological storage potential for CO, lies offshore, and in the case of basalt along the oceanic ridges
where theoretically CO, from burning of all fossil fuel on Earth could be stored as carbonate minerals for thousands
of years [2]. There is a large storage potential of CO, within basaltic rocks offshore Iceland, which is underscored by
the theoretical storage potential estimates ranging from about 60 to about 7,000 GtCO,. There are however large
uncertainties due to lack of data and experience within the field which require site-specific geological research and
pilot studies.

A significant challenge faced by the CarbFix method is the vast amount of water that is required to dissolve CO,
during injection. The total mass initially injected will be about 15 to 25 times greater when compared to the
conventional method. Both methods run into risks of overpressure in the aquifers when scaled up to millions of
tonnes and the great mass injected using the CarbFix method increases this risk. At Hellisheidi geothermal field in
SW-Iceland about 22 Mt of waste water from the Hellisheidi geothermal power plant have been re-injected into the
fractured reservoir annually for the last four years using 12 injection wells. The injection initially led to some
overpressure and induced seismicity which faded out with time during operation [65]. Today it is an ongoing
operation that continues to show the feasibility of injecting large volumes of fluid into young and fractured basaltic
rocks.

One of the advantages of going offshore is that the oceans provide an unlimited reservoir for the required water.
In addition to that, the flanks of the ridges contain highly fractured and permeable basaltic layers with great
circulation of seawater, or about 1,000 GtH,O/yr [23], as mentioned in chapter 1 of this paper. Considering that the
CO,-charged water is heavier than seawater and does therefore not migrate back to the surface, and the fast reactions
between the carbonated water and the basaltic rocks [3] it could be a feasible option to extract and re-inject the same
water about five years after injection, thus accelerating flow through the formation.

On-shore pilot studies on CO, storage within basaltic rocks such as the two CarbFix field injection experiments
[e.g. 11, 13, 66] and Big Sky Carbon Sequestration [67, 68] give valuable information on the feasibility of the
concept together with modelling work and laboratory injection experiments, since offshore drilling and monitoring is
both more expensive and harder to conduct. However, offshore pilot scale projects should be considered as the next
steps in evolving the CarbFix method.
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CARBON SEQUESTRATION

Rapid carbon mineralization for
permanent disposal of anthropogenic
carbon dioxide emissions
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Carbon capture and storage (CCS) provides a solution toward decarbonization of the global
economy. The success of this solution depends on the ability to safely and permanently store
CO.,. This study demonstrates for the first time the permanent disposal of CO, as
environmentally benign carbonate minerals in basaltic rocks. We find that over 95% of the CO,
injected into the CarbFix site in Iceland was mineralized to carbonate minerals in less than

2 years. This result contrasts with the common view that the immobilization of CO, as carbonate
minerals within geologic reservoirs takes several hundreds to thousands of years. Our results,
therefore, demonstrate that the safe long-term storage of anthropogenic CO, emissions
through mineralization can be far faster than previously postulated.

he success of geologic CO, storage depends

on its long-term security and public accept-

ance, in addition to regulatory, policy, and

economical factors (I). CO, and brine leak-

age through a confining system above the
storage reservoir or through abandoned wells is
considered one of the major challenges associated
with geologic CO, storage (2-4). Leakage rates
into the atmosphere of <0.1% are required to en-
sure effective climate change mitigation (5, 6). To
avoid CO, leakage, caprock integrity needs to be
evaluated and monitored (7). Leakage risk is
further enhanced by induced seismicity, which
may open fluid flow pathways in the caprock (8).
Mineral carbonatization (i.e., the conversion of
CO, to carbonate minerals) via CO,-fluid-rock
reactions in the reservoir minimizes the risk of
leakage and thus facilitates long-term and safe
carbon storage and public acceptance (9). The
potential for carbonatization is, however, limited
in conventional CO, storage reservoirs such as
deep saline aquifers and depleted oil and gas res-
ervoirs in sedimentary basins due to the lack of
calcium-, magnesium-, and iron-rich silicate min-
erals required to form carbonate minerals (0, 17).
An alternative is to inject CO, into basaltic rocks,
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which contain up to 25% by weight of calcium,
magnesium, and iron. Basaltic rocks are highly
reactive and are one of the most common rock
types on Earth, covering ~10% of continental sur-
face area and most of the ocean floor (12, 13).

The CarbFix pilot project in Iceland was de-
signed to promote and verify in situ CO, mineral-
ization in basaltic rocks for the permanent disposal
of anthropogenic CO, emissions (74). Two injec-
tion tests were performed at the CarbFix injec-
tion site near the Hellisheidi geothermal power
plant. Phase I: 175 tons of pure CO, from January
to March 2012, and phase II: 73 tons of a CO,-H,S
gas mixture in June to August 2012, of which 55 tons
were CO,. H,S is not only a major constituent of
geothermal gases but also of CO,-rich sour gas.
Because the cost of carbon capture and storage
(CCS) is dominated by the cost of capture and gas
separation, the overall cost could be lowered sub-
stantially by injecting gas mixtures rather than
pure CO, (9). Hence, the purpose of the mixed
CO,/H,S injection was to assess the feasibility of
injecting impurities in the CO, stream.

The CarbFix injection site is situated about
25 km east of Reykjavik and is equipped with a
2000-m-deep injection well (HN02) and eight mon-
itoring wells ranging in depth from 150 to 1300 m
(Fig. 1). The target CO, storage formation is at
between 400 and 800 m depth and consists of
basaltic lavas and hyaloclastites with lateral and
vertical intrinsic permeabilities of 300 and 1700 x
107" m?, respectively (15, 16). It is overlain by low-
permeability hyaloclastites. The formation water
temperature and pH in the injection interval
range from 20° to 33°C and from 8.4 to 9.4, and
it is oxygen-depleted (75). Due to the shallow
depth of the target storage reservoir and the risk
of CO, gas leakage through fractures, a novel CO,
injection system was designed and used, which

dissolves the gases into down-flowing water in
the well during its injection (7). To avoid potential
degassing, the CO, concentration in the injected
fluids was kept below its solubility at reservoir
conditions (I7). Once dissolved in water, CO, is
no longer buoyant (17), and it immediately starts
to react with the Ca-Mg-Fe-rich reservoir rocks.

Because dissolved or mineralized CO, cannot
be detected by conventional monitoring methods
such as seismic imaging, the fate of the injected
CO, was monitored with a suite of chemical and
isotopic tracers. The injected CO, was spiked with
carbon-14 (**C) to monitor its transport and re-
activity (Z8). For the pure CO, and the CO,/H,S
injections, the **C concentrations of the injected
fluids were 40.0 Bq/liter (*C/C: 2.16 x 107™)
and 6 Bq/liter (**C/**C: 6.5 x 107'2), respectively.
By comparison, the **C concentration in the res-
ervoir before the injections was 0.0006 Bq/liter
(*C/™C: 1.68 x 107*3). This novel carbon tracking
method was previously proposed for geologic CO,
storage monitoring, but its feasibility has not been
tested previously (19, 20). Because *CO, chemically
and physically behaves identically to CO, and is
only minimally affected by isotope fraction during
phase transitions (21), it provides the means to ac-
curately inventory the fate of the injected carbon.

In addition to **C, we continuously co-injected
nonreactive but volatile sulfur hexafluoride (SFg)
and trifluoromethyl sulfur pentafluoride (SFsCFs5)
tracers to assess plume migration in the reservoir.
The SFs was used during phase I and SF;CF;
during phase II. The SFs and SF;CF; concentra-
tions in the injected fluids were 2.33 x 107® cc at
standard temperature and pressure (ccSTP)/cc
and 2.24 x 10~® ccSTP/cc, respectively.

The CO, and CO,/H,S mixtures, together with
the tracers, were injected into the target storage
formation fully dissolved in water pumped from
anearby well. Typical injection rates during phase
I injection were 70 g/s for CO, and 1800 g/s for
H,0, respectively (17). Injection rates during phase
II varied between 10 and 50 g/s for CO, and 417
and 2082 g/s for H,O. The dissolved inorganic
carbon (DIC) concentration and pH of the injec-
tates were 0.82 mol/liter and 3.85 (at 20°C) for
phase I and 0.43 mol/liter and 4.03 for phase II.
Fluid samples for SFs, SFsCFs, *C, DIC, and pH
analyses were collected without degassing using
a specially designed downhole sampler from the
injection well HNO2 (22) or with a submersible
pump from the first monitoring well, HN04, lo-
cated about 70 m downstream from HNO2 at 400 m
depth below the surface before, during, and after
injection (tables S1 to S3).

The arrival of the injectate from phase I at
monitoring well HNO4 was confirmed by an in-
crease in SFg4 concentration, and a sharp decrease
in pH and DIC concentration (Fig. 2, A and B,
and table S3). Based on the SF4 data, the initial
breakthrough in HNO4 occurred 56 days after in-
Jjection. Subsequently, the SF4 concentration slightly
decreased before a further increase in concentra-
tion occurred, with peak concentration 406 days
after initiation of the injection. SF;CF; behaves
similarly (Fig. 2A); its initial arrival was detected
58 days after initiation of the phase II injection,
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followed by decreasing concentrations until 350
days after the injection started. Subsequently, the
SF;CF; concentration increased, consistent with
the SFg tracer breakthrough curve. The double
peaks in these tracer breakthrough curves are also
in agreement with results from previous tracer
tests showing that the storage formation consists
of relatively homogenous porous media inter-
sected by a low-volume and fast flow path that
channels about 3% of the tracer flow between
HNO2 and HNO4 (23).

The time series of DIC, pH, and **C in HNO4
are initially coincident with the SFg record, show-
ing peak concentrations in '*C and DIC and a
decrease in pH around 56 days after injection
(Figs. 2B and 3). The small drop in pH and in-
crease in DIC around 200 days after injection is
caused by the phase II injection, as confirmed
by the SF;CF; time series (Fig. 2A). The similar
initial pattern in the tracer breakthrough curves
and the DIC concentration suggests identical trans-
port behavior of carbon and tracers in the reservoir.
However, C and DIC concentrations subsequently
decreased and stayed more or less constant for the
remaining monitoring period, with the exception
of a small increase in concentration induced by the
phase II injection (Figs. 2B and 3, A and B).

The fate of the injected CO, was quantified
using mass balance calculations (I8). The result-
ing calculated DIC and '*C concentrations are
much higher than those measured in the collected
water samples, suggesting a loss of DIC and *C
along the subsurface flow path toward the mon-
itoring well (Fig. 3, A and B). The most plausible
mechanism for this difference is carbonate pre-
cipitation. The differences between calculated and
measured DIC and *C indicate that >95% of the
injected CO, was mineralized through water-CO,-
basalt reactions between the injection (HN02)
and monitoring (HN04) wells within 2 years (Fig.
3, A and B). The initial peak concentrations in DIC
and ™C detected around 56 days after injection
suggest that travel time along the low-volume
fast-flowing flow path was too short for signifi-
cant CO, mineralization to occur. Most of the
injected CO, was probably mineralized within the
porous matrix of the basalt that allows for longer
fluid residence times and thus extended reaction
time. This conclusion is confirmed by (i) calculated
fluid saturation states showing that the collected
monitoring fluids are at saturation or super-
saturation with respect to calcite at all times
except during the initial low-volume flow path
contribution; (ii) x-ray diffraction and scanning
electron microscopy with energy-dispersive x-ray
spectroscopy analysis of secondary mineral pre-
cipitates collected from the submersible pump in
monitoring well HNO4 after it was hauled to the
surface, showing these precipitates to be calcite
(18) (figs. S1 to S3); and (iii) the similarity in the
C concentration of the injected CO, and the
precipitated collected calcite (7.48 + 0.8 and 7.82 =
0.05 fraction modern).

Although monitoring continues, the time scale
of the tracer and DIC data discussed is limited to
550 days, because most of the injected CO, was
mineralized by this time (Figs. 2 and 3). This 550-day
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Fig. 1. Geological cross-section of the CarbFix injection site. CO, and H.S are injected fully dissolved in
water in injection well HNO2 at a depth between 400 and 540 m. For this study, fluid samples were collected in
the injection well HNO2 and the monitoring well HNO4 [modified from (15)].
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limit also coincides with the breakdown of the
submersible pump in HNO4 monitoring well,
which resulted in a 3-month gap in the subsequent
monitoring data. The pump was clogged and
coated with calcite (18).

The fast conversion rate of dissolved CO, to
calcite minerals in the CarbFix storage reservoir
is most likely the result of several key processes:
(i) the novel CO, injection system that injected
water-dissolved CO, into the subsurface; (ii) the
relatively rapid dissolution rate of basalt, releas-
ing Ca, Mg, and Fe ions required for the CO,
mineralization; (iii) the mixing of injected water
with alkaline formation waters; and (iv) The dis-
solution of preexisting secondary carbonates at
the onset of the CO, injection, which may have con-
tributed to the neutralization of the injected CO,-
rich water via the reaction CaCO3 + CO, + H,0 =
Ca®* + 2 HCO; .

The dissolution of preexisting calcite is sup-
ported by the *C/*2C ratio of the collected fluid
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samples, which suggest a 50% dilution of the
carbon in the fluid, most likely via calcite dis-
solution just after it arrives in the basaltic res-
ervoir. Nevertheless, the mass balance calculations
clearly demonstrate that these preexisting carbo-
nates re-precipitated during the mineralization of
the injected CO,.

The results of this study demonstrate that near-
ly complete in situ CO, mineralization in basaltic
rocks can occur in less than 2 years. Once stored
within carbonate minerals, the leakage risk is elim-
inated and any monitoring program of the storage
site can be significantly reduced, thus enhancing
storage security and potentially public acceptance.
Natural aqueous fluids in basalts and those at the
CarbFix site tend to be at or close to equilibrium
with respect to calcite, limiting its redissolution
(16). The scaling up of this basaltic carbon stor-
age method requires substantial quantities of
water and porous basaltic rocks (9). Both are
widely available on the continental margins, such

as off the coast of the Pacific Northwest of the
United States (12).
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ARTICLE INFO ABSTRACT
Article history: In situ carbonation of basaltic rocks could provide a long-term carbon storage solution, which is essential
Received 31 May 2016 for the success and public acceptance of carbon storage. To demonstrate the viability of this carbon
Received in revised form 24 October 2016 storage solution, 175 tonnes (t) of pure CO, and 73 tonnes (t) of a 75% C0,-24% H,S-1% H,-gas mixture
Accepted 9 January 2017 were sequentially injected into basaltic rocks at the CarbFix site at Hellisheidi, SW-Iceland from January to
August 2012. This paper reports the chemistry and saturation states with respect to potential secondary
gﬁ{;’;rm" minerals of sub-surface fluids sampled prior to, during, and after the injections. All gases were dissolved
Basaltic rocks in water during their injection into permeable basalts located at 500-800 m depth with temperatures
ccs ranging from 20 to 50°C. A pH decrease and dissolved inorganic carbon (DIC) increase was observed in
Mineral storage the first monitoring well, HN-04, about two weeks after each injection began. At storage reservoir target
Mineral trapping depth, this diverted monitoring well is located ~125 m downstream from the injection well. A significant
Solubility trapping increase in H,S concentration, however, was not observed after the second injection. Sampled fluids from
Carbonation the HN-04 well show a rapid increase in Ca, Mg, and Fe concentration during the injections with a gradual
Gas mixtures decline in the following months. Calculations indicate that the sampled fluids are saturated with respect

to siderite about four weeks after the injections began, and these fluids attained calcite saturation about
three months after each injection. Pyrite is supersaturated prior to and during the mixed gas injection
and in the following months. In July 2013, the HN-04 fluid sampling pump broke down due to calcite
precipitation, verifying the carbonation of the injected CO,. Mass balance calculations, based on the
recovery of non-reactive tracers co-injected into the subsurface together with the acid-gases, confirm
that more than 95% of the CO, injected into the subsurface was mineralised within a year, and essentially
all of the injected H,S was mineralised within four months of its injection. These results demonstrate
the viability of the in situ mineralisation of these gases in basaltic rocks as a long-term and safe storage
solution for CO, and H,S.

© 2017 Elsevier Ltd. All rights reserved.
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tion is one of the greatest challenges of this century (e.g. Broecker, 2008; Pacala and Socolow, 2004). One potential solution to this

challenge is carbon capture and storage (CCS). A critical step in
CCS is identifying locations and methods for secure subsurface CO,

—_— storage.
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injection well was presented by Sigfusson et al. (2015) and 2) the
monitoring of tracers, carbon and pH in the first monitoring well
downstream from the injection well was reported by Matter et al.
(2016). The CarbFix project is focussed on CO, and H,S injected
into basaltic rocks. Carbon storage in basaltic rocks offers several
advantages, due to their ability to promote permanent CO, storage
by mineralisation and due to their large potential storage volume
(Gislason and Oelkers, 2014; Goldberg and Slagle, 2009; Goldberg
et al., 2010; McGrail et al., 2006; Snabjornsdottir et al., 2014). As
such, a large number of past studies have focussed on developing
the technology to safely store CO in basaltic rocks (Assayag et al.,
2009; Bacon et al., 2014; Flaathen et al., 2009; Galeczka et al., 2014;
Goldberg et al., 2013, 2008; Gudbrandsson et al., 2011; Gysi and
Stefansson, 2012a; Matter et al., 2007; McGrail et al., 2012, 2006,
2011; Rogers et al., 2006; Rosenbauer et al., 2012; Sigfusson et al.,
2015; Stockmann et al., 2011; Van Pham et al., 2012). Basaltic rocks
are rich in divalent cations such as Ca2*, Mg2*, and Fe2*. Acidic gas-
charged water accelerates the release of these metals, promoting
the formation of carbonate minerals such as calcite, magnesite, and
siderite (Gislason et al., 2014; Gislason and Oelkers, 2014; Olsson
et al,, 2014; Gislason et al., 2010; Gunnarsson et al., 2011; Oelkers
etal., 2008; Stefansson et al., 2011). About 5% of the continents and
most of the oceanic floor are comprised of basaltic rocks, includ-
ing the mid-oceanic ridges. The largest basaltic storage potential
lies offshore; theoretically all CO, from the burning of fossil fuel
carbon (~5000 GtC; Archer, 2005) could be stored by mineral car-
bonation along the mid-ocean ridges (Snabjornsdottir et al., 2014).
The flanks of the ridges contain highly fractured and permeable
basaltic layers (Fisher, 1998) with a pervasive circulation of about
1000 Gt seawater/yr (Harris and Chapman, 2004). The potential for
using these systems for carbon storage is confirmed by the results
of Wolff-Boenisch et al. (2011), who demonstrated the rapid disso-
lution basaltic rocks in CO, charged seawater.

About 90% of Icelandic bedrock is basaltic (Hjartarson and
Semundsson, 2014).In total, Iceland produced 1.6 MtCO; by indus-
trial processes in 2012 and about 0.2 MtCO, by geothermal energy
production (Wdll et al., 2014). Iceland is the largest (103,000 km?2)
part of the mid-ocean ridge systems exposed above sea level.
Iceland, therefore, provides an excellent opportunity to explore the
feasibility of mineral storage of CO, and gas mixtures in basaltic
rocks at the oceanic ridges since drilling and detailed monitoring
of injected gas and water by reactive and non-reactive tracers is
much less costly onshore than offshore.

The potential advantages in storing carbon by the in situ carbon-
ation of Icelandic basalts motivated creation of the CarbFix project,
which was designed to inject CO, into subsurface adjacent to the
Hellisheidi geothermal power plant. Extensive research was carried
out prior to the injection of acid gases at the CarbFix site. Gislason
et al. (2010) described the thermodynamics and kinetic basis for
carbon storage at this site. Alfredsson et al. (2013) characterised
the geology, and rock and water chemistry of the CarbFix site.
Wiese et al. (2008) determined the amount and spatial distribu-
tion of naturally mineralised CO, within the Icelandic geothermal
systems. The dissolution and precipitation rates of the subsurface
rocks at the site were investigated in mixed flow reactors (e.g.
Gudbrandsson et al., 2011; Gysi and Stefansson, 2012a; Stockmann
et al,, 2013), in pressurised plug flow experiments (e.g. Galeczka
et al., 2014), by hydrological modelling (Khalilabad et al., 2008),
and using reactive transport modelling (Aradottir et al., 2012).

The CarbFix project is unique in that it injects CO, into basalts
as a dissolved aqueous phase. In contrast, most subsurface carbon
storage projects have injected CO, as a separate phase into large
sedimentary basins; this method requires high integrity cap-rocks
to keep the injected buoyant gas in the subsurface (Gislason and
Oelkers, 2014; Rutqvist et al., 2007). However, there are numer-
ous advantages of injecting CO, into the subsurface within an

aqueous phase. First, many of the risks associated with buoyancy
can be mitigated by dissolving the gases into water during their
injection (Gislason et al., 2010; Sigfusson et al., 2015). Once dis-
solved, the injected gases are no longer buoyant, making it possible
to inject CO, into fractured rocks, such as basalts along the ocean
ridges and on the continents. Furthermore, this injection method
may also make it possible to simultaneously store a number of acid
gases including SO, and H;S as sulphide minerals such as pyrite
and pyrrhotite, lowering substantially gas capture/storage costs
(Gislason et al., 2014; Gislason and Oelkers, 2014; WorleyParsons
and Schlumberger, 2011).

Large SO, emissions are associated with fossil fuel power pro-
duction and heavy industry such as metal smelters (Smith et al.,
2011). These emissions peaked in 1970-1980 at about 80 Mt per
year in the USA and Europe leading to acid rain and Al mobilisa-
tion, degrading aquatic and terrestrial ecosystems (Gensemer and
Playle, 1999; Gislason and Torssander, 2006). Due to intervening
regulations, these emissions have been in decline, and were less
than 11 Mt in 2011 (European Environment Agency, 2014; United
States Environmental Protection Agency, 2015) due, in large part
due to SO, capture. This SO, capture could potentially be combined
with CO, capture in water, and this water-soluble gas mixture
injected into reactive rocks for mineral storage.

Emissions of H,S are an inevitable consequence of geother-
mal energy exploitation, pulp and paper production and the use
of fossil fuels (e.g.World Health Organization, 2000). Regulations
for H,S emissions have obliged Icelandic geothermal energy pro-
ducers to reduce their emissions of this gas (Aradottir et al.,
2015; Gunnarsson et al., 2011). One mitigation option is to cap-
ture H,S and inject it into the subsurface. This approach has been
adopted by an ongoing carbon storage project at Weyburn Canada
in connection with enhanced oil recovery, which has been co-
injecting supercritical CO, and H,S into subsurface sedimentary
rocks (Bachu and Gunter, 2005). The behaviour of co-injecting
H,S has not been studied to the same extent as injection of pure
CO,. Some work has, however, been done in terms of geochemi-
cal modelling and laboratory experiments (e.g. Bacon et al., 2014;
Gudbrandsson and Stefansson, 2014; Gunnarsson et al., 2011;
Stefansson et al.,, 2011; Knauss et al., 2005). One goal of the CarbFix
project is to assess the feasibility of co-injecting dissolved H,S and
CO, into basalts which can provide a cost effective storage solution
for both of these gases.

This paper reports on our further efforts to develop the technol-
ogy to store CO, through the in situ carbonation of basaltic rocks at
the CarbFix storage site in southwest Iceland. Two field injections
were carried out at this storage site. In January to March 2012, 175t
of pure CO, were injected into the CarbFix site. In June to August
2012, 73 t of a gas mixture from the Hellisheidi geothermal power
plant were injected, consisting of 75 mol% CO,, 24 mol% H,S and
1mol% Hj. In each case, the gases were dissolved into formation
water during their injection, releasing a single aqueous fluid into
the storage formation. Here we report the compositions and satu-
ration states of fluid samples collected from a diverted monitoring
well located 125 m in the down-flow direction of the injection well
at target storage reservoir depth, before, during, and after the CO,
and CO,-H,S injections, and use these results to better understand
the fate of these injected gases in the subsurface.

2. Methods
2.1. Description of the CarbFix site
The CarbFix injection site is located in SW-Iceland, about 30 km

east of Reykjavik. The site is ~260m above sea level and located
3 km SW of the Hellisheidi geothermal power plant (Fig. 1), which is
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The Hellisheidi Geothermal
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40.000 tonnes CO2 and
12.000 tonnes H2S

Gas and water from
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\

Fig. 1. Geological cross section of the CarbFix injection site, modified from Alfredsson et al. (2013). Blue indicates lava flows and brown indicates hyaloclastic (glassy)
formations. The CO,-H,S-H, gas mixture used in the second injection was separated from other geothermal gases at the power plant and transported via gas pipe to the
injection site where it was dissolved in water from well HN-01 within the injection well HN-02. The gas charged water enters the basalts as a single phase. Water was pumped
from well HN-01 to the injection well HN-02 at the rate of 7.2 m3/h. Water was pumped from the monitoring well at the rate of 3.5 m3/h, throughout this study. Graphic

work by Sélvi Snabjornsson.

owned and operated by Reykjavik Energy. During 2015, the power
plant generated 303 MW of electricity and 133 MW of thermal
energy using hot water and steam from a high temperature reser-
voir located at 800-3000 m depth E and NE of the power plant.
The power plant annually produces 40,000t CO, and 12,000t H,S.
These gases are of magmatic origin produced as a by-product of the
geothermal energy production.

Acidic gases injected at the CarbFix site were dissolved into
water collected from HN-01, a well located about 1 km west of the
2001 m deep HN-02 injection well (Fig. 1). Well HN-01 is 1306 m
deep; water collected from this well was transported via pipeline
to HN-02 where the HN-01 water was injected through a pipe as
described in detail by Sigfusson et al. (2015). The injected gas was
released into the down flowing water via a sparger at a depth of
340 m. The gas dissolved in the water as it was carried down a
mixing pipe to a depth of 540 m, where the hydrostatic pressure
is above 40 bar, ensuring complete dissolution of the CO, before
it was released into the subsurface rocks (Aradottir et al., 2012;
Gislason et al., 2010; Sigfusson et al., 2015).

The geology of the CarbFix site was described in detail by
Alfredsson et al. (2013). The subsurface rocks at the injection site
are primarily olivine tholeiite basalts, consisting of post-glacial
lava flows and glassy hyaloclastite formations, formed beneath the
ice-sheet during glaciations (Fig. 1). The bedrock down to about
200-300m depth consists of relatively unaltered olivine tholei-
ite lava flows that host an oxygen-rich groundwater system with
a static water table at about 100 m depth. Below the lava flows
lies a 200 m thick, slightly altered hyaloclastite that separates the
near surface water system from a deeper system, which is oxy-
gen depleted. The site follows an approximately linear temperature
gradient of 80°C/km. The target injection formation consists of
a series of altered lava flows from about 400 m to 800 m depth
overlain by the low permeability hyaloclastites (Alfredsson et al.,
2013; Helgadottir, 2011). The lateral and vertical intrinsic perme-
abilities of the storage formation were estimated to be 300 and
1700 x 10~1> m2, respectively, having an effective matrix poros-
ity of 8.5% and a 25 m/year estimated regional groundwater flow
velocity (Aradoéttir et al., 2012). The most abundant alteration

minerals from 200 m to 1000 m depth are smectites, calcite, and Ca-
and Na-rich zeolites (Alfredsson et al., 2013; Helgadottir, 2011).

The injection site is equipped with eight monitoring wells rang-
ing from 50 to 1300 m depth. Six of the eight wells are located
downstream from the HN-02 injection well. Four of the wells pen-
etrate the groundwater system in the topmost 200-300m and
four are drilled down through the target storage formation. These
deeper wells are cased down to 400 m depth and serve as monitor-
ing wells of the deeper system. All monitoring wells were sampled
during the experiment, but evidence of tracers from the injections
has only been found, to date, in samples collected from well HN-04,
which is the closest to the injection well as shown in Fig. 1. Well
HN-04 is located about 10 m west of HN-02 at the surface, but it is
diverted in the subsurface such that the distance between the wells
is 125 m at 520 m depth, where the target carbon storage aquifer is
located (Alfredsson et al., 2013; Aradottir et al., 2012). Field injec-
tions at the CarbFix site were performed from 2008 to 2012. Tracer
tests were conducted both under natural and forced flow condi-
tions from 2008 to 2011 to define the system hydrology and for
scaling reactive transport models (Aradottir et al., 2012; Gislason
et al,, 2010; Khalilabad et al., 2008; Matter et al., 2011).

2.2. Acid gas injections at the CarbFix site

The injection of acid gases at the CarbFix site was performed in
two phases during 2012 (Table 1):

Phase I began in late January 2012 with the injection of 175 t of
pure CO,. The CO, was stored in a 30 m3 reservoir tank pressurised
at 26-28 bars and co-injected with water collected from well HN-
01 into well HN-02, as described by Sigfusson et al. (2015). The
predicted in situ pH and DIC concentrations of the injected fluid
during Phase I were 3.85 and 0.823 mol kg~ respectively, based on
the mass flow rates of water and gas into the injection well, chemi-
cal speciation calculations (Parkhurst and Appelo, 2013), and direct
measurement (Sigfusson et al., 2015). The chemical tracers listed in
Table 1 were co-dissolved into the injected water as described by
Sigfussonetal.(2015) to aid in determining the fate of the dissolved
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Table 1

Characteristics of the two gas injections into the CarbFix storage site considered in this study.

Phase I: Injection of 100% CO,

Phase II: Injection of 75% CO», 24% H,S, 1% Hy

Period: 24th of January-9th March 2012 15th of June-1st of August 2012
Injection period (days) 45 48
Active Active
40 29
Mass of injected gas (tonnes) 175 73
Tracers:
Reactive 1ac 1ac
Concentration: 40.0 Bq/L? 6Bq/L?
14C:12C ratio 216 x 10-112 6.5 x 107122
Non-reactive N SF5CF3

Concentration: 2.33 x 1078 ccSTP/cc?

2.24 x 1078 ccSTP/cc?

2 From Matter et al. (2016).

CO; as described by Matter et al. (2016). The Phase I injection ran
continuously until it was terminated on the 9th of March 2012.

Phase II began in mid-June 2012 with the injection of 73t of a
gas mixture containing 75 mol% CO5, 24 mol% H,S, and 1 mol% H,
originating from the Hellisheidi power plant. The gas mixture was
obtained by diverting power plant emissions to a gas abatement
plant, where it was separated into water soluble gases (CO;, H;S),
and less soluble gases (N3, CHy, Hy, Ar). The power plant emission
gas contained about 20% H,; a small fraction of this dissolves in the
water along with the CO, and H;S according to the solubility and
partial pressure of the gases. Subsequently the soluble gas mixture
was co-injected into the surface with HN-01 water. The predicted
in situ pH, DIC, H,S, and H; concentrations of the injected water
during the Phase II, based on the mass flow rates of water and gas
into the injection well and chemical speciation calculations per-
formed using PHREEQC (Parkhurst and Appelo, 2013) were 4.03,
0.43mol kg1, 0.14mol kg~! and less than 0.01 molkg~?, respec-
tively. The chemical tracers listed in Table 1 were co-dissolved into
the injected water as for the pure CO- injection to monitor subsur-
face reactivity. The gas mixture injection rate was less stable than
that of the pure CO; injection and was stopped several times due
to injection problems. The injection was terminated on the 1st of
August 2012.

2.3. Analytical methods

Sampling of the fluids from the HN-04 first monitoring well
began in 2008. Water samples for chemical analysis were col-
lected several times prior to the Phase I injection in January 2012
(Alfredsson et al., 2013). During the injections and until mid-
September 2012 this well was sampled twice weekly. Weekly
sampling continued until mid-July 2013 with few exceptions.

Water was pumped from the monitoring well at the rate of
3.5 m3/h throughout this study, to maintain a constant head from
the injection to the monitoring well. The pump used was a 163 cm
long, submersible Grundfos model SP3A-60 made of stainless steel,
located at 303 m depth and ~200 m below the water table. This
pump was connected to a 53 mm diameter steel pipe to the surface
where the effluent was deposed via a service pipe extending east of
the injection site and eventually re-injected into a deep geothermal
system.

Fluid samples were collected via a 10 m long, 10 mm diameter
stainless steel pipe connected to the 53 mm diameter monitoring
well lining pipe extending down to the pump. The 10 mm sam-
ple pipe was connected directly to a sampling valve inside an
on-site field laboratory. After flushing the sampling pipe, the sam-
pled waters were immediately filtered through 0.2 wm Millipore
cellulose acetate membranes using silicon tubing and a 140 mm
Sartorius” polypropylene filter holder. All air in the filtration sys-
tem was expelled through a valve prior to sampling and at least 3L

of water was pumped through the system before the samples were
collected in distinct bottles depending on the subsequent chemical
analysis. Amber glass bottles were used to collect samples for pH
and alkalinity. Acid washed high density polyethylene bottles were
used to collect samples for cations and trace metals. These sam-
ples were acidified using Suprapur® HNOs, 1% (v/v). Acid washed
low density polypropylene bottles were used to collect samples
for Fe-species measurement. These samples were acidified with
Suprapur® HCI, 1% (v/v) immediately after collection. Low density
polypropylene bottles were used for collecting samples for anion
concentration measurements. Acid washed polycarbonate bottles
were used to collect samples for dissolved organic carbon (DOC).
These samples were acidified with 1.2 M concentrated HCI 2% (v/v).
All sample bottles were rinsed three times by half filling them with
the filtrated water and then emptying them prior to sample collec-
tion.

Temperature and conductivity were measured at the sampling
site using a Eutech Instruments Oakalon 2-cell Conductivity meter.
The in situ temperature of the sampled fluid was determined using
down-hole temperature logging at the depth of the main feed-
point of well HN-04, at about 420 m depth (Alfredsson et al., 2013;
Thorarinsson et al., 2006). The pH was determined on site with
a Eutech InstrumentsTM CyberScan pH 110 electrode and again
in the laboratory a few hours after sampling with a Cole Parmer
combined glass electrode together with an Orion pH meter. The
uncertainty of the analyses is estimated to be +0.02. The pH was
then re-calculated at in situ conditions using PHREEQC (Parkhurst
and Appelo, 2013). Alkalinity was measured in the laboratory by
alkalinity titration using the Gran function to determine the end
point of the titration (Stumm and Morgan, 1996). Total dissolved
inorganic carbon (DIC) was calculated with PHREEQC (Parkhurst
and Appelo, 2013) using measured pH, alkalinity, temperature and
total dissolved elements concentrations. The uncertainties of the
DIC calculations are estimated to be within 10%.

Dissolved oxygen was fixed on site and later determined by
Winkler titration. This method has a precision of 1umol/L O,
(0.03 ppm) for the 50 ml sample bottles, but there is a risk of atmo-
spheric contamination for samples containing no or little oxygen.
Such is the case for the samples collected from HN-04, which
are oxygen depleted. The O, concentrations of the sampled fluids
ranged from 2 to 24 wmol/L. The difference between the O, concen-
tration in the samples and the reagents was determined using the
method described by Arnérsson et al. (2000). The results show that
the oxygen measured in the samples is mostly derived from the
reagents. Some oxygen contamination during sampling was also
inevitable.

Dissolved hydrogen sulphide was measured by titration on site
using mercury and dithizone as an indicator (Arnérsson et al.,
2000). The sensitivity of this method is about 0.29 wmol/L H,S
(about 0.01 ppm) when using a 50 ml sample aliquot.
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The major elements Si, Ca, K, Mg, Na, and S and the trace metals
Fe and Al were analysed using a Spectro Ciros Vision Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES) using an
in-house multi-elements standard checked against the SPEX Cer-
tified Reference standard at the University of Iceland. The samples
were analysed again using a Agilent 725 ICP-OES for major ele-
ments and an ELEMENT XR Inductively Coupled Plasma Sector Field
Mass Spectrometer (ICP-SFMS) from ThermoScientific for the trace
elements Fe and Al at ALS Scandinavia, Luled, Sweden. Analyti-
cal measurements for the major elements had an inter-laboratory
reproducibility within 12%. The average difference between cor-
responding concentration measurements is 3.7% with a standard
deviation of 2.3%. Analytical measurements for the trace elements
Fe and Al had an inter-laboratory reproducibility within 19%. The
average difference in corresponding Fe and Al concentration mea-
surements was 4.9%. Dissolved F~, Cl-, and SO4~2 concentrations
were quantified using a DIONEX, ICS-2000 lon Chromatograph. The
addition of zinc-acetate to the SO4 sample was not needed for its
analysis since the H,S concentrations were small compared to the
SO4 concentrations as shown below. Concentrations of Fe2* and
Fe3* were measured using a DIONEX IC-3000 Ion Chromatograph.
Due to ambiguities in the Fe3* measurements, the FeZ* measure-
ments were used along with the Fey,, concentrations measured
by ICP-SFMS at ALS Scandinavia to calculate Fe3* concentrations.
Analysis of dissolved organic carbon (DOC) was carried out at Umea
Marine Science Center in Umed, Sweden using a Shimadzu TOC-
VCcPH total organic carbon analyser.

The precipitates collected from the pump recovered from the
HN-04 monitoring well were analysed by X-ray Powder Diffraction
(XRD) at ISOR, Iceland for phase identification. The samples were
measured using a Bruker AXS D8 Focus X-ray diffractometer with
Cu ka radiation at 1.54 A wavelength, set at 40 kV and 40 mA using
1° divergence and receiving slits. The chemical composition of the
precipitates was also analysed by ALS, Scandinavia. The precipitates
were digested in HNO3 and HCl with a trace of HF in a microwave
oven. The resulting fluids were then analysed using both ICP-OES
and High Resolution Inductively Coupled Plasma Mass Spectrome-
try (HR-ICP-MS). Detection limits were in the range of 0.01 ppm for
trace elements to single ppm for major elements, and uncertainties
for concentrations 10 times these detection limits are within 10%
of the reported value.

Precipitates from samples collected from an air-lift of the HN-02
injection well in June 2013, were analysed for phase identification
by XRD at the University of Copenhagen, Denmark with a Bruker
D8 Discover equipped with a Co tube. One L slurries collected from
the air-lift were sealed immediately after sampling, transported to
Denmark, where they were kept in an anaerobic chamber prior to
analysis to minimise oxidation. Within the chamber, the samples
were centrifuged, dried, crushed and mounted on low-background
sample holders that were then covered with X-ray transparent cups
to minimise oxidation during measurements.

2.4. Mass balance calculations

The fate of injected gases in this study are evaluated with the
aid of mass balance calculations based on the injected non-reactive
tracers SFg and SF5CF3 (Assayag et al., 2009; Matter et al., 2007,
2016). All collected water samples consist of a mixture from three
sources; the original groundwater, that injected during Phase 1
and that injected during Phase 2. In the absence of reactions that
remove or add material to the mixed fluid, mass balance requires
that the concentration of chemical component i in the monitoring
well samples (c;) to be

Ci = Ci.owXew + Ci,1Xi,1 + Ci,2X2 (1)

where ¢; cw, Ci 1,and ¢; ; refers to the concentration of the ith chem-
ical component in the original groundwater, the Phase 1 injection
and the Phase 2 injection, respectively, whereas and X¢w, X1, and
X, designate the fraction of the these three fluid sources in each
monitoring sample.

The fraction of each water source in each monitoring sample
was determined from the measured concentrations of the two non-
reactive tracers, SFg and SF5CF3 together with the requirement that

Xew + X1 + X2 =1 (2)

Comparison of values based on the assumption of non-reactive
mixing, obtained from Eqs. (1) and (2), with those measured in the
monitoring wells provides an estimate of the percentage of injected
gases fixed by chemical reactions, and the mass of elements added
or removed from the fluid by mineral dissolution and precipitation
reactions due to the injections. The background concentration of
SFs in Eq. (1) (¢;,gw) was not constant with time since SFs had been
used in previous hydrological tests. This background concentration
was corrected by taking account of the sample sodium fluorescein
tracer concentrations; this tracer was co-injected with the SFg in
the previous tests as described by Matter et al. (2016).

Sample 12KGMO06 (Table 2) of the injected water from well
HN-01 was used to constrain the elemental concentrations of the
injected fluid, apart from the elements C and S, which were deter-
mined by accounting for the concentration of CO, and H,S added to
these injected fluids. Sample 12KGMO1 (Table A1 in the electronic
Supplements) collected from well HN-04 before injection was used
for representing the ambient groundwater concentrations. Mass
balance calculations were performed for the major elements Ca,
Mg, Si, Na, K, and Cl, and the trace elements Fe and Al.

2.5. Geochemical modelling

Modelling of the water chemistry, including the calculation of
percent error in charge balance, the in situ saturation state of the
water with respect to mineral and gas phases, and the effect of
CO, and CO;,-H;S-H, gas injection on the aqueous chemistry of
the subsurface fluids was performed using PHREEQC (Parkhurst
and Appelo, 2013). In no case did the charge imbalance exceed
6.1%. The standard PHREEQC database was used in all calculations
after including revised thermodynamic data on secondary minerals
taken from Gysi and Stefansson (2011), and pyrrotite and greig-
ite taken from the MINTEQ and the llnl databases, respectively, as
described in Alfredsson et al. (2013). Dissolved inorganic carbon
(DIC) was calculated for each water sample using measured alka-
linity, pH and temperature defined at 35 °C at the in situ conditions.
All saturation indices were calculated assuming the oxygen fugac-
ity was controlled by equilibrium with the HyS/S042~ as a redox
couple. For samples having no measured excess H,S, the H,S con-
centration was assumed to be equal to the detection limit of the
H,S titration, as geothermal waters always contain a small fraction
of H,S although below the detection limit.

3. Results

The compositions of all sampled fluids are shown in
Figs. 2, 3 and 8, Table 2 and Table A1 in the electronic Supple-
ments. An increase in the non-reactive sulphur hexafluoride (SFg)
tracer, indicating the initial arrival of the migrating dissolved CO,
plume in the HN-04 monitoring well, occurred about two weeks
after the start of the Phase I injection (Fig. 2a). The concentration
of this tracer increased until a maximum 56 days after the Phase 1
injection started (Matter et al., 2016). The SFg tracer concentration
again increased about 100 days after the injection started, reach-
ing an overall maximum about 13 months after Phase I was started
(see Fig. 2a; Matter et al., 2016). This is the same pattern observed
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Table 2
The measured chemical composition of water collected from well HN-01, and co-injected with pure CO, gas or CO,/H,S gas mixtures into the CarbFix storage site.
Date Sample ID pH Conductivity H,S 0, Alk. DIC Sttotal)
s/cm pmol/L mmol/L meq./L mmol/L mmol/L
3.2.2012 12KGMO06 9.29 292 0.45 0.051 2.109 1.460 0.118
4.7.2012 12S0S03 9.21 300 0.322 0.082 2.046 1.550 0.085
Date Sample ID Ca Mg Fe Si Na K Al Cl
mmol/L mmol/L wmol/L mmol/L mmol/L mmol/L mol/L mmol/L
3.2.2012 12KGMO06 0.13 0.16 0.021 0.59 2.04 0.024 1.19 0.31
4.7.2012 1250503 0.15 0.20 0.068 0.39 1.83 0.024 0.65 0.25

3 Measured on 12th of July.
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Fig. 2. Concentrations of a) SFg and SFsCF3; non-reactive tracers; b) dissolved inorganic carbon (DIC) along with fluid pH calculated at in situ temperature (35°C), c) total
dissolved sulphur and H,S(,q) in samples from monitoring well HN-04 prior to, during, and after the injection of pure CO, and mixed CO,/H,S gas into the CarbFix Storage
site. The timing of both gas injections is indicated by grey bars. The detection limit of the H,S concentration measurements is 0.3 umol/L and is indicated as a dotted line.
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Fig. 3. Concentrations of Ca, Mg, Fe, Si, Na, K, Al, Cl and F collected from monitoring well HN-04 prior to, during, and after the injection of CO, and CO,/H,S into the CarbFix
Storage site. The timing of both gas injections is indicated by grey bars. Note the pH of the fluid samples is plotted together with the Al concentrations. The results of mass
balance calculations depicting expected values for these concentrations, assuming pure mechanical mixing of the injected solution is also shown in these plots.

during the previous tracer test (KKhalilabad et al., 2008), indicat-
ing that the storage formation consists of relatively homogenous
porous media intersected by a low volume and fast flow path that
channels about 3% of the tracer flow between wells HN-02 and HN-
04. The same pattern was observed for Phase II, with the first arrival
of the non-reactive trifluoromethyl sulphur pentafluoride (SF5CF3)
tracer observed about two weeks after the start of the mixed-gas
injection (Fig. 2a), with an initial smaller maximum about 60 days
after the injection began (Matter et al., 2016). A further increase
in SF5CF3 was noted about 150 days after Phase Il injection began
(Fig. 2a), consistent with the behaviour of SFg (Matter et al., 2016).
The second SF5CF3 concentration maximum was not observed due

to a breakdown of the submersible pump in the monitoring well
HN-04, resulting in a three month gap in the monitoring data as
described below.

3.1. Fluid pH, carbon, and sulphur

Prior to the injections, the pH of the HN-04 monitoring well
samples was 9.5-9.6, the DIC was 1.3-1.4mmol/L, and the total
S concentration was 0.09-0.11 mmol/L (see Fig. 2b-c, Table A1 in
the electronic supplements, and Alfredsson et al. (2013)). The mea-
sured pH and DIC before, during and after the two injection phases
are shown in Fig. 2b. The pH of the sampled fluids is extremely
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sensitive to the injection of dissolved gases. The pH in situ (35°C)
decreases from 9.6 prior to each injection to approximately 7 near
the end the injection then subsequently recovers to a value higher
than 9. The decrease starts about two weeks after the start of Phase
[, contemporary with the first arrival of the non-reactive tracer. The
lowest pH following Phase I was 6.6 and occurred at the same time
as the highest DIC value of 4.4 mmol/L, about 50 days after the Phase
I injection was started, but ten days before the first reactive tracer
maximum. Subsequently, both DIC and pH trended back towards
their initial values (Fig. 2b). A similar pattern was observed during
Phase II; the pH began to drop about two weeks after the injec-
tion was started, with the lowest pH of 7.1 measured at the same
time as the highest DIC value of 3.3 mmol/L, about 60 days after the
Phase Il injection was started and concurrent the first SF5CF3 tracer
maximum (see Fig. 2).

No corresponding increase in DIC was observed during the
second and larger SFg tracer maximum. This suggests significant
mineral storage of the injected carbon; the difference between
measured and calculated DIC indicate that >95% of the injected CO,
was mineralised in less than two years, as previously reported by
Matter et al. (2016). The second and larger SF5CF3 tracer maximum
was not observed due to a pump failure in the HN-04 monitoring
well, butanincrease was noted in this concentration approximately
one year after the start of the Phase Il injection, consistent with the
increase during the second breakthrough of SFg. No corresponding
increase in DIC was observed. Analysis of dissolved organic car-
bon (DOC) show continuous decrease in DOC concentrations from
the start of Phase I, and throughout the monitoring period, except
for a small increase shortly after the termination of the Phase II,
from August to September 2012 (Table Al in the electronic Supple-
ments). The measured DIC concentration is more than two orders of
magnitude greater than the measured DOC concentration through-
out most of the monitoring period after the Phase [ injection (Fig. 2b
and Table A1 in the electronic Supplements).

The measured sulphur concentrations (5042, H,S, and S total)
from before, during and after the Phase II injection are shown
in Fig. 2c and Table A1 in the electronic Supplements. The con-
centrations are close to constant throughout this two year study.
The average SO4~2 concentration measured by IC-2000 during
the period was 0.10+0.01 mmol/L, with a standard deviation of
0.005. The average total S concentration measured by ICP-OES was
0.10 +0.02 mmol/L, with standard deviation of 0.003. The H;S con-
centrations were, in most cases, close to the 0.3 wmol/L detection
limit. The highest H,S concentration, 1.5 wmol/L, was measured
during the Phase II injection. The H,S sulphur species always
comprised less than 1.5% of the total dissolved S measured by
the ICP-OES. This suggests an even more rapid mineralisation of
the injected H,S than the injected CO,; no significant increase
in sulphur concentrations was noted during this field injection
experiment, indicating that all of the injected sulphur was miner-
alised before the first reactive tracer maximum of the SF5CF3 was
observed in the monitoring well HN-04, or within 60 days of the
start of the injection.

3.2. Major and trace elements

The release of the divalent cations Ca2*, Mg2*, and Fe2* from
the host basalt is essential for the mineralisation of the injected
gases. The chemical compositions of the HN-04 monitoring samples
demonstrate the rapid increase in Ca, Mg, and Fe concentration dur-
ing the two injection phases with a gradual decline in the following
weeks and months (see Fig. 3a-c). The increases in these concen-
trations were first observed concurrently with the first appearance
of the non-reactive tracers. The Fe2* was not detected in any sam-
ple after early April 2013, or about 6 weeks after the major part of
the injected Phase 1 fluid arrived in well HN-04 and the FeZ* con-

Fig. 4. Photograph illustrating the presence of precipitates on the water sampling
pump recovered from monitoring well HN-04 on the 13th of August 2013. The diam-
eter of the pump is 101 mm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article).

centrations were close to the detection limit for the two months
following the start of the gas mixture injection.

In contrast, dissolved Si concentrations were close to con-
stant throughout the monitoring period (Fig. 3d). An increase in
Na concentration was most prominent at the beginning of the
Phase I injection when its concentration increased from 2.1 to
2.2 mmol/L to about 2.3-2.4 mmol/L (Fig. 3e). Another increase was
observed during the Phase II injection to about 2.5 mmol/L. The
Na-concentration at the end of the monitoring period was about
2.6-2.7 mmol/L. A similar trend is evident for K, but the increase
in its concentration was somewhat lower than that of Na (Fig. 3f).
The only major difference between the responses of these concen-
trations to the dissolved gas injections was the presence of a small
concentration peak in Kduring October 2012. The origin of this peak
in unclear. The Al concentrations were strongly pH dependent, con-
sistent with its solubility dependence on pH from neutral to basic
conditions (e.g. Drever, 1982). As such, a strong correlation was
observed between Al concentrations and pH before, during, and
after the injections (Fig. 3g). The Cl concentrations were generally
constant throughout the monitoring period with a concentration
of 2.4mmol/L (Fig. h).

3.3. Caicite precipitates

InJuly 2013, about one and a halfyears after the start of the Phase
Iinjection, the submersible pump in well HN-04 broke down. When
the pump was brought to the surface, it was found to be clogged and
coated with a green precipitate as shown in Fig. 4. No precipitation
was observed on the pump prior to the injections. The bulk chemical
compositions of the precipitate samples are shown in Table 3. The
cation concentration of the precipitates consisted mostly of calcium
(>94%) with some iron (<3%), silica (<2%) and magnesium (<1%).
The XRD-analysis (Fig. A2 in the electronic Supplements) confirmed
that calcite was the dominant mineral phase of this precipitate and
no other crystalline phases were identified. A 1#C analysis of the
carbon in the precipitates confirms that they originated from the
injected 14C labelled CO, (Matter et al., 2016).

3.4. Mineral saturation states of C- and S-bearing minerals

The saturation indices (SI) of calcite (CaCO3), magnesite
(MgCO03) and siderite (FeCO3), as calculated using PHREEQC, are
shown in Fig. 5a. Calculations show that calcite was saturated both
before and after the Phase I and Phase II injections. This mineral
was, however, strongly undersaturated just after these injections
concurrent with the drop in monitoring fluid pH below 8, even
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Table 3

The measured chemical composition of the major elements of two solid samples collected from the water pump recovered from well HN-04 on the 13th of August 2013.

Si Na

K Ca Mg S Al Fe
mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L
185 14.8 1.00 9,480 136 10.0 0.027 287
171 11.3 0.49 10,200 123 530 0.019 197
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Fig. 5. Saturation indices (SI) of collected HN-04 well water samples with respect to A) magnesite siderite and calcite; B) dolomite, aragonite and ankerite, C) Mg-Fe and
Ca-Mg-Fe solid solutions, and D) pyrrhotite, pyrite, sulphur and mackinawite prior to, during, and after the injection of pure CO, and a CO,/H,S gas mixture into the CarbFix
Storage site. All saturation indices were calculated assuming the oxygen fugacity was controlled by equilibrium of the H,S/SO4%~ as a redox couple. Note that positive,
negative, and zero SI values correspond to aqueous fluids that are supersaturated, undersaturated, and at equilibrium with the indicated mineral. The timing of both gas

injections is indicated by grey bars.
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Fig. 6. Partial pressures of CO, and H,S prior to, during and after both injection experiments.

though the DIC and Ca concentrations were relatively high (Figs.
2 a and 3 a). Note that calcite was identified by XRD-analysis in
drill-cuttings from the area prior to the injections (Alfredsson et al.,
2013)and within and on the pump in the monitoring well at the end
of the monitoring period (Figs. 4 and A2 in the electronic supple-
ments). The monitoring fluid samples attained calcite saturation at
the end of April 2012, about seven weeks after the Phase [ injection
was terminated, and at end of August, about four weeks after the
Phase Il injection was terminated, when the fluid pH had increased
to >8. In contrast, the monitoring fluid samples were calculated
to be supersaturated with respect to siderite shortly after both
injections, whereas magnesite was strongly undersaturated dur-
ing this time (Fig. 5a). Magnesite and siderite were not identified
at the Hellisheidi site prior to the injections, but both minerals
have been identified by XRD-analysis of drill-cuttings from the
Svartsengi geothermal field in SW-Iceland (Franzson, 1983; Richter
et al., 1999), which has a significantly higher salinity and higher
temperature gradient than the CarbFix site. Magnesite-siderite
solid solutions were identified in low temperature CO, metaso-
matised basalts in Nuussuaq, West Greenland (Rogers et al., 2006).
There calcite appears at a relatively low CO, partial pressure, and
magnesite-siderite at higher partial pressures (Fig. 6), as predicted
by the PHREEQC modelling (Fig. 5a).

The calculated saturation indices of a number of other carbon-
ate minerals are shown in Fig. 5b. Ankerite (CaFe(CO3),) is the
only carbonate-phase that was supersaturated during the whole
monitoring period, that is while Fe2* concentrations are above the
detection limit of the spectroscopic method. Ankerite has not been
identified in the area. It was however identified during basaltic
glass-CO, charged water interaction experiments performed at
75°C by Gysi and Stefansson (2012b), and during basalt, water,
supercritical CO; interaction experiments reported by McGrail et al.
(2006). Similar to calcite, the sampled fluids were calculated to
be supersaturated with respect to aragonite (CaCO3) throughout
the monitoring period, with the exception of several weeks near
the end of, and shortly after both injections (see Fig. 5b). Arago-
nite was identified by XRD-analysis of drill-cuttings from the area
prior to the injections (Alfredsson et al., 2013). Although the flu-
ids were calculated to be supersaturated with respect to dolomite
(CaMg(CO03);) following both injections, this mineral has not been
observed at the CarbFix site. It has been observed however by XRD-
analysis as a secondary mineral in drill-cuttings from the saline
Svartsengi high-temperature geothermal field in SW-Iceland, as is
the case for magnesite and siderite (Franzson, 1983). The calcu-
lated saturation indices of three different Ca-Mg-Fe-solid solutions
are shown in Fig. 5c. All three show similar trends as calcite and

aragonite. The Mgg 50-Feg50-COs3 is the least saturated of the three,
but attained saturation after both injections.

The calculated saturation indices for some sulphur-bearing
minerals are shown in Fig. 5d. The monitoring well fluids were cal-
culated to be undersaturated with respect to native sulphur during
the whole monitoring period. In contrast, pyrite (FeS,), which is one
of the most abundant secondary minerals at Hellisheidi at elevated
temperature, and was identified at 780 m depth within the HN-02
injection well (Helgadottir, 2011), was calculated to be supersatu-
rated in all the monitoring fluid samples, showing a slight decrease
in its saturation index at the beginning of the Phase II injection
and a peak mid-August 2012 concurrent with the first maximum
in SF5CF3 concentration, indicating the initial breakthrough of the
injected Phase II fluids (Fig. 5d). As previously mentioned, calcite
was the only crystalline phase identified in the precipitates form-
ing on the pump from well HN-04. Pyrite was, however, identified
by XRD-analysis on samples collected from an airlift of the injec-
tion well HN-02, confirming formation of pyrite during or after the
Phase II injection (Fig. A3 in the electronic Supplement). Greigite
(Fe3S4) showed a similar behaviour as pyrite, as this mineral was
supersaturated in all monitoring well fluid samples. This mineral
was not identified in the area previously, and was not identified by
XRD analysis on the airlift samples collected from the injection well
HN-02. It is, however, a metastable phase that may be a precursor
of pyrite (Deer et al., 1992). Pyrrhotite (Fe;Sg- FeS) was slightly
supersaturated in the fluids sampled during the first weeks of the
Phase II injection but undersaturated in all other samples (Fig. 5d).
Pyrrhotite was previously identified within the high-temperature
system in the Hellisheidi area (e.g. Gunnarsdottir, 2012), but was
not found at the CarbFix site nor identified in XRD analysis on the
airlift samples from the injection well HN-02 (Fig. A3 in the elec-
tronic Supplements). Gunnlaugsson and Arnérsson (1982) reported
that below 180°C, geothermal waters in Iceland equilibrate with
marcasite (FeS,) instead of pyrite; marcasite is a pyrite dimorph
generally found at lower temperatures (Deer et al., 1992). There
was no evidence of marcasite in samples from the CarbFix site,
either prior to the injections or in the XRD-analysis from the air-
lift pumping of well HN-02 (Fig. A3 in the electronic Supplement).
Mackinawite ((Fe,Ni)gSg) became supersaturated in the fluids sam-
pled at the beginning of the Phase II injection, during the initial
breakthrough of the injected Phase II fluid, and it is near to satu-
ration in some monitoring samples collected from October to April
2013 (Fig. 5d). Mackinawite was not been identified in the area, and
was not detected by XRD-analysis on the airlift samples from HN-
02 (Fig. A3 in the electronic Supplement). However, mackinawite
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typically forms as a nanocrystalline material, whose broad peaks in
XRD would be complicated to identify.

3.5. Saturation indices for other minerals

Saturation indices for other selected minerals are shown in
Fig. 7. Chalcedony (SiO;) was slightly undersaturated in the moni-
toring fluid samples prior to the injections, but becomes saturated
during Phase I; it then remains saturated for the rest of the moni-
toring period (Fig. 7a). Chalcedony is a common secondary mineral
in the area (e.g. Alfredsson et al., 2013).

The mineral saturation states for those zeolites that are common
in the area are shown in Fig. 7b. Analcime, a common Na-zeolite
found as an alteration phase at the CarbFix site, was undersaturated

in the sampled fluids until about two months after the beginning of
the Phase Il injection, and then it is subsequently saturated (Fig. 7b).
The samples were supersaturated with respect to other zeolites
previously found in the area; and the general trend was a decrease
in the monitoring fluid saturation index during the Phase [ injection
with an increase 6-8 weeks after Phase [ was started. A slight dip
was observed during the Phase II injection and an increase was
observed during the second breakthrough of the injected fluid from
Phase I (Fig. 7b).

The mineral saturation states for common clay minerals are
shown in Fig. 7c. Kaolinite (Al,Si, OsO0H4 ) remained strongly super-
saturated in the fluids sampled during the entire monitoring period
(Fig. 7c), but increasingly so when the samples had a pH <8, dur-
ing the injections and in the first weeks thereafter. Kaolinite was
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identified as a surface alteration product in geothermal areas (e.g.
Markusson and Stefansson, 2011) but has not been identified in
subsurface samples collected from wells at Hellisheidi. The satura-
tion state of gibbsite (Al(OH)3) is depicted with the clay minerals;
its behaviour was similar to kaolinite, except that it was under-
saturated prior to the injections and became saturated when pH
dropped below 8 during Phase I. It remained slightly supersaturated
during the rest of the monitoring period (Fig. 7c). The saturation
states of two other members of the kaolinite group; imogolite
(Al;Si030H,4) and allophane (Al;03Si0,-H,0), were also calculated.
Imogolite was undersaturated prior to the injections but became
strongly supersaturated during Phase [ when the pH drops below 8,
and remained supersaturated for the rest of the monitoring period,
but decreasingly so as the pH increased (Fig. 7c). Allophane was
undersaturated during the whole monitoring period. Smectite was
supersaturated in all samples except for the samples taken during,
and shortly after the two injections while the pH was <8 (Fig. 7c).
Smectite is one of the most abundant secondary minerals in basaltic
rocks and has been identified in all wells drilled at Hellisheidi (e.g.
Schiffman and Fridleifsson, 1991).

4. Discussion

Concentrations for the major elements Ca, Mg, Si, Na, K and Cl
and the trace elements Fe and Al calculated using Eqs. (1) and (2),
based on the assumption of non-reactive conservative fluid mixing,
are shown in Fig. 3 together with their corresponding measured
concentrations. Corresponding plots for the injected constituents
are shown in Fig. 2. Measured concentrations, greater than those
calculated based on conservative fluid mixing, suggest net dissolu-
tion, lower concentrations suggest net precipitation (i.e. “fixation”).
Measured Ca, Mg, and Fe concentrations were much higher during
the injections and the subsequent days and weeks than that calcu-
lated assuming non-reactive conservative mixing. This indicates a
net-input of these elements to the fluid consistent with the dissolu-
tion of the basalt originally present in the reservoir. The measured
concentrations of these elements eventually became lower, and in
the case of Mg, measured concentrations became lower than that
calculated from non-reactive mechanical mixing (Fig. 3b) about
300days after the start of the Phase 1 injection, suggesting net-
precipitation into secondary minerals after these times.
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Measured and calculated non-reactive conservative mixing con-
centrations of Si were approximately identical during the first
breakthrough of Phase I, but the measured concentrations were
lower during the second breakthrough (Fig. 3d). Measured Na and K
concentrations were higher than the calculated from non-reactive
conservative mixing, with a continuous increase up until the second
breakthrough of Phase I, indicating net-release of these elements
from the rock to the fluid (Fig. 3e-f). Na and K are the most mobile
major elements during the weathering and low temperature alter-
ation of basaltic rocks (Alfredsson et al., 2013; Eiriksdottir et al.,
2015; Gislason et al., 1996). Measured Al concentrations were much
lower during Phase I than corresponding calculated non-reactive
conservative mixing concentrations indicating net Al precipitation
during the injection and during the following weeks, while the
pH of the samples from well HN-04 was below 8 (Fig. 3g). Subse-
quently, the measured Al concentration rises slowly, with a small
drop during the Phase II injection. From about 300 days after the
start of the Phase I injection, and throughout the sampling period,
the measured Al concentration in the samples exceeded the cor-
responding calculated concentrations, indicating a net release of
this element from the rocks. Chlorine is a trace element in basaltic
rocks (Sigvaldason and Oskarsson, 1976), but is sparingly taken up
by secondary minerals, providing an example of a mobile element
that behaves conservatively during mechanical mixing and mod-
erate water rock interactions (Arnérsson and Andrésdottir, 1995;
Gislason and Eugster, 1987; Olsson et al., 2014). Measured and
calculated conservative mixing concentrations of Cl were approxi-
mately identical, except during the second breakthrough of Phase
I, when the measured concentrations were slightly lower than the
calculated values (Fig. 3h) suggesting its possible uptake into car-
bonates (Olsson et al., 2014).

4.1. The fate of the injected carbon

The results and calculations presented above provide insight
into the fate of the injected dissolved CO, gas. As previously
reported by Matter et al. (2016), the difference between the
measured and calculated non-reactive mixing DIC concentration
(Fig. 8a), indicates its loss along the flow-path towards the moni-
toring well. Matter et al. (2016) also suggest that the dissolution of
pre-existing carbonates at the onset of the CO, injection may have
contributed to the neutralisation of the injected CO,-rich water,
along with dissolution of other phases such as basaltic glass, pri-
mary minerals of the host rock and other secondary minerals. This
liberation of cations and neutralization of the originally acidic gas-
rich injected aqueous fluid lead to the precipitation of carbonate
minerals; Matter et al. (2016) concluded that over 95% of the car-
bon injected during Phase [ was fixed as carbonate minerals in less
than two years.

These previous conclusions are supported by the observations
reported in this study. Shortly after the injections, the measured
concentrations of dissolved Mg, Fe, and Ca increased substantially
(Fig. 3a-c), and were greatly above that computed for non-reactive
mixing, consistent with the rapid dissolution of the original reser-
voir rock. The dissolved concentration of Ca in these fluids was far
greater than that of Mg and Fe, suggesting the preferential dis-
solution of calcium bearing minerals, such as calcite, during and
shortly after both injection phases. Indeed, the saturation state of
calcite, the major carbonate phase present in the basaltic reservoir
became undersaturated during and just after the Phase I injection
(Fig. 5a), consistent with the initial dissolution of the calcite orig-
inally present in the host rock. Approximately 100 days after the
start of the Phase I injection the monitoring fluid samples became
supersaturated with respect to calcite with a saturation index of
0.6; this degree of supersaturation would be sufficient to grow cal-
cite on the surfaces of the silicate minerals present in the reservoir

(Stockmann et al., 2014). A similar variation of the calcite satura-
tion state was evident following the Phase II injection. Moreover,
calcite was observed to have precipitated within the monitoring
well following the injection.

The saturation state of the monitoring fluid samples with
respect to the carbonate phases magnesite and dolomite followed
a similar pattern as calcite (Fig. 5b), but these were not identified in
the study area. Such minerals have been reported to be kinetically
inhibited from forming abiotically at temperatures less than 80°C
(Higgins and Hu, 2005; Kessels et al., 2000; Lippmann, 1973; Saldi
et al,, 2009, 2012). Similarly, siderite was calculated to be super-
saturated in the sampled fluid but has not been found at the study
site to date.

4.2. The fate of the injected sulphur

A noteworthy observation in this study is that the dissolved
sulphur concentrations in the monitoring well samples remained
close to constant during and after the injection of the H,S-rich
phase Ilinjection. In contrast, non-reactive mixing calculations sug-
gest these concentrations should have been as high as 0.6 mmol/L
in the absence of sulphur precipitation (Fig. 8b). This indicates
that vast majority of the sulphur injected into the subsurface was
fixed within several weeks, before the Phase Il fluids arrived at the
first monitoring well. Indeed, numerous sulphur-bearing miner-
als, including pyrite, pyrrhotite, mackinawite, and greigite were
supersaturated during the first weeks of Phase Il injection (Fig. 5d).

Pyrite was strongly supersaturated favouring its nucleation and
subsequent precipitation. The pyrite formation was confirmed by
XRD-analysis on solids collected from the water samples taken dur-
ing airlift from the injection well HN-02 in the spring of 2013. The
analysis showed peaks from pyrite, amounting to 5-10 wt% of the
solid material present in the air-lift samples, based on Rietveld
analysis using the software Topas (Fig. A3 in the electronic Sup-
plement). No other well-crystalline sulphides were identified in
these airlift samples. Moreover, sulphide minerals were not identi-
fied in the precipitates recovered from the HN-04 monitoring well
pump, which supports the conclusion that the H,S mineralises prior
to the arrival of the injection fluid at the first monitoring well.
This rapid mineralisation of the injected H,S is also in agreement
with experimental studies on H,S sequestration in basaltic rocks
(Gudbrandsson and Stefansson, 2014).

4.3. The timescale of carbon and sulphur mineralisation: carbon
storage in sedimentary basins versus basaltic rocks

Carbon storage in sedimentary basins typically proceeds via the
injection of pure CO, into porous sedimentary rocks (Fig. 9a). For
common geothermal gradients, CO, is a supercritical fluid below
800 m in sedimentary basins. As supercritical CO; is less dense than
the formation waters near this depth, it is buoyant and tends to rise
to the surface. Ideally this CO, is trapped below an impermeable cap
rock via structural or stratigraphic trapping. Eventually some of this
CO; becomes stuck in small pores, limiting its mobility (residual
trapping). Over time, CO, dissolves in the formation water (solu-
bility trapping). As CO, charged water is denser than the original
formation water, this CO,-charged water will tend to sink. Some
of this dissolved CO, may react to form stable carbonate minerals
(mineral trapping). As one progresses from structural to mineral
trapping, the CO, becomes more immobile and thus the storage
more secure, though this process can take thousands of years or
more as summarized in Fig. 9a (Benson and Cole, 2008; Benson
et al., 2005). Mineral trapping in sedimentary basins is slow and
sometimes limited because of a lack of the calcium, magnesium,
and iron bearing minerals required to mineralise the injected CO,
(Gilfillan et al., 2009; Gislason and Oelkers, 2014).
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Fig. 9. Schematic illustration of the contribution of various trapping mechanisms
to the geologic storage as a function of time, a) injection of buoyant supercritical
CO, into sedimentary rocks, modified from Benson et al. (2005), b) injection of CO,
dissolved in water into basaltic rocks via the CarbFix method.

In contrast during the CarbFix method, CO; is dissolved into
water during its injection into porous basaltic rocks. No cap rock is
required because the dissolved CO; is not buoyant and will not tend
to migrate back to the surface. Solubility trapping occurs within
5 minutes during the CO, injection process (Sigfusson et al., 2015),
and due to the reactivity of the basaltic rocks the bulk of the carbon
is trapped in minerals within two years as shown in Fig. 9b (this
study; Matter et al., 2016). This rapid carbonation of injected CO,
provides a permanent and safe carbon storage option; once fixed
into a carbonate mineral, the risk of leakage is minimal and little if
any further monitoring of the site will be necessary.

The results of this study suggest that the co-injection of H, S with
CO, into the subsurface both rapidly fixes this gas through pyrite
precipitation and does not detrimentally effect the carbonation of
the injected CO,. Indeed, the results from this study indicate that
this pyrite mineralization is even faster than the carbonate min-
eralization; the bulk of the sulphur is trapped in minerals within
four months from injection. The co-injection of these two acid
gases may provide a number of advantages, most notably, it may
lower substantially the energy and cost required to capture and

separate the CO, from industrial exhaust. This possibility is now
being explored in the SulFix-CarbFix project, where a CO,-H,S gas
mixture is being captured and separated from the gas stream of the
Hellisheidi power plant by its dissolution in water at the surface at
about 5 bars pressure and 20°C. The resulting gas charged water
is directly injected to 700 m depth and 200-270°, aiming to store
8000-10,000t of the gas mixture annually.

The degree to which the CarbFix method can be applied at other
sites will depend on the availability of suitable host-rocks, sufficient
water to dissolve the CO, during its injection, and economic consid-
erations. This on-shore CarbFix project, demonstrates the feasibility
of carbon storage in basaltic rocks. Nevertheless, the largest geo-
logical storage potential for CO; lies offshore (Goldberg and Slagle,
2009; Goldberg et al., 2010, 2008; Snabjornsdottir et al., 2014),
where the mid-oceanic ridges contain permeable basaltic layers
and the oceans provide an unlimited reservoir for the required
water (Snabjornsdéttir and Gislason, 2016).

5. Conclusions

This paper reported the chemical composition and mineral sat-
uration states of fluids collected prior to, during and after the
injection of 175t of pure CO, and 73t of a gas-mixture consist-
ing of 75 mol% CO,, 24 mol% H,S and 1 mol% H,, into basaltic
rocks at the CarbFix site in SW-Iceland. All results indicate that
the vast majority of injected CO, and H;S were rapidly fixed within
minerals in subsurface basalts. The results presented above con-
firm that this fixation occurred by the initial dissolution of the
host basalts due to the injection of acidic gas-charged water; mass
balance indicates the net input from host rock dissolution of Mg,
Fe, and Ca following each injection. The dissolution of host basalts
and fluid mixing neutralized the pH of the injected fluid such that
calcite became supersaturated approximately 100days after the
start of each injection favouring the fixation of the injected CO,
within this mineral. This results, which supports those of Matter
et al. (2016) who concluded that CO, mineralization fixed over
95% of the injected carbon within 2 years, was further validated
by observations of calcite precipitation within the monitoring well
itself. Although other metal carbonate minerals, notably, ankerite,
siderite and mixed Ca, Mg, Fe-carbonates, were also supersatutated
in the monitoring fluids these were not observed to form during this
study.

Similar results support the even more rapid mineralization of
injected H,S as pyrite, as this mineral is supersaturated before, dur-
ing and after the injection of a mixed CO,-H,S charged water into
the basalts. The rapid fixation of H,S into this mineral is further evi-
denced by the observation of pyrite precipitation in the injection
well but not in the first monitoring well. Such observations suggest
that H,S fixation by pyrite precipitation was essentially complete
before the injected mixed-gas plume arrived at the monitoring well.
Notably there appears to have been little difference in the chemi-
cal response in the subsurface of the mixed H,S-CO, gas mixture
injection compared to that of the pure CO; injection. Their similar
success towards the CO, mineralization suggests that the injection
of mixed gases might prove to be a simpler and more cost-effective
approach to subsurface carbon storage than the injection of pure
CO,.
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Abstract

Results from injection of 175 tonnes of CO: into the basaltic subsurface rocks at the CarbFix
site in SW-Iceland in 2012 show almost complete mineralisation of the injected carbon in
less than two years (Matter et al., 2016; Snaebjornsdattir et al., 2017). Reaction path
modelling was carried out to illuminate the rate and extent of COz-water-rock reactions
during and after the injection. The modelling calculations were constrained by the fluid
composition sampled prior to, during, and after the injection, from the injection well and
the first monitoring well at the injection site. The mineralisation of the main breakthrough
of the injected fluid, occurring about 400 days after the onset of the injection, appears to be
dominated by basaltic glass dissolution. Basaltic glass glazes the tops and bases of the lava
flows that host the main flow paths of fresh to moderately altered lava piles. However,
considerable mineralisation appears to be driven by crystalline basalt dissolution during
the first 60 days of the injection via fast fracture flow. The crystalline basalts of the
interiors of the lava pile are transected by the fracture that hosts the flow path. The initial
pH of the injected fluid, prior to injection and CO; dissolution was measured to be ~9.5, and
the pH of the background waters in the monitoring well was measured to be ~9.4 prior to
the injections The pH of the sampled fluids used in the modelling ranged from 3.7 at the
injection well to as high as 8.2 in the monitoring well. At low pH, Mg, and Fe are
preferentially released from crystalline basalts due to the higher dissolution rates of

olivine, and to lesser extent pyroxene, compared to plagioclase and glass (Gudbrandsson et



al,, 2011). This favours the formation of siderite and Fe-Mg carbonates over calcite during
this early mineralisation. The model suggests the formation of carbonate mineral
sequences; siderite at pH below 5, Mg-Fe-carbonates at pH ~5, and Ca-Mg-Fe-carbonates
and calcite at higher pH. Other minerals forming along with the carbonates are Al- and Fe-
hydroxides, chalcedony, zeolites, and clays. Dissolution of pre-existing calcite at the onset
of the injection does not have a net effect on the carbonation, but does contribute to more

rapid pH rise early on during the injection, and influences which carbonates form.

1 Introduction

The reduction of CO; emissions to the atmosphere is the one of the biggest scientific
challenges of this century (Broecker, 2007; Hoffert et al., 2002; IEA, 2015; IPCC, 2014;
Lackner, 2003; Oelkers and Schott, 2005; Pacala and Socolow, 2004). The Paris Agreement
(UN, 2015b) aims to keep the global temperature rise “well below 2°C” from pre-industrial
levels, and to pursue efforts to limit the temperature increase to 1.5 °C above pre-industrial
levels. Achieving the goals of the Paris Agreement requires a substantial and sustained
reduction in the net flow of CO; into the atmosphere. This necessitates the rapid and
extensive employment of low-emission technologies and mitigation options (Erbach, 2016;

IEA, 2016; OECD/IEA, 2016; UN, 2015a; Yann et al,, 2017).

Carbon Capture and Storage (CCS) technologies are expected to play an important role in
meeting the Paris Agreement targets. Currently it is the only available technology that can
significantly reduce emissions from fossil fuel-based power generation, as well as other
industrial processes, such as steel and cement production, for the foreseeable future
(Global CCS Institute, 2016; IEA, 2016a). However, the pace of CCS deployment is still far
from meeting these challenges (IEA, 2016a; IPCC, 2014). A critical step in CCS is identifying

locations and methods for secure subsurface storage of carbon.

The CarbFix project aims at mineralising CO: injected into basaltic rocks for safe and long-

term storage. This paper follows three previous reports:



1) a detailed description of the injection method and data from the injection well was
(Sigfusson (2015); 2) monitoring of tracers, dissolved inorganic carbon, and pH in the first
monitoring well downstream from the injection well (Matter et al. 2016); and 3) dissolved
major elements during and after injection in the first monitoring well, along with the

saturation indices of potential secondary minerals (Snaebjornsdottir et al. 2017).

The injection of CO2 into basaltic rocks offers several advantages over more conventional
storage, due to their ability to promote rapid mineralisation and large potential storage
volume (Gislason and Oelkers, 2014; Goldberg and Slagle, 2009; McGrail et al., 2006;
Snaebjornsdottir et al., 2014). Basaltic rocks are rich in divalent cations such as Ca%*, Mg2+,
and Fe?*. Acidic gas-charged water accelerates the release of these metals, promoting the
formation of carbonate minerals such as calcite, magnesite, siderite, and solid-solutions
thereof (Gislason et al., 2014; Gislason and Oelkers, 2014), providing safe and long-term

carbon storage.

Here we use data collected prior to, during, and after the injection of 175 tonnes of pure
CO; into the subsurface basaltic rocks at the CarbFix site in SW-Iceland, in attempt to model
the CO2-water-rock interaction during and after the injection. Such efforts will be used to

illuminate the fate of the CO; following its injection.

2 Methods

2.1 Site description

The CarbFix injection site has been described in detail in several papers (Alfredsson et al.,
2013; Aradéttir et al,, 2012; Snaebjornsdéttir et al., 2017). The site is located in SW-Iceland,
about 30 km east of Reykjavik, and about 3 km SW of the Hellisheidi geothermal power
plant, which is owned and operated by Reykjavik Energy. The power plant annually
produces about 40,000 tonnes COz and 12,000 tonnes of H2S as a by-product of geothermal

energy production. The gases are of magmatic origin.
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Fig. 1. Overview of the injection site at Hellisheidi. Modified from Snabjornsddttir et al. 2017,
and Alfredsson et al. 2013. The HN-01 water was injected into well HN-02 at a rate of 2 kg/s,
and co-injected with the CO,, which dissolves into the HN-02 water during injection. One kg/s
of water was produced out of the first monitoring well HN-04 during, and after the injections.

In January to March 2012, 175 tonnes of pure CO; were dissolved into co-injected water as
it descended into well HN-02, a 2001 m deep injection well located at the site (Fig.1), as
described in detail by Sigfusson et al. (2015), Matter et al. (2016), and Snaebjornsddttir et
al. (2017). Both reactive and non-reactive tracers were used for the injection. The injected
CO; was spiked with carbon-14 (14C), and sulphur hexafluoride, a non-reactive tracer, was
co-injected with the injection fluids. The injection site is equipped with monitoring wells
that penetrate the groundwater system affected by the injection. The pH of the background
waters in the monitoring wells penetrating the target groundwater system was 8.9-9.9
prior to the injections (Alfredsson et al., 2013). Extensive monitoring was carried out prior
to, during, and after the injection via sampling of the first monitoring well, HN-04. At the
surface the distance between HN-04 and the injection well, HN-02, is some 10 m but due to

the subsurface diversion of HN-04, the distance between the wells is ~125 m at 520 m



depth, where the target carbon storage aquifer is located (Alfredsson et al., 2013; Aradottir
etal, 2012; Fig. 1).

Table 1. Secondary phases identified in drill cuttings in the top 1000 m of the injection well, HN-
02 (Alfredsson et al., 2013; Helgadottir, 2011). The total depth of the well is 2001 m. The depth
of the targeted storage formation is ~400-800 m (e.g. Alfredsson et al., 2013; Aradéttir et al.,
2012).

Chemical composition Depth of appearance
Zeolites
Thomsonite NaCa,AlsSisO4p-6H,0 250-650
Chabazite NaCa,AlsSi;3036-14H,0 250-760
Analcime NaAlSi,0¢-H,0 250-1000
Mesolite Na,Ca,AlsSis030-8H,0 600-1000
Scolecite CaAl,Si;0,9:3H,0 220-1000
Heulandite NaCay(AlySi;07,):28H,0 480-1000
Stilbite (Ca,Na),-_sAl3(Al,Si)2Si;3036'12H,0 820-1000
Carbonates
Aragonite CagCO3 150-500
Calcite CagCO; 500-1000
Dogtooth calcite CagCO; 180-1000
Chalcedony Si0, 500-1000
Smectite (saponite) Cag.1Nag.1Mg; 2sFe*"o 755isAl010(OH),-4(H,0) 200-1000

The storage formation consists of basaltic lavas of olivine tholeiitic composition, as
described in detail by Alfredsson et al. (2013) and Helgado6ttir (2011). The lava flows are
characterized by crystalline interiors, and glassy scoria-rich tops and bases formed due to
more rapid cooling. The initial porosity ranges from 5 to 40% (Franzson et al., 2008) and is
mostly present at the glassy boundaries of these flows, but also via cooling cracks and
columnar jointing, and younger cracks, fractures, and tectonic faults (e.g. Alfredsson et al.
2013). The major alteration phases at the depth of the CO> injection, at about 500 m and
30-50°C, are pore filling Ca-Mg-Fe-smectite, Ca-rich zeolites, chalcedony, and calcite,
forming in vesicles and fractures of the primary rocks (Alfredsson et al., 2013; Helgadéttir,
2011; Table 1). These phases are characteristic for low temperature alteration of basaltic

rocks (Kristmannsdottir and Témasson, 1978), and reflect the low partial pressure of CO>



and high pH of the groundwater of the storage formation. Smectite-zeolite alteration leads

to up to 40% decrease of the initial porosity (Neuhoff et al., 2008).

Tracer tests were conducted during the period of 2008-2011, both under natural and
forced flow conditions to define the system hydrology. Hydrological modelling (Khalilabad
et al,, 2008), and later reactive transport models (Aradottir et al., 2012) were used to define
the hydrology of the system. Most of the storage formation consists of relatively
homogenous porous media with effective matrix porosity of 8.5%, but a fast breakthrough
path, most likely caused by a fracture, was found to channel about 3% of the flow between
wells HN-02 and HN-04 (Aradottir et al., 2012; Khalilabad et al., 2008). The lateral and
vertical intrinsic permeabilities were estimated to be 300 and 1700 x10-15 mZ, respectively,
and the regional undisturbed groundwater flow velocity was estimated to be about 25

m/year (Aradéttir et al,, 2012).

The groundwater flow between the wells was accelerated during the injection period, and
in the following monitoring period, by pumping water into the injection well HN-02 at 2
kg/s and by producing 1 kg/s out of the first monitoring well HN-04. The fast
breakthrough, channelling about 3% of the injected solution, occurred some 60 days after
the onset of the injection based on the non-reactive SF¢ tracer data. The second and main
breakthrough, with peak concentration of the injected solution, occurred about 400 days

after the imitation of the injection (Matter et al.,, 2016; Fig.2).

2.2 Geochemical modelling

Reaction path modelling was performed in an attempt to illuminate the identity and extent
of fluid-mineral reactions during and after the CarbFix injection at Hellisheidi from January
to March 2012. An effort was made to model the reaction path of the first breakthrough of
the injected COz-rich fluid, channelling about 3% of the injected fluid and arriving at the
first monitoring well HN-04 about 60 days after the onset of the injection, and the second,

main breakthrough of the bulk of the injected fluid, arriving about 400 days after the onset
(Fig. 2).
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Fig. 2. Time evolution of the SF¢ tracer (a) and the pH and DIC (b) concentrations in the first
monitoring well HN-04 during and after injections. The period of the pure CO, injection is
shaded (dark grey). A second injection of 73 tonnes of 75%C0,-25%H,S gas mixture is also
shaded (light grey). The two superimposed columns frame represents the first and second
breakthrough of the pure CO, injected solution.



The geochemical reactions were studied as a function of reaction progress as the basalts
reacted with the CO2-charged injection fluid: both in terms of secondary mineral formation
and water chemistry. Aqueous speciation, mineral saturation states, and reaction path
modelling was performed using PHREEQC (Parkhurst and Appelo, 2013). The standard
PHREEQC database was used in all calculations after including revised thermodynamic
data on secondary minerals taken from Gysi and Stefansson (2011, Table 2). The
calculations were carried out assuming that the oxygen fugacity was controlled by

equilibrium with the H»S/S042- redox couple.

The pH measured in the sampled monitoring well fluids, representing the two
breakthroughs, was used as a guideline in the modelling. The aim was to produce fluids
with similar chemical composition to those sampled. The mass and volume of dissolved and
precipitated phases and the chemical compositions of the precipitating phases were then

evaluated.

Three processes have been identified to account for the pH rise and the chemical evolution
of the injected fluids (Matter et al., 2016; Snaebjornsddttir et al., 2017) sampled in the
monitoring well HN-04:
1) The mixing of the acidic injection fluids with the alkaline formation waters.
2) The dissolution of the pre-existing glasses and minerals of the storage host rock
formation during and after the injection.
3) The dissolution of calcite at the onset of the injection, accounting for about 50% of
the carbon dilution in the fluid as suggested by the 12C/14C ratio of fluid samples
collected during the first breakthrough.

The role of these processes is evaluated via modelling of the system. The mixing of the
injection fluid with the background waters is most certainly a gradual process, which starts
taking place as soon as the injected fluid enters the storage formation and continues until
this fluid enters the first monitoring well. This process has been simplified in the model.
Preliminary mixing calculations show best fit with the sampled monitoring fluids if the

solid phases are dissolved into the injection fluids prior to mixing with the background



fluids; rather than after the mixing takes place. This approach is therefore taken in the

modelling calculations.

2.2.1 The fluid phases

A representative composition of the formation waters, un-affected by the CO> injection, was
sampled from the first monitoring well HN-04 on the 25t of January 2012, prior to the
arrival of the injected fluids. The chemical composition of this sample, 12ZKGMO01, was

previously reported by Snaebjornsdottir et al. (2017) and is provided in Table 3.

Similarly, the composition of the injection fluid prior to its injection was evaluated via a
sample, 12KGMO6, collected from well HN-01 on the 3 of February 2012. This chemical
composition was previously reported by Snaebjornsdottir et al. (2017) and is shown in
Table 3. The injected fluid was pumped from well HN-01, as shown in Fig. 1. The CO2 gas
was then dissolved into this water during its injection into the subsurface as described by
Sigfusson et al. (2014). The COz-rich fluid was then released into the basaltic storage
formation at a depth of ~520 m and a temperature of about 35°C (Fig. 1). The dissolved
inorganic carbon (DIC) concentration of the fluid as it enters the storage formation was
0.82 mol/L on average. After its injection into the subsurface, the fluid is affected by both
fluid-mineral interaction with the subsurface rocks, and dilution via mixing with the pre-

existing formation waters.

The fluids continuously produced out of the first monitoring well, HN-04, were regularly
sampled during the injection and over the following months. The samples consist of a
mixture of the two fluids; the injected fluid and the formation fluids. The mixing fraction of
the injected fluid versus the formation fluids was calculated using the non-reactive SFs

tracer concentration and mass balance calculations by Matter et al. (2016).

Two samples representative of those collected during the arrival of the major parts of the
COz-rich water plume to the first monitoring well are sample 12KGM33, collected about 60

days after the onset of the injection, and sample 13S0S06, collected about 400 days after



the onset of the injection. These samples are representative of the chemical compositions
of the subsurface fluids during the original and main plume breakthroughs (Fig.2). The
chemical compositions of these samples are provided in 3, and were previously reported

by Snaebjornsdottir et al. (2017).

Table 3. The measured and calculated chemical compositions of water samples collected
from wells HN-01 and HN-04, used in the reaction path calculations.

Well HN-04 HN-01 HN-04 HN-04
Sample Injected fluid
Background First Second
representation after CO»
waters breakthrough | breakthrough
(in model) dissolution
Date 25.1.2012 3.2.2012 26.3.2012 3.4.2013
Sample ID 12KGMO01 12KGMO06 12KGM33 135S0S06
pH 9.2 3.7% 6.7 8.2
T (°C) 35 35 35 35
Alk.
1.87 2.0 2.93 2.87
(meq/kg)
DIC
1.55 820* 4.00 2.83
(mmol/kg)
Si
0.39 0.59 0.392 0.41
(mmol/kg)
Ca
0.052 0.13 0.41 0.24
(mmol/kg)
3Mg
0.005 0.16 0.100 0.200
(mmol/kg)
Na
2.18 2.04 2.37 2.73
(mmol/kg)
K
0.018 0.024 0.021 0.024
(mmol/kg)
Fe
0.061 0.021 20.0 0.184
(umol/kg)
Al
2.08 1.19 1.01 1.90
(nmol/kg)

*Calculated value based on dissolution of 0.82 moles CO; per L of the injected solution



2.2.2 The solid dissolving phases

The subsurface storage formation at the CarbFix site consists mainly of a combination of
glassy and crystalline basalts along with some secondary phases as previously described in
section 2.1. The interaction between the basaltic rock and the CO2-charged acidic injection
fluid can be viewed as a titration process, where the basaltic rocks act like a base which
titrates into the carbonic acid, by consuming protons and releasing cations upon
dissolution (Table 2). This raises the pH to a range favouring carbonate precipitation and
many of the released cations combine with the injected CO2 to form stable carbonate

minerals.

The composition of the glassy basalts is close to that of the Stapafell Mountain located in
SW-Iceland, near the CarbFix injection site. Its chemical composition, normalised to one Si
atom, is consistent with SiTio.024Al0.358Fe0.188Ca0.264Na0.079K0.00803.370 (e.g- Gysi and
Stefansson, 2011; Oelkers and Gislason, 2001), and its molar weight based on its Si
normalized composition is 123 g/mol. The reactivity of the Stapafell basaltic glass has been
extensively studied (Galeczka et al., 2014; Gislason and Oelkers, 2003; Oelkers and
Gislason, 2001; Stockmann et al., 2011; Wolff-Boenisch et al., 2004) The dissolution rate of
basaltic glass is considered to include two basic steps: Non-stoichiometric dissolution due
to a formation of a leached layer where alkali and alkaline-earth metals are preferentially
removed, followed by a second step of steady-state, stoiciometric dissolution of the leached
layer enriched in Al and Si (Oelkers and Gislason, 2001). The dissolution of this Al- and Si-
rich surface layer is the rate limiting step of the dissolution (e.g. Gislason and Oelkers,
2003; Guy and Schott, 1989). The chemical composition of Stapafell basaltic glass and its

reactivity is used in the model calculations as described below.

The crystalline basalts consist of olivine, pyroxene, plagioclase, and to a lesser extent iron
oxides and glass. More than 90% of the crystalline fraction of the CarbFix subsurface
storage consists of plagioclas (plag), pyroxene (pyr) and olivine (ol). Glass and iron oxides
were therefore excluded in the modelling. The relative volume proportion of these three

major phases, plag: pyr: ol is 44: 39: 17, based on analysis from Gudbrandsson et al. (2011)



on crystalline Stapafell rocks. This corresponds to 30 mol% plag, 42 mol% pyr, 28 mol% ol
(Table 2). The relative reactivities of these minerals in Icelandic basalts have been reported
by Gudbrandsson et al. (2011). These relative reactivities were used together with the
thermodynamic properties of these phases reported by Gysi and Stefansson (2011) - see

Table 2.

In addition to dissolution of the primary rocks in the storage formation, some dissolution of
pre-existing secondary phases likely occurred. This applies particularly to calcite, due to its
rapid dissolution kinetics. Matter et al. (2016) measured the 14C/12C ratio of samples
collected from the first monitoring well, suggesting a 50% dilution of the injected 14C in the
fluid during the first breakthrough, most likely via calcite dissolution shortly after the
injection into the basaltic storage formation. The effect of the carbonate dissolution is

demonstrated in following section 4.3.

2.2.2.1 The fast-flow path of the first breakthrough

This first breakthrough path is characterized by a relatively fast fracture flow between the
injection well HN-02 and the first monitoring well HN-04, channelling a small fraction
(~3%) of the injected fluid (Khalilabad et al., 2008). The pH range is from 3.7 in the
injected fluids up to 6.7 in the sampled monitoring fluids. The primary phases,
clinopyroxene, olivine (Fos3Fas7)» and plagioclase (An7o) were selected to represent the

primary rock of the first breakthrough for two reasons:

1) Preliminary modelling calculations of the first breakthrough using basaltic glass as
the dissolving phase result in fluids that correlate poorly with the sampled fluids of
the first breakthrough, with too high concentration of both Na and DIC. This could,
in contrast, be explained by the different release rates of divalent cations between
crystalline basalts and corresponding basaltic glass. At acid to neutral conditions,
Mg and Fe are preferentially released from crystalline basalts due to the higher

dissolution rates of olivine, and to lesser extent pyroxene, compared to plagioclase



2)

Taking

and glass dissolution. This favours the formation of siderite, magnesite, and Fe-Mg
carbonates rather than calcite (Gudbrandsson et al., 2011).

This is further supported by the aquifer characterisation that was carried out at the
site (Khalilabad et al., 2008), indicating the first breakthrough to be associated with
a fast fracture flow between the two wells at shallow depth. The depth of the aquifer
in the injection well HN-02 is at about ~550 m, but the depth of the aquifer
channelling the first breakthrough to well HN-04 is at about ~420 m. This indicates
fracturing through the interiors of the lava-pile, likely transecting the crystalline

surfaces of the bedrock.

these observations into account, the primary crystalline rock was dissolved into the

COz-charged injection fluid, along with calcite, and later mixed with the background waters,

as desc
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Fig. 3. Schematic figure illustrating the modelling of the two breakthroughs. The modelling is

done in

two steps. A) The solid phases (crystalline basalt and calcite for the first breakthrough,

basaltic glass for the second breakthrough) are dissolved into the injected fluid. B) The resulting

fluid is

mixed into the background waters in the ratio determined by the SFs non-reactive tracer

concentration of the sampled fluid. This is applied for both of the two breakthroughs, the first

breakth

rough characterized by a fast fracture flow (1) and the second and main breakthrough

characterized by porous flow (2).



2.2.2.2 The second breakthrough flow-path of the bulk of the injected fluid

This second breakthrough path is characterised by a flow-path hosted within a large
volume of homogenous media with excessive, inter-connected porosity, channelling the
bulk of the injected fluid (Khalilabad et al., 2008). Such a slow flow is likely dominated by
basaltic glass dissolution; basaltic glass tends to glaze the tops and bases of individual lava
flows of the olivine-tholeiit lava pile in the storage formation (e.g. Alfredsson et al.,, 2013)
and hosts the main flow paths of fresh to moderately altered lava pile (e.g. Franzson, 2000;
Neuhoff et al., 2008). The pH ranges between 3.7 in the injected fluid to 8.2 in the sampled
fluids.

Within the model calculations the basaltic glass was dissolved into the CO2-charged
injection fluid and later mixed with the background waters, as described in Fig. 3.
Preliminary modelling calculations of the second breakthrough show a relatively good fit

with the sampled fluids when using basaltic glass.

2.2.3 The precipitating phases

The secondary phases allowed to precipitate in the reaction path modelling are consistent
with those found during the low temperature (<100°C), alteration of Icelandic basaltic
rocks as well as those carbonate minerals that potentially form at low temperatures and
elevated COz-pressures from the release of Ca, Mg, and Fe (Table 2). The choice of these
mineral assemblages is further justified by field observations of both natural processes (e.g.
Alfredsson et al., 2013; Kristmannsdoéttir and Témasson, 1978; Neuhoff et al., 1999; Rogers
et al,, 2006), laboratory experimental low temperature CO;-water-basalt interaction (Gysi
and Stefansson, 2012), and from previous CO field injection experiments (Matter et al.,

2016; Snaebjornsdottir et al., 2017).

The saturation states of Al-hydroxides, zeolites, and clays depend strongly on the database
used, both in terms of mineral composition and thermodynamical data. The zeolites taken
into account in this study are those observed in drill cuttings from the injection well

(Alfredsson et al., 2013) and stable at temperatures below 75°C (Helgadottir, 2011;



Kristmannsdéttir and Témasson, 1978). The clay minerals considered are smectites, with
chemical composition similar to reported composition of samples from the area (Schiffman

and Fridleifsson, 1991; Snaebjornsdattir, 2011).

The chemical composition of the secondary phases that were allowed to precipitate if
saturated in the aqueous phases is provided in Table 2. Due to the low pH, and the short
residence time for COz-water-rock interaction to take place, clay minerals and zeolites were
excluded in the modelling of the first fast flow breakthrough path due and their sluggish

precipitaiton rates at low temperatures (e.g. Kloprogge et al., 1999; Neuhoff et al., 2000).

3 Results

3.1 The injected fluid

The initial pH of the injected fluid, prior to injection and CO2 dissolution, was measured to
be ~9.5. The CO; was then dissolved into the fluid, to a concentration of 0.82 moles per kg
of water. Fluid speciation calculations indicate that the pH of the resulting fluid was 3.7 at
35°C. The chemical composition of this CO2-rich injection fluid, as represented by sample
12KGMO6, is shown in Table 3. The only saturated phase in this CO2-charged fluid at this

point was chalcedony. All carbonates were highly undersaturated.

The pH of the monitoring well HN-04 was measured to be 9.2 at the onset of the injection,
as represented by sampled 12KGMO01 (Table 3). The saturated phases in the fluid were

smectites, zeolites, calcite, and aragonite.

The pH of the sampled fluids of the first and second breakthrough was measured to be 6.7
and 8.2 respectively, as represented by samples 12KGM33, and 13S0S06 respectively
(Table 3). This indicates significant water-COz-rock interaction of the injected fluid with the
subsurface bedrock of the storage formation, and mixing with the alkaline background

waters along the flow-paths between the injection well and the first monitoring well.



The fraction of the acidic injected fluid versus the alkaline background waters in the
samples was calculated using the SF¢ non-reactive tracer, as described by Matter et al.
(2016). Non-reactive, conservative fluid mixing calculations were carried out to evaluate
the effect of the mixing of these two fluids. The results are shown in Fig. 4. The pH rise
resulting from mixing of the two fluids accounts for a pH rise from 3.7 to 4.6 during the first
breakthrough with a 90% mixing fraction of the alkaline background waters (Fig. 2-3), and
from 3.7 to 4.1 during the second breakthrough of the injected solution breakthrough with
a 60% mixing fraction of the alkaline background waters. Chalcedony is the only saturated

phase in both fluid mixtures, as in the injection fluid. All carbonates are highly

undersaturated.
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Fig. 4. The effect of mixing the injected solution with the background waters on the pH of the
sampled fluids. The mixing fraction of the sample representing the first breakthrough (pH 4.6,
90% background water) is shown with a dashed-dotted line, and the mixing fraction of the
sample representing the second breakthrough (pH 4.1, 60% background water) is presented as a
dotted line.



3.2 The first breakthrough

The fast breakthrough resulting from the arrival of ~3% of the injected COz-charged water
occurred in well HN-04 about 60 days after the onset of the injection, as indicated by the
SFe non-reactive tracer (Matter et al. 2016, Fig. 2) resulting in a pH drop in this monitoring
well. The pH of the fluids of this first breakthrough was about 6.7 and the DIC
concentration was 4.0 mmol/L (Table 3). The ratio of the injected CO2-charged water
versus the background water was 1:9 based on conservative tracer concentration and mass
balance calculations. Pure mechanical mixing of the injected CO2-charged water with the
background waters, in this 1:9 ratio in the sample, would result in pH 4.6 and DIC

concentration of 88 mmol/L (Fig.6), indicating the significance of mineral fluid reaction.

The best match between the modelled results and field observations was obtained when
0.42 moles/L of the crystalline rock (~64 g) were assumed to have dissolved into the each
litre of the injected CO2-charged water; in total 0.36 moles/kg olivine, 0.05 moles/kg
clinopyroxene, and 0.01 moles/kg plagioclase, were calculated to have dissolved using
relative dissolution rates from Gudbrandsson et al. (2011). The primary rock was dissolved
into the COz-charged injection fluid along with 0.82 moles/kg of calcite. The calcite
dissolution is supported by the 14C/12C ratio that suggests ~50% dilution of the carbon in
the fluid due to dissolution of pre-existing calcite (see section 2.2.2 and Matter et al.
(2016)). The resulting fluids were then mixed with the background waters, based on the
mixing fraction calculated by the SFs tracer (Fig. 3).

The results of the reaction path simulations are shown in Fig.5, including the pH change,
pCO2, and secondary phase mineralogy, with increased dissolution of the basalts. A
comparison between the fluids sampled from the HN-04 monitoring well (Table 3) after the
first breakthrough, and the resulting fluid of mixing calculations and the reaction path

modelling is shown in Fig.6.
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Fig.5. Results for reaction path calculations at 35°C simulating the first breakthrough of the
injected solution from the CO; injection at Hellisheidi in 2012. Progressive dissolution of
crystalline basalt is represented by 28 mol% olivine (FossFas7), 42 mol% clinopyroxene, and 28
mol% plagioclase (anzeabso) into one L of the solution, using relative dissolution rates from
Gudbrandsson et al. (2011) and 0.82 moles of calcite. a) The evolution of pH and pCO, during
the reaction progress. b) Carbonates along the reaction path forming in one L of the solution in
the following sequence; siderite, Mgo 25F€o.75-solid solution, Cag 25Mgo s0F€0.25-s0lid solution, and
calcite, c) the volume of carbonates precipitating, c) other secondary minerals forming, and d)
the volume of those secondary phases precipitating.
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Fig.6. Chemical composition of the sampled fluids, modelled fluids, and fluids after non-
reactive mixing of the injected solution with the background waters. A) The first
breakthrough. Sample 12KGM33 is represented by empty circles, mechanical mixing
(0.1:0.9) is represented by grey dots, modelled fluid composition using crystalline basalts
and calcite is represented by crossed diamonds, and modelled fluid using crystalline
basalts and excluding calcite dissolution is represented by empty diamonds. B) The second
breakthrough. Sample 135S0S06 is represented by empty circles, mechanical mixing
(0.4:0.6) is represented by grey dots, and modelled fluid composition using basaltic glass is
represented by empty diamonds.



Chalcedony is calculated to be the first alteration phase to form, along with minor amounts
of Fe and Al-hydroxides (microcrystalline gibbsite) (Fig 5.d-e). The first carbonate-phase
calculated to form is siderite (FeCO3) at pH ~5 (Fig.5a-c). Gradually, the carbonates become
more Mg-, and Ca-rich, with the formation of Mg zsFeo 75-solid solution, and finally

Cap.2sMgo.soFep.2s5-solid solution, and calcite (Fig.5b-c).

3.3 The second breakthrough

The peak concentration of the SFs-non reactive tracer in samples from the monitoring well
HN-04, indicating the arrival of the bulk of the injected solution, occurred about 400 days
after the onset of the injection (Matter et al., Fig.2). A slight drop in pH along with a slight
increase in DIC was noted in the fluid samples from the monitoring well HN-04. The pH of
this second breakthrough was measured to be about 8.2 and the DIC concentration about 3
mmol/L. The ratio of the injected CO2-charged water versus the background water was 2:3
based on conservative tracer concentration and mass balance calculations. Pure
mechanical mixing of the two fluids would result in pH of 4.1 and DIC concentration of
about 350 mmol/L (Fig. 6). This indicates that the bulk of the injected carbon was
mineralised along the flow-path towards the monitoring well within the 400 days after the
onset of the injection, as previously stated by Matter et al. (2016) and Snaebjérnsdottir et al.
(2017). This is also supported by 14C-data as described by Matter et al. (2016), and net-
input of Ca, Mg, and Fe via dissolution of the host rock as described by Snaebjornsdéttir et

al. (2017).

The results of the reaction path simulations are shown in Fig.6b, in terms of fluid
composition, and Fig.7 in terms of pH, and pCO2, and secondary phase mineralogy, as a
function of mass of basaltic rock dissolved. The best match between the modelling results
and the measured monitoring well compositions, for the pH of the sampled fluid, requires
0.86 moles of basaltic glass (~106 g) to dissolve into each litre of the injected CO2-charged

water. The basaltic glass was dissolved into the injection fluid, and then mixed with the
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Fig. 7. Results for reaction path calculations at 35°C simulating the second breakthrough of
the injected solution at Hellisheidi in 2012. Progressive dissolution of 0.86 moles basaltic
glass into one L of the solution is represented, using dissolution rates from Gislason and
Oelkers (2003); Oelkers and Gislason (2001). a) the evolution of pH and pCO, during the
reaction progress. b) Carbonates forming in one L of the solution in the following sequence;
siderite, Mgo.2sFeo 75-solid solution, Cagp 25sMgo.s0Feo 25-solid solution, and calcite, c) the volume
of carbonates precipitating, c) other secondary minerals forming, and d) the volume of those
secondary phases precipitating.



background waters, based on the mixing fraction calculated by the SF¢ tracer. The resulting
fluids of the modelling are in close agreement with the sampled fluid during the second

breakthrough of the injected fluid in the monitoring well HN-04, as shown in Fig. 6b.

The model calculations suggest that the first minerals to precipitate from the injected CO-
charged fluid, at high pCO; and pH < 6.5, are aluminium hydroxides (microcrystalline
gibbsite) and chalcedony, with some minor amount of iron-hydroxides (Fig.7d-e). There is
a sequence of carbonates forming at around pH 5. The first carbonate-phase predicted to
form is siderite at pH <5. As the fluid evolves, at above pH 5, the carbonates become more
Mg-rich, and eventually Ca-rich, with the formation of Mg .2sFeo.75-solid solution,
Cao.2sMgosoFeo.2s-solid solution, and lastly calcite (Fig.7b-c). Calcite is the dominant

carbonate forming when the pH reaches ~8.

At at pH ~6.5 the zeolite analcime is calculated to start forming, and thomsonite at pH ~7.5.
Finally, smectited (Table 2) is calculated to become supersaturated at pH ~7.7, and Mg-
clays at pH ~8.1 (Fig.7c-d).

4 Discussion

4.1 Mineral sequences - comparison to experiments and natural analogues of

basalt-CO: interactions

The results of the reaction path modelling described above indicate the formation of
mineral sequences in agreement with observations of secondary mineralogy formed by the
alteration of basaltic rocks in natural systems with high pCO; and temperatures below
100°C (Rogers et al., 2006), and during COz-water-basalt experimental work (Gysi and
Stefansson, 2012). The results of the reaction path modelling are also in good agreement
with the modelling of saturation states of the sampled fluids during and after the injection

(Snaebjornsdoéttir et al,, 2017).

Speciation calculations indicate that all carbonates are undersaturated in the acidic

injection fluid, and in the acidic mixtures representing the first (pH 4.6) and second (pH



4.1) breakthrough solutions, prior to water-COz-rock interaction. As the pH reaches ~5,
iron rich carbonates, such as siderite and Mgo.2sFeq.75-solid solutions are calculated to form.
The formation of such iron-rich carbonates is highly dependent on the oxidation state, and
the availability of Fe2* dissolved from the primary rock. The formation of Fe-rich
carbonates is also favored by higher dissolution rates of Fe-containing olivines and
pyroxene (augite) in crystalline basalts. Siderite and Mgo.2sFeo.75-carbonate are the only
carbonates calculated to be supersaturated in the sampled fluids during the first
breakthrough (Snabjornsdottir et al., 2017). These carbonates are the first carbonates to

form in the reaction path modelling for both breakthroughs.

Siderite has not been identified in the area, but was identified as a result of basalt-CO--
water interaction in Greenland, along with the Mgo.25Feo75-solid solution (Rogers et al.,
2006), and in drill-cuttings from the Svartsengi geothermal field in SW-Iceland (Richter et
al,, 1999), which has a significantly higher salinity and higher temperature gradient than
the CarbFix site.

With progressive basaltic rock-dissolution during the reaction path modelling, and
subsequent rise of pH along with decrease in dissolved CO concentration, more Ca-rich
carbonates, such as calcite, and Ca-Mg-Fe-solid solutions, become supersaturated. At that
point carbonates become more abundant, forming along with chalcedony, and later both
zeolites, and smectites (Fig.7b-e). Speciation calculations of the sampled fluids during the
second breakthrough show that these fluids are saturated with respect to siderite, Ca-Mg.
Fe-solid solutions, and calcite, along with both smectites and zeolites (Snaebjornsdattir et

al, 2017).

As previously mentioned, calcite and aragonite are the only carbonate phases identified
prior to the injections (Alfredsson et al., 2013). Furthermore, calcite was the only carbonate
phase identified on the precipitates forming on the submersible pump in the monitoring
well HN-04 in the months after the second breakthrough, along with some trace amounts of
clays (Snaebjornsdéttir et al., 2017). This is in agreement with the reaction path

calculations at pH >8, where the only carbonate phase precipitating is calcite, along with

smectites and zeolites (Fig.7b-c).



However, this does not exclude the formation of other carbonate minerals during, and after
the injections. As demonstrated here, the reaction path calculations, and the saturation
states of the sampled fluids during the first breakthrough, point towards precipitation of
some Fe-rich phases. These phases could either have formed closer to the injection well,
and/or were dissolved when pH increased, and re-precipitated as more stable carbonates
such as Ca. Note also that the specation calculations are both sensitive towards the
oxidation state of the fluids, and the limitations of the excisting databases, as previously

declared.

4.2 The efficiency of carbon mineralisation in basaltic rocks

Two key factors are essential for successful mineral storage of CO; in basaltic rocks:
1) Permeability and/or active porosity, providing flow paths for efficient injection of
the CO-rich fluid, and mineral surfaces essential for geochemical reactions to take
place

2) Conditions favourable for efficient formation of carbonates

The COz-water-rock interaction between the injected fluid and the basaltic rocks results in
formation of secondary phases with significant volume and porosity change (Fig.5c and e,
Fig.7c and e). The efficiency of the carbon mineralisation in the system can be evaluated by

the mineral sequences forming as described in section 4.1, and in Fig.5 and Fig 7.

In the near vicinity of the injection well, where the pH is low and the pCO: is high, the only
phase calculated to be supersaturated is chalcedony. At these low pH and high pCO--
conditions, dissolution of the pre-existing phases occurs, rather than the precipitation of
new phases. This leads to increased permeability near the injection well, providing flow

paths for the injected solution.

Further on, as the pH increases, formation of some secondary minerals starts to take place.

The efficiency of the carbonation depends on the availability of the cations, mostly Ca, Mg,



and Fe, provided by the dissolution of the primary rock, and the potential formation of
other minerals such as zeolites and smectites competing over cations and pore-space, as
demonstrate in section 4.1., and Fig. 7. As previously described, the first secondary phase to
form is chalcedony, Al- and Fe-hydroxides, along with carbonates (Fig.5 and 7). At this
stage no other secondary minerals compete for the available Ca-, Fe-, and Mg-cations
liberated by the basalt dissolution, nor for the available pore space. These conditions,
which are present at a pH range from ~5.2-6.5 in the calculations for the second
breakthrough, provide conditions for the most efficient mineralisation of the injected

carbon.

At lower COz partial pressures, and higher pH, the formation of carbonate minerals is
limited somewhat by the formation of zeolites and smectites, and other clay minerals. This
can affect the efficiency of the carbon mineralisation dramatically, since these minerals
consume both cations and pore space. Additionally, both zeolites and smectites are among
the most hydrated minerals and can contain large amounts of water making them extra

voluminous. This large volume is demonstrated in Fig. 7e.

This indicates that the most effective mineralisation of the injected CO> takes place when
the pH is high enough for substantial formation of carbonates but not high enough for
considerable formation of zeolites and clay minerals along with the carbonates formation,,

at pH ~5.2-6.5.

Provided that the storage formation consists of relatively fresh, porous, and permeable
basalts that respond to the injection by gradually increasing the pH to conditions suitable
for carbonate formation, the efficiency of the system is provided by injecting at a rate fast
enough to keep the pH low in the vicinity of the injection well. That would prevent clogging
by ensuring only minimum secondary precipitation, and keep the pCO; high enough so that
the formation of zeolites and clays only occurs in some distance from the injection well.
This also emphasises the importance of continuous injection, to avoid pH fluctuations

favouring the precipitation of these voluminous minerals in the vicinity of the injection



well, clogging up pore space and diminishing the permeability — and thereby the efficiency
of the injection (Fig.7c and e).

However, as clearly seen e.g. in the high-temperature geothermal fields, there are other
ways for preserving or retrieving permeability. Basaltic formations are mostly located in
tectonically active areas, where faults and fractures are common and have large effect on
the permeability (e.g. Fisher, 1998; Flévenz and Saemundsson, 1993), as demonstrated by
the fracture flow of the first breakthrough of the injected solution. The injection of the CO;-
rich fluid can also cause hydrological fracturing due to overpressure of the rock, and
thermal cracking in areas with high geothermal gradient where the temperature change
due to the injection of colder fluid causes thermal cracking of the host rock (e.g. Axelsson et
al,, 2006). Lastly, the volume change due to the precipitation of voluminous secondary
minerals can also cause micro-fracturing of the host-rock. The permeability of basaltic
rocks is naturally diminished with increased age, due to progressive alteration, and gradual

burial of the strata (e.g. Sigurdsson and Stefansson, 1994)

The reaction path calculations demonstrate the amount of basaltic rocks required for
mineralisation of the injected CO>. For the second and main breakthrough, 106 g of basaltic
glass are required for each litre of the injected fluid, to mineralise about 95% of the
injected carbon. This equals to about 600 tonnes of basaltic glass dissolved, in response to
the 175 tonnes of CO; that were injected at the CarbFix-site in January 2012. This would
result in the formation of about 400 tonnes of carbonates, 460 tonnes of zeolites, and about

125 tonnes of smectites.

4.3 The effect of the presence of calcite in the original reservoir rock

The rapid dissolution rates of calcite in acidic fluids, if present, could play a significant role

at the onset of the injection by raising the pH of the fluids via the reaction:

CaCOs3 + COz + H20 = Ca?* + 2C032% + 2H* & Ca?* + 2HCOs"



The 14C/12C ratio of samples collected during the first breakthrough from the first
monitoring well HN-04 suggests a 50% dilution of the carbon in the fluid, most likely via
calcite dissolution at the onset of the injection (Matter et. al. 2016). This points towards
significant calcite dissolution, where one carbon is released via calcite dissolution, for
every injected carbon. However, this does not have a net effect on the carbon

mineralisation, since one Ca is released for every C.

The effect of the added calcite was evaluated by removing calcite from the previous
calculations for the first breakthrough. The results, in terms of carbonates supersaturated

in the calculations, are shown in Fig.8d-e.

The addition of the calcite to the system affects the chemical composition of the carbonates
forming during the first breakthrough. Instead of the more Ca-rich carbonates formed in

the modelling, such as calcite and Ca-Mg-Fe-solid solution, more Fe-Mg rich carbonates are
calculated to form when the calcite dissolution is excluded due to the decreased availability

of Ca in the system (Fig.8b-e).

The calcite dissolution contributes slightly to the pH rise early on during the injection
(Fig8.a). In these calculations the pH rise contributes somewhat - but not significantly to an
earlier onset of the carbonate precipitation. However, this could be underestimated due to
the limitations of the modelling, such as lack of kinetic data. This addition of carbon to the
system does not affect the resulting fluids dramatically (Fig.6a). The resulting fluids are in
good agreement with the sampled fluids during the first breakthrough of the injected
solution (Table 3, Fig. 6a).
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Fig.8. Results for reaction path calculations simulating the effect of calcite dissolution on A)
carbonates forming during the first breakthrough of the injected solution - calculations
excluding the calcite dissolution are displayed above the initial calculations including the
calcite dissolution. B) The evolution of pH for the calculations with calcite (solid line), and
when calcite is excluded in the calculations (broken line).



5 Conclusions

Several major conclusions result from this study.

1.

The mineralisation of the bulk of the CO2 injected during the CarbFix project appears
to be mainly driven by basaltic glass dissolution, during the first ~400 days from the
onset of the injection. However, considerable mineralisation appears to be driven by
crystalline basalt dissolution during the first 60 days of the injection via fast fracture
flow. The crystalline basalts of the interiors of the lava pile are transected by the
fracture that hosts the flow path.

Even though the dissolution of the primary rocks is the main contributor to the pH
rise of the fluids, the mixing of the injected fluids with the background waters also
contributes considerably to the pH rise. The pH of the injected fluids increases from
3.7 to 4.6 during the first breakthrough and from 3.7 to 4.1 during the second
breakthrough, due to mixing of the fluids with the more alkaline background waters.
The efficiency of the carbon injection is limited by the permeability and/or porosity
in the area, and the availability of cations, both of which are limited by the formation
of zeolites and smectites at higher pH and lower pCOz, as indicated by the model. It
is therefore essential to keep the pCO2 high enough to prevent the formation of
zeolites and clays in the vicinity of the injection well, but still pH high enough to be
favourable for formation of carbonate. The most efficient carbonate formation takes
place at pH ~5.2-6.5 in the modelling calculations.

The mineralization of ~95% of the 175 tonnes of CO2 that were injected at the
CarbFix-site in January 2012 would, according to the modelling calculations, require
dissolution of about 600 tonnes of basaltic glass. This would result in the formation
of about 400 tonnes of carbonates, 460 tonnes of zeolites, and about 125 tonnes of
smectites.

Calcite dissolution taking place at the onset of the injection does not affect the net
effect of the injection (one Ca for one C), but does contribute to more rapid pH rise
early on during the injection. It influences which carbonates form - but has only a
minor effect on when the formation of carbonates starts taking place. This might be

due to limitations of the modelling.
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Materials and Methods

1) The SFsand SFsCF; tracers
SFgand SFsCFs, originally stored in gas cylinders, were mixed into the CO, and CO,+H,S flue gas stream using
mass flow controllers. Carbon-14 was added to the water injection stream as an aqueous H**CO; solution
using a Milton Roy micro-dosing pump (Model AA973-35253). The H'*CO5™ solution was created by adding 10
mCi of a **C-rich sodium bicarbonate aqueous solution obtained from Perkin Elmer to 100 liter of

groundwater collected from the target storage reservoir prior to CO, injection.

Fluid samples for SFg and SF5sCF3 analyses were collected in evacuated 100 ml glass serum bottles from the
monitoring well HNO4. Concentrations in the headspace were measured with a precision of £2% using gas
chromatography (SRI 8610C) and ultrapure nitrogen as the carrier gas. The headspace samples were injected
into a 6ft long, 1/8” wide pre-column with a 5 angstrom molecular sieve (MS-5A) and a 6ft chromatographic
column at 60°C. SFg and SFsCF3 concentrations were measured using a SRI 8610C gas chromatograph with an
electron capture detector and a Alltech Carbograph column. Results were recorded using the PeakSimple
3.07.2 software, and concentrations in the water samples were calculated based on the volume of headspace

and the solubility.

The SFg concentration data from the Phase | injection had to be corrected for the SFg that originated from a
previous hydrological tracer test. In 2008, we injected SF¢ and sodium fluorescein (Na-Flu) into the target
storage reservoir during a short duration tracer test to characterize the hydrology of the injection site. During
the Phase | CO, injection only SFg was injected. Thus, the difference between the observed Na-Flu and the
SFe/Na-Flu ratio can be used to calculate how much SFg in the collected water samples is from the Phase |
injection (Table S2). Without the addition from the Phase | injection, the SF¢/Na-Flu ratio would follow the

trajectory of the Na-Flu concentration. Thus, multiplying the expected ratio by the observed Na-Flu



concentration provides a measure of the expected SFg concentration. The difference between the observed

and expected SFg concentration is the actual SF¢ from the Phase | injection (Table S2).

2) Carbon-14
Fluid samples for *C analysis were collected in 125 ml glass serum bottles. For **C analysis, water samples
were acidified to release the dissolved inorganic carbon as CO,. The 14¢ concentration was measured with **C-
AMS first in the W.M. Keck Carbon Cycle Accelerator Mass Spectrometry Laboratory at the University of
California, Irvine, and later in the BioAMS laboratory at Lawrence Livermore National Laboratory, USA. Results
are reported as fractions of the Modern Standard, A*C, following the conventions of Stuiver and Polach (24).
All results are corrected for isotopic fractionation with 8*3C values measured on prepared samples using AMS

spectrometer. Data and uncertainties are reported in Table S2.

3) Dissolved inorganic carbon (DIC)
Dissolved inorganic carbon (DIC) was calculated using PHREEQC (25) from measured pH, alkalinity, in-situ
temperature and total dissolved element concentration measurements. The pH was determined in the field
with a Eutech InstrumentsTM CyberScan pH 110 electrode calibrated using NBS standards, and verified in the
laboratory a few hours after sampling with a Cole Parmer glass pH electrode. Alkalinity titration was
performed using the Gran function to determine the end point of the titration (26). The concentration of
major elements including Si, Ca, K, Mg, Na, and S and the trace metals Fe and Al were determined by
Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) using an in-house multi-elements
standard checked against the SPEX Certified Reference standard at the University of Iceland. The uncertainties

on calculated DIC measurements are estimated to be +5%

4) Mass balance calculations



Mass balance calculations for dissolved inorganic carbon and **C were performed to assess the reactivity of
the injected CO, (27). The mixing fraction between the injected solution (IS) and ambient groundwater (BW)
was calculated for each extracted water sample (i) using

[$Fe], = X[SF] , +(1- X)[SF],,, ()

with X being the fraction of injected solution in the extracted water sample. The expected DIC and **C values

due to pure mixing was then determined from

DIC =X-DIC+(1-X)-DIC,, (2)
and
MG =X-1Cy+(1-X)-1C,y 3)

Differences in DIC and *C concentrations between the values measured in the retrieved fluid samples and the
expected values assuming only mixing between injectate and ambient groundwater yield the loss of DIC and

14C due to carbonate precipitation.

5) Analysis of solid phases
Mineral precipitate samples collected from the submersible pump in monitoring borehole HN04 were
analyzed by X-Ray diffraction (XRD), scanning electron microscopy (SEM), and energy dispersive X-ray
spectroscopy (EDXS) mapping. Prior to analysis, the samples were stored and treated in an anaerobic chamber
to minimize oxidation.
Samples for XRD were mounted on low background Si sample holders and covered with an X-ray transparent
cup (Bruker) to decrease oxidation of the fine-grained material during measurement. Measurements were
conducted on a Bruker D8 DISCOVER equipped with a LynxEye detector and a Co-source. Scan range was 5-80°
using a 0.05° step size and a count time of 10 s per step. Two types of samples were prepared for SEM-EDXS.

One set was mounted directly on the Al-sample stubs to avoid a carbon signal from carbon tape. The material



was resuspended in anoxic ethanol and a drop of it transferred to the sample holder and left to dry. These
samples were imaged by SEM using low vacuum (60 Pa) to minimize sample charging. For another set of
samples, the Al-sample holders were covered with carbon tape and grains were picked from the samples and
mounted upright to enable imaging of these grains perpendicular to the growth direction. These samples
were sputter coated with Au and imaged under high vacuum (4 x 10™ Pa) to resolved detailed morphological
features. SEM/EDXS measurements were conducted on a FEI Quanta 3D FEG SEM equipped with an Oxford
instrument X-max 20 mm?” EDXS detector having a nominal energy resolution of 0.125 keV for MnKa. (FWMH).
During imaging, accelerating voltage was 20 KeV and currents were 3.8 pA for SEM imaging and 8 nA for EDXS
mapping. In the EDXS maps, color intensity for an element is linearly correlated with the integrated intensity
measured in a narrow range round it characteristic X-ray (CaKo.: 3.63-3.75 KeV; FeKa.: 6.32-6.48 KeV; SiKo:
1.69-1.79 KeV; OKa: 0.49-0.56 KeV; CKai: 0.24-0.29 KeV; peak from CKa has a slight contribution of <5% from
Auy lines).

XRD of all materials from the monitoring borehole (Fig. S1) shows only the Bragg peaks expected for calcite
[e.g. (28, 29)]. Please note that the broad peaks between 10 and 30° are from the cap protecting the sample
from oxidation. SEM imaging and EDXS mapping clearly show 10 um to 1 mm slightly elongated grains rich in
Ca, C, and O, as expected for calcite, with trace concentrations of Mg, Mn, and Fe (Fig. S2). Imaging of samples
EDXS mapping of the grains collected from inside the pump shows a banded structure where they were
fractured, with a first generation of calcite containing rich in Fe- and Si and a second generation largely

without such material (Fig. S3).

Laboratory studies of basalt carbonation.
A large number of laboratory experiments have been performed to assess the feasibility of basalt carbonation
as a carbon storage strategy (e.g. 15, 16, 30, 31, 32, 33). Such experiments demonstrate the efficient

carbonation of basalts and its constituent minerals. During basalt-water-CO, interaction, calcium liberated by



basalt dissolution tends to provoke calcite precipitation, whereas the liberated magnesium, aluminum and

silicon tend to provoke the formation of zeolite and clay minerals (15, 16, 32).

Several experimental studies have been aimed at assessing if precipitated carbonate minerals would
eventually slow the overall carbonation rates of basalts and its constituent minerals (9,10). Such studies
suggest that the carbonate minerals that precipitate on the surfaces of these rocks and minerals have little
effect on the dissolution rates of the original solid and on their carbonation rates. These results were
attributed to the poor structural match between the dissolving silicate and precipitating carbonate, which
leaves sufficient pathways for chemical mass transfer to and from the adjoining fluid phase (e.g. 34). Such
results suggest that the in-situ carbonation of basalts will be little effected by the precipitation of carbonate

phases on their surfaces.

In situ fluid chemistry and transport

Representative pre-injection fluid chemistries at the injection site are summarized in Table S2. The
temperature gradient at the injection site is 80 °C/km. Groundwater flow in the top tens of meters is to
southwest (16); water flow in the lower part of the system is focused in lava flows located at the CO, injection
depth of 400-800 m depth. The flow rate in this lower system is on the order of 25 m per year and the
hydraulic head decreases toward southwest (15, 16). Hydrological models, pump tests and tracer tests,
suggest that the effective matrix porosity of this lava formation is 8.5% (16).

The injection of CO,-charged waters lead to a pH drop in the formation waters provoking the dissolution of
basalt and the eventual precipitation of carbonate minerals. In addition to the natural ambient water flow in
the target basaltic reservoir, advective transport in the system was enhanced by the continuous pumping of
water into the HN-02 injection well and pumping of water from the HN-04 monitoring well at a rate of 1 I/s

throughout the study period. The dominance of advection as the chemical transport mechanism in the



system is evident in the concentration of chemical tracer in the monitoring fluid shown in Fig. 2; aqueous
diffusion is far too slow to transport substantial material from the injection to the monitoring well over the 2-

year study period.



Supporting Tables

Table S1. Injection test parameters, including results from the tracer and chemical analysis of injectate.

14
Injection | €O, H,0 SFe SFsCF; (frac(t:ion DIC oH
Phase | (tons) (liters) (ccSTP/cc) | (ceSTP/cc) modern) (mol/L)
3.85
[ 175 | 4.8x10° | 2.33x10° none 16.17 0.82 | (@20°C)
4.03
Il 54.75 | 2.25 x 10° none 2.24x10°® 4.65 0.43 (@20°C)




Table S2. Representative water chemistries at the CarbFix injection site prior to the gas injections (after 15).

Well
Parameter or aqueous HN-1 (source of injection HN-2 HN-4
concentration water)
Sample 08HAAO02 09HAA16 08HAAO01
Sampling date 1 July 2008 19 May 2009 1 July 2008
Temperature °C 19.0 15.5 32.3
pHat 20 £2 °C 8.87 8.79
9.43

0, (mmol/L) 0.057 0.011 0.037
Alkalinity (meg/kg) 1.91 1.45 1.91
F (mmol/L) 0.014 0.013 0.026
Cl (mm/L) 0.247 0.222 0.228

0.075 0.077 0.089
SO, (mmol/L)

1.301 1.338 2.114
Na (mmol/L)

0.027 0.012 0.019
K (mmol/L)

0.164 0.124 0.041
Ca (mmol/L)

0.313 0.149 0.005
Mg (mmol/L)

0.016 0.399 0.064
Fe (umol/)

0.419 0.097 1.905
Al (umol/)

0.363 0.337 0.897

Si (mmol/L)




Table S3: Result from the tracer and chemical fluid analyses.

Sample Ijis}/;iligcne Na-Flu SFg SFg Phase | Ps:afjgll oH (mDr'r|1CoI/ e (frac. N e

ID started (g/L) (ccSTP/cc)| (ccSTP/cc)* (ccSTP/cc) 0 modern) - (Bg/L)
619 1 4.94E-05 | 1.51E-09 2.44E-12 9.24 1.54

621 2 1.54E-09

623 3 4.98E-05 | 1.45E-09 9.32 1.5

629 6 5.05E-05 | 1.62E-09 4.34E-11 9.38 1.47 0.3119 0.0008 | 0.001377
643 13 5.15E-05 | 1.56E-09 9.27 1.54 1.328 0.002 0.006584
651 16 5.15E-05 | 2.09E-09 4.52E-10 8.98 1.87

655 18 1.90E-09

661 21 5.14E-05 | 1.70E-09 6.58E-11 8.86 2.01 3.5054 0.0049 0.02117
665 23 2.02E-09 7.94 2.32

667 24 5.14E-05 | 2.10E-09 4.70E-10 7.46 2.53

669 25 5.14E-05 | 2.41E-09 7.75E-10 7.27 2.63 8.4908 0.0119 0.06685
679 31 5.23E-05 | 3.18E-09 1.48E-09 6.93 3.18

681 32 3.25E-09 7.18 2.85

687 35 5.36E-05 | 3.09E-09 1.31E-09 6.98 2.97 9.0563 0.0217 0.08001
693 38 5.43E-05 | 3.35E-09 1.52E-09 6.91 3.26 10.8941 0.0516 0.10575
699 42 5.54E-05 | 3.26E-09 1.36E-09 6.81 3.6 9.8633 0.0338 0.09663
703 44 5.46E-05 | 3.16E-09 1.31E-09 6.79 3.63 9.2766 0.0647 0.08921
705 48 5.00E-05 | 3.52E-09 1.97E-09 6.63 4.1 9.1683 0.0641 0.09506
709 49 3.70E-09

715 51 4.92E-05 | 3.27E-09 1.78E-09 6.57 4.39 9.908 0.0758 0.10749
721 56 4.90E-05 | 4.05E-09 2.57E-09 6.64 4.18 10.9666 | 0.0696 | 0.11732
723 59 4.90E-05 | 3.34E-09 1.86E-09 6.68 4.03

733 64 4.88E-05 | 4.24E-09 2.78E-09 6.81 3.65 11.1269 0.0637 0.10968
741 71 4.86E-05 | 3.36E-09 1.91E-09 7.06 3.19 10.3135 | 0.0805 | 0.09608
747 78 4.85E-05 | 3.47E-09 2.03E-09 7.22 3.07 10.963 0.089 0.09488
753 84 4.83E-05 | 2.99E-09 1.55E-09 7.63 2.74 10.963 0.089 0.09488
763 92 5.03E-05 | 3.21E-09 1.65E-09 7.92 2.61 11.2236 0.1119 0.08778
775 111 5.51E-05 | 3.28E-09 1.40E-09 8.65 2.32 9.0533 0.052 0.06502
777 115 4.96E-05 | 2.81E-09 1.30E-09 8.92 2.15

781 118 4.90E-05 | 2.56E-09 1.08E-09 8.92 2.31

783 122 4.85E-05 | 3.12E-09 1.67E-09 8.76 2.22 8.0588 0.0616 0.05473
785 127 4.74E-05 | 3.04E-09 1.66E-09 8.81 2.24

787 129 4.70E-05 | 3.52E-09 2.16E-09 8.76 2.22

789 136 4.57E-05 | 3.49E-09 2.21E-09 8.82 2.27 8.6288 0.0795 0.05938
793 139 4.50E-05 | 3.41E-09 2.17E-09 8.78 2.3

797 147 4.29E-05 | 3.53E-09 2.41E-09 8.68 2.43

801 148 4.29E-05 | 4.42E-09 3.30E-09 8.62 2.5 8.4219 0.0742 0.06251
803 149 4.04E-09

813 156 4.16E-05 | 4.22E-09 3.17E-09 2.66E-11 7.36 3 8.0027 0.0593 0.06998




819
825
831
833
841
847
849
850
851
853
855
857
858
859
860
861
863
865
869
873
875
877
879
881
883
881
889
893
895
897
901
905
907
909
913
915
917
918

161
164
168
169
183
204
213
218
225
234
245
252
259
266
273
280
296
308
322
332
350
367
386
406
423
436
444
449
454
470
477
484
491
498
511
518
525
539

4.18E-05

4.00E-05
3.90E-05
3.78E-05
3.64E-05
3.60E-05
3.56E-05
3.51E-05
3.42E-05
3.37E-05
3.34E-05
3.34E-05
3.26E-05
3.21E-05
3.09E-05
3.00E-05
2.94E-05
2.92E-05
2.88E-05
2.88E-05
2.69E-05
2.47E-05
2.31E-05
2.33E-05
2.26E-05
2.15E-05
2.17E-05
2.15E-05
2.13E-05
2.09E-05
2.05E-05
1.92E-05
1.92E-05
2.20E-05

4.15E-09
4.19E-09
4.37E-09
4.37E-09
4.50E-09
5.43E-09
5.78E-09
5.81E-09
6.23E-09
6.87E-09
6.90E-09
7.42E-09
7.84E-09
7.94E-09
7.69E-09
8.42E-09
8.92E-09
9.09E-09
9.15E-09
9.65E-09
9.79E-09
1.03E-08
9.72E-09
1.10E-08
9.94E-09
9.03E-09
8.77E-09
8.93E-09
8.65E-09
8.07E-09
8.90E-09
8.93E-09
7.07E-09
9.10E-09
9.57E-09
8.28E-09
9.80E-09
9.39E-09

3.09E-09

3.40E-09
3.45E-09
3.64E-09
4.64E-09
5.01E-09
5.06E-09
5.50E-09
6.17E-09
6.22E-09
6.76E-09
7.18E-09
7.32E-09
7.08E-09
7.86E-09
8.39E-09
8.58E-09
8.66E-09
9.17E-09
9.31E-09
9.88E-09
9.37E-09
1.07E-08
9.63E-09
8.75E-09
8.52E-09
8.67E-09
8.40E-09
7.82E-09
8.66E-09
8.70E-09
6.87E-09
8.91E-09
9.30E-09

2.18E-11
1.99E-11
2.35E-11
2.14E-11
3.09E-11
4.09E-11
3.49E-11
2.75E-11
2.65E-11
2.36E-11
2.01E-11
2.35E-11
2.08E-11
2.20E-11
1.95E-11
2.45E-11
2.46E-11
2.42E-11
2.35E-11
2.56E-11
2.96E-11
3.77E-11
4.88E-11
5.81E-11
5.65E-11
4.87E-11
6.30E-11
5.92E-11
5.52E-11
5.76E-11

7.26E-11
6.61E-11
7.59E-11
6.96E-11

8.11
8.43
8.36
8.33
7.87
7.07
7.50
7.93
8.19
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8.29
8.30
8.36

8.40
8.26
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8.41
8.73
8.58
8.57
8.20
8.45
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2.51
2.45
2.37
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2.83
2.54
2.39
2.4
2.43

2.35
2.32
2.28
2.41
2.34
2.33
2.27
2.34
2.23

8.4363

7.769

7.9298

7.4848

8.4791

8.3668

7.5505

6.5517
6.2029
7.2165
6.6135

0.0521

0.0512

0.0512

0.0776

0.0742

0.0657

0.0467

0.0472

0.06516

0.0628

0.06267

0.06051

0.06498

0.06009

0.05559

0.04745
0.04231
0.05075
0.04571
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Figure S1. X-ray tracers of sample 2013-5 and 2013-6 taken from the submersible
pump. The two broad peaks are from the cap protecting the sample from further
oxidation is marked BG.

Figure S2. Overview SEM images and EDX maps of material from sample 2013-6.
(A) SEM image. (B) EDX map of are shown in SEM image A. The maps for Ca, Fe
and Si has been overlain the SEM image, whereas the maps for C and O are presented
individually.
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Figure S3. SEM images and EDX maps of fractured flake from a sample collected
inside the submersible pump. (A) SEM image of the fractured flake mounted upright
so that the internal regions of the material could be imaged. Fractured region, where
the material interfaced with the pump surface and the direction of mineral growth is
indicated. (B) EDX maps of area shown in SEM image A. The maps for Ca, Fe and Si
has been overlain the SEM image, whereas the maps for C and O are presented
individually. The location of two generations of calcite have been indicated based on
the frequency of Fe- and Si-rich material.
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Figure A2. X-ray diffractrogram of two samples of solids (red and green curves) collected
from the submersible pump on the 13" of August 2013. Red dots show locations and height
of representative calcite-peaks. Analyses performed by ISOR IcelandGeoSurvey.
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Figure A3. X-ray diffractrogram of samples collected on the 10th of June 2013, during airlift
from the injection well HN-02. Red lines show locations and height of representative
feldspar-peaks, blue lines show locations and height of representative pyrite peaks, green
lines show locations and height of representative pyroxene peaks and purple lines show
locations and height of representative clay peaks. The two broad peaks at 12° and 24° are
from the cup protecting the sample from oxidation.
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Appendix C

Concentrations of trace metals prior
to, during, and after the CO, and
CO,-H,S-injections at Hellisheidi,
2012

Unpublished data to be compiled by SOS
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Trace metal concentration prior to, during, and after
the injections of CO, and CO,-H,S gas mixture at
Hellisheidi in 2012

The reaction between the CO,-charged water and the basaltic rocks not only
releases divalent cations that end up in carbonates, but also other metals that
can be harmful for the biota. At low pH the dissolution rates of basaltic glass
and primary basaltic minerals is relatively fast (e.g. Gislason and Oelkers,
2003; Gudbrandsson et al., 2011; Oelkers and Gislason, 2001), and the
solubility of many secondary minerals constraining the mobility of toxic

metals is higher than at elevated pH.

The metals of main concern are Al and Cr, but some other elements, such as
Mn, can be both essential for life and toxic depending on their concentration.
The toxic metal release is critical at the early stage of the injection of CO,,
before the pH is raised again by water-rock interaction (Flaathen et al., 2009;
Galeczka et al., 2013). This is before significant precipitation of carbonates
and other minerals that effectively scavenge the potential toxic metals that

are released at early stages (Olsson et al., 2014).

Even though water from the lower groundwater system at the CarbFix site,
which is affected by the injections, is not meant for consumption it is
important to evaluate the effect of the injections on the groundwater. Samples
analysed from the monitoring well HN-04, which is situated closest to the
injection well, sampled before, during and after both injection experiments
show increase in Ba, Cr, Cu,Fe, Mn and Pb which are all elements that can

affect quality of drinking water, but no metals exceeded the health-based



values allowed for drinking water, derived by the World Health Organization
(WHO) (World Health Organization, 2011).

Iron (Fe) concentrations in samples taken during both injection experiments
exceed values proposed by the European Commission (European
Commission, 1998) that may affect acceptability of drinking water. Fe is an
essential element in human nutrition. The taste and appearance of drinking
water will usually be affected below the level for tolerable intake (World
Health Organization, 2003). Consumption of water from well HN-04 should
therefore not be harmful for consumption, but high Fe concentrations during

injections could affect taste and appearance.
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Figure 1. Concentrations of elements of health concern in drinking water
measured in samples from well HN-4 before, during and after the two
injections. Allowed drinking water concentrations from WHO and EU are
depicted with a dotted line. In case of two lines, the lower line represents EU
limitations and the higher one WHO limits. Cd and Hg concentrations are
not depicted since these elements were below detection limits of the ICP-MS

in almost all samples.
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Figure 2. Concentrations of Fe, Al, and Mn in samples from well HN-04
prior to, during, and after the two injections. Limits proposed by EU are

depicted as dotted lines.

Fe) No guideline value for iron in drinking-water is proposed by WHO since
iron is not of health concern at levels found in drinking water. The taste
and appearance can be affected which may affect the acceptability. EU
proposes a limit of 3.6 pmol/L. This is the only limit that the samples taken
during the injections exceed.

Al) No guideline value for aluminium is proposed by WHO. A health-based
value of 33 umol/L could be derived, but this value exceeds practicable levels
based on optimization of the coagulation process in drinking-water plants
using aluminium based coagulants: 3.7 umol/L or less in large water
treatment facilities and 7.4 umol/L or less in small facilities. EU proposes a
limit of 7.4 pumol/L.

Mn) WHO proposes a limit of 7.3 umol/L, but state that value of 9.1 pmol/L
should be adequate to protect public health. It is also noted that
concentrations below 1.8 umol/L are usually acceptable to consumers,
although this may vary with local circumstances. EU proposes a limit of 0.9

pmol/L.
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Figure 3. Trace metal concentrations in samples from well HN-04 prior to,

during and after the two injections, Detection limits depicted as a dotted line

when applicable.




Table 1. Allowed drinking water concentrations from WHO and EU and
highest concentrations measured in samples from HN-04 taken before,
during and after the pure COy-injection in January-March 2012 and the

mixed gas injection in June-August 2012.

Element World Health European Phase | | Phase Il Analytical
Organization Union Method
nmol/l nmol/l nmol/I nmol/l
Arsenic 130 130 12 13 ICP-MS
Barium 5100 - 3 3 ICP-MS
Cadmium 27 44 0.1 0.1 ICP-MS
Chromium 960 960 10 72 ICP-MS
Copper 31500 31500 4 4 ICP-MS
Lead 48 48 1 2 ICP-MS
Mercury 30 5 0.1 0.5 ICP-MS
Nickel 1190 340 20 10 ICP-MS
pmol/I pmol/I pumol/l pmol/I
Fluoride 79.0 79.0 31.0 21.0 I1C-2000
Boron 222 92 2.43 2.18 ICP-MS
(umol/L)
Manganese * * 0.78 1.06 ICP-OES
Iron * * 36.70 9.71 ICP-OES
Aluminium faied * 3.05 3.92 ICP-OES

*Not of health concern at levels found in drinking-water. May affect
acceptability of drinking-water

**A health-based value of 0.9 mg/I could be derived, but this value exceeds
practicable levels based on optimization of the coagulation process in
drinking-water plants using aluminium based coagulants: 0.1 mg/l or less in

large water treatment facilities and 0.2 mg/l or less in small facilities
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