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Abstract
The reduction of atmospheric carbon dioxide (CO2) is considered one of the greatest
challenges of this century. Carbon capture and storage (CCS) is one of the means proposed
to lower the atmospheric CO2 content. The aim of the CarbFix project in Iceland was to
design and test a CO2 re-injection system, in which CO2 from the Hellisheidi geothermal
power plant was injected, fully dissolved in water, into basaltic rocks. In this way the
carbon is mineralized upon basalt dissolution by the precipitation of carbonate minerals.
Pre-injection study of the CarbFix site showed that the field consists of primitive basaltic
rocks, both glassy and crystalline. The study further showed that the targeted aquifer
contains high-pH water, ranging in temperature from 15 to 35°C, and is isolated from the
atmosphere. The fluid chemistry indicated equilibrium with secondary minerals such as
calcite, Ca-rich zeolites, and clays. Geochemical modelling of the injection schemes
predicted that 1-2 moles of basaltic rock would be needed to lower the dissolved carbon in
one kg of water back to pre-injection values by precipitation of Ca-Mg-Fe-carbonates. A
syringe sampler for CO2-rich fluids and tracers was designed and tested, both in the
laboratory and in the field. The sampler was used to monitor the carbonation process and
the evolution of the CO2-rich fluid during the subsurface mineral carbonation.
The 2010 Eyjafjallajökull eruption provided a unique opportunity to study the impact of
eruption mechanism, hydromagmatic versus magmatic, on the environmental chemistry.
Plug-flow experiments were conducted on pristine volcanic ash, in order to evaluate the
initial leaching from the ash surface. There was a dramatic difference in pH evolution
between the effluent waters from the two ash types. Within minutes there was a “chemical
divide” by several orders of magnitude in the proton concentration. The effluent from the
hydromagmatic ash was alkaline, but the magmatic ash effluent was acidic. The effluent
from the hydromagmatic ash thus became highly supersaturated with common secondary
minerals formed in volcanic rocks, but nearly all these minerals were undersaturated in the
acid effluent from the magmatic ash.
The pH of surface waters in the vicinity of Eyjafjallajökull ranged from 4.8 to 8.2, with the
low-range pH measured in the smaller Svadbaelisá-flood during the hydromagmatic phase,
and in ash-polluted rivers during the magmatic phase. Polluted water from the combined
ash layers showed neutral pH and high concentrations of dissolved nutrients and pollutants.
The glacial floods in the Markarfljót river were loaded with dissolved magmatic salts, but
they also displayed neutralization by ash-dissolution with time. Large amounts of dissolved
elements and suspended ash were transported to the North Atlantic Ocean. The flux of
dissolved inorganic carbon (DIC) down the Markarfljót river was 7 tonnes/s during the
hydromagmatic phase and 2 tonnes/s during the magmatic phase, for an estimated total of
10,300 tonnes. These contrasting environmental impacts of magmatic versus
hydromagmatic eruption phases showed that significant iron fertilization of the ocean by
readily soluble metal salts was only possible from the magmatic ash. Furthermore, the
hydro-magmatic ash protected the environment on land by neutralizing the acidic and
polluted waters that had been in contact with the magmatic ash.

Ágrip
Minnkun á magni koltvíoxíðs (CO2) í andrúmslofti er ein mesta áskorun mannkyns á
þessari öld. Föngun og binding CO2 („carbon capture and storage“) er talin fýsileg lausn á
þessum vanda. Markmið CarbFix verkefnisins á Íslandi er að hanna og prófa
niðurdælingarkerfi fyrir bindingu og föngun koltvíoxíðs. Koltvíoxíð frá
jarðvarmavirkjuninni á Hellisheiði var leyst upp í vatni svo það myndaði kolsýru, sem dælt
var niður í basaltberglög á svæðinu. Með tímanum mun kolefnið svo bindast málmum sem
sýran leysir úr berginu og mynda fast efni, karbónatsteindir. Kolefnið er þá „steinrunnið“
og geta steindirnar verið stöðugar í milljónir ára. Í þessari ritgerð verður fjallað um
rannsóknir á tilraunasvæði CarbFix fyrir niðurdælingu, ásamt hermilíkani af afdrifum
kolefnisins eftir niðurdælingu. Jarðlög svæðisins eru að mestu frumstætt basalt, bæði
kristallað og glerað. Grunnvatnið sem koltvíoxíðið var leyst í, mældist 15–35°C heitt áður
en niðurdæling hófst, og einangrað frá andrúmslofti. Vatnið var í efnajafnvægi við
síðsteindir á borð við leir, geislasteina og kalsít (kalsíumkarbónat). Hermilíkan af
niðurdælingunni leiddi í ljós að leysa þurfti upp um 1–2 mól af basalti til að lækka
kolsýrumagnið í hverju kg af vatninu niður í gildin fyrir niðurdælingu með útfellingu á
kalsíum-, magnesíum- eða járn-ríkum karbónatsteindum. Í ritgerðinni er ennfremur lýst
þróun, smíði og prófunum á djúpsýnataka fyrir borholuvökva sem notaður hefur verið við
vöktun á niðurdælingarvökvanum og þróun hans við efnaskipti vatns og bergs.
Eldgosið í Eyjafjallajökli 2010 gaf fágætt tækifæri til að kanna annars vegar umhverfisáhrif
sprengigoss undir jökli, þar sem vatn á greiða leið að gosrásinni, og hins vegar sprengigoss
við þurrar aðstæður, eftir að gosrásin einangraðist frá bráðvatninu. Fersk öskusýni frá
báðum þessum gosfösum voru skoluð í þar til gerðum hvarfastokkum til að kanna samspil
nýmyndaðrar gjósku og vatns. Rannsóknin leiddi í ljós gríðarlegan mun á pH-gildi
hvarfaða vatnsins frá þessum tveimur gosfösum. Vatn í snertingu við gjósku, sem
myndaðist á meðan bráðvatn átti greiða leið að gosrásinni, var með hátt pH-gildi, en þurra
sprengigosaskan sýrði vatnið svo munaði mörgum stærðargráðum. Skolvökvinn úr fyrri
fasanum var því alkalískur (lútkenndur) og vatnið mettað eða yfirmettað með tilliti til
margra algengra síðsteinda sem finnast í gosbergi. Súri skolvökvinn sem hafði leikið um
sprengigosöskuna var hinsvegar undirmettaður m.t.t. þessara sömu steinda, og innihélt mun
meira af nærandi og mengandi málmum eins og járni og áli.
Sýni úr jökulhlaupum sem urðu í kjölfar gossins í Eyjafjallajökli, sem og úr öskumenguðu
yfirborðsvatni og straumvötnum við eldfjallið sýndu svipaðar niðurstöður og fyrrgreindar
tilraunir. Jökulhlaupin báru fram mikið magn leystra kvikusalta og stóru flóðin niður
Markarfljót gáfu til kynna leysingu á gosösku og öðru gruggi. Þessi sýni úr straumvötnum
og öskumenguðu yfirborðsvatni mældust með pH-gildi milli 4,8 og 8,2. Flóðið í
Svaðbælisá var minna en í Markarfljóti, en það hafði lægra pH-gildi. Mesta sýrumengunin
var í flóðvatninu í Svaðbælisá og í gjóskumenguðum ám, en gjóskumengað vatn sem
komst í snertingu við gjósku úr báðum gosfösunum var basískara og innihélt bæði
mengandi málma og næringarefni. Mikið magn af uppleystum efnum og gjóskukornum
barst til sjávar með fallvötnum í kjölfar gossins. Framburður leysts kolefnis í Markarfljóti

var um 7 tonn/s fyrstu dagana, á meðan gosið var undir jökli. Eftir að gosrásin einangraðist
frá bráðvatni jökulsins lækkaði framburður kolefnis í um 2 tonn/s. Heildarframburður á
leystu kolefni til sjávar í kjölfar gossins var um 10.300 tonn. Ofangreind gagnstæð
umhverfisáhrif þessara tveggja gosfasa leiddu í ljós, að járnauðgun hafsvæðisins við landið
af auðleystum söltum var eingöngu möguleg eftir að gosrásin þornaði. Askan úr gosinu
undir jökli í byrjun hamfaranna veitti gróðri og jarðvegi á landi nokkra vörn gegn sýringu
og annarri mengun þurru sprengiöskunnar, sem féll síðar í gosinu.

To my family
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1
Introduction
1.1 The problem: Atmospheric carbon dioxide
The carbon on Earth, organic and inorganic, resides within various reservoirs. It is
transported between these reservoirs, in what is called the global carbon cycle. This cycle
can be divided into long and short term cycles of organic and inorganic carbon. The long
term cycle, from rocks to rocks, takes more than million years (Berner, 2004). The largest
carbon reservoirs At the Earth’s surface are the Earth’s organic- and inorganic sediments
(est. 50,000,000 GT carbon); the oceans (39,000 GT carbon); buried fossil fuels (5000 GT
carbon) and the terrestrial biosphere (est. 2,000 GT carbon) (e.g. Berner, 2004; Kump et al.
1999).

Time (years AD)

Figure 1. The CO2 concentration in the atmosphere a) the last 800,000 years, b) from 1600
AD to present (the concentration was derived from ice-core data before 1958 and direct
monitoring of atmospheric concentration at Mauna Loa Hawaii after 1958). Modified from
Scribbs 2015.
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The atmosphere is a relatively small reservoir, approximately 840 GT of carbon in 2014
(calculated using Scribbs, 2015; Oelkers and Cole, 2008; Trenberth et al. 1988). The
carbon moves between the reservoirs at variable speeds (fluxes), fast in the short term cycle
but slowly within the long term cycle. Small variations in the carbon fluxes between the
largest reservoirs can cause large variation in the carbon content of the atmosphere on a
geological time scale. The CO2 in the atmosphere is buffered over years to thousands of
years by interactions with vegetation and soil on land, and by dissolution in the ocean,
within the short term carbon cycle.
Humans have perturbed the natural carbon cycle through land use change, and burning of
fossil fuels and cement production since the industrial revolution (Fig. 2), resulting in large
emission fluxes to the atmosphere, terrestrial vegetation and the oceans, and the highest
CO2 concentration in the atmosphere for the last 800,000 years (Figs. 1 and 2). This has
already altered climate through the greenhouse effect, sea-level rise caused by melting of
glaciers on land, and thermal expansion of the ocean and ocean acidification (IPCC 2014).
Reduction of the CO2 emissions is considered one of the biggest challenge of this century
(e.g., Broecker, 2002; 2005; 2007; 2008; IPCC, 1990; 2014; Hoffert et al., 2002; Lackner,
2003; Pacala and Socolow, 2004¸ Oelkers and Cole, 2008).

Time (years AD)

Figure 2. The CO2 emissions derived from human activities and partitioning carbon
reservoirs. Modified from Le Quéré et al., 2015.
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The rapid increase in human emissions is estimated to have serious consequences for life
on this planet (IPCC 2014). The reason can be seen in Figure 2. The carbon reservoirs that
are affected by this human disturbance of the carbon cycle are mainly the atmosphere, the
ocean, and organic matter on land. Together these reservoirs host the biosphere, the space
on Earth where life is found. It is apparent in geological history, that any sudden changes in
temperature, ocean pH etc., have led to the extinction of many of Earth’s species (i.e.
Cahill et al., 2013). The present climate change will affect the human life in multiple ways.
For example, a few meters sea-level rise will affect many of the most populated areas on
Earth (e.g. China, Vietnam, India; Indonesia and Bangladesh).
The long term organic and inorganic cycles of carbon are shown in Figure 3. On geological
time scales (more than million years), CO2 in the atmosphere has been balanced by the
weathering of Ca-Mg-silicate rocks, the burial of sedimentary organic matter, precipitation
of carbonates in the oceans, weathering (oxidation) of organic matter on land, and
degassing of volcanoes. The inorganic carbon cycle; weathering of Ca-Mg-silicates,
precipitation of carbonates, and degassing of volcanoes, may hold one of the keys to
atmospheric carbon reduction. Chemical weathering of silicate rocks, consumes CO2
through multiple reactions, resulting in natural negative feedback to the increasing
atmospheric CO2 content (Walker et al., 1981, Berner 2004; Gislason et al., 2009;
Eiríksdóttir et al., 2015).

Figure 3. Long-time-scale organic- and inorganic cycle of carbon (based on Kump et al.,
1999; Berner 2004).

1.2 Silicate weathering
Silicates are rock forming minerals, and make up to 90% of the Earth‘s crust. Continents
are mainly composed of plagioclase, alkali feldspar, and quarts, commonly found in
sedimentary rocks (Nesbitt and Young 1984). Silicate weathering and soil formation are
fundamental processes on a global scale, because 83% of the rocks exposed at Earth‘s land
surface are silicates. Basaltic igneous rocks account for less than 10% of Earth‘s
continental surface (cf. Dessert et al., 2003).
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The oceanic crust is largely composed of basaltic igneous rocks and sediments (Fig. 3). The
sediments are deposited on top of the basalts and are most often thickest closest to the
continents on the oldest basaltic rocks that have drifted furthest away from the ridges. The
oldest oceanic crust is about 200 M years old (Rudnick and Gao, 2003).
1.2.1 Chemical weathering
Silicate weathering is complex and depends on many variables, i.e. rock types, geological
settings, temperature, acid supply, water supply, atmospheric contact, etc. Here is one
reaction taken as an example, the weathering of the very common plagioclase mineral
represented by the Ca-rich end member of the plagioclase solid solution:
CaAl2Si2O8 + 2CO2 + 5.53H2O = Al2SiO5 . 2.53H2O + Ca+2 + H4SiO40 + 2HCO3plagioclace

(1)

allophane

Reaction (1) represents a carbonation, where CO2 (gas) dissolves in water. Natural
example of this reaction is a river flowing through silicate-bearing environment (Fig. 3).
Most rivers end in the ocean, where the following reaction can take place:
Ca+2 + 2HCO3- + H4SiO40 = CaCO3 + SiO2 + CO2 + 3H2O

(2)

The reaction (2) represents in a simplified way the formation of a solid diatom shell in the
ocean that some of will later, over geological time, be converted to chert (SiO2) in ocean
sediments and solid carbonates formed within coccoliths in the ocean that will be
transformed over geological time to carbonate minerals in sedimentary rocks. This part of
the long term carbon cycle (reactions 1 and 2 together) represent mineral carbonation of
atmospheric CO2, and can take millions of years.
1.2.2 Igneous rocks
Igneous rocks form when magma from Earth’s mantle intrudes the Earth’s crust and
solidifies. It is classified by its crystallinity and chemical composition. The chemical
composition changes with magma evolution. The most primitive rock type found is picrite
(ultra-mafic basalt), close to the mantle in composition. Primitive magma evolves with
time by formation of primary minerals and magma cooling. The evolution leads to
chemical changes in the remaining liquid phase; increase in Si, K, Na, and Mn content but
decrease in Al, Fe, Mg, Ca and Ti content. This evolution affects the mineral assemble of
the rock types, the primitive basalts are rich in Ca-rich plagioclase, and Mg and Fe rich
olivine and pyroxene, and evolved rocks like rhyolite, are composed of Na-rich plagioclase,
amphibole, hornblende, biotite and quartz (e.g. Marshak and Prothero, 2008).
Crystallinity of the igneous rocks depends on their cooling rate. In slow cooling magmas
there is enough time to form and grow primary minerals and the rock becomes coarse
grained. A common place for such conditions is when magma intrudes into the crust but
does not reach its surface. Fine grained igneous rocks are common when magma erupts on
surface and forms a lava flow (e.g. Marshak and Prothero, 2008; Jakobsson and
Gudmundsson, 2008).
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The third scenario is a formation of glassy rocks, with low crystallinity. This happens when
Si-rich viscous magma fragments during eruption, forming glassy volcanic ash. Glassy
rocks form also when magma, independent of composition, is cooled down rapidly during
eruption within glacier and in deep waters, like the ocean, forming hydromagmatic
volcanic ash (e.g. Cashman et al, 2000; Liu et al. 2015). The erupted material deposited
close to the eruption site forms glassy heterogeneous rocks commonly referred to as
hyaloclastite formation. Such formations are mostly glassy due to rapid cooling of the
magma, consisting of breccia and/or tuff (broken glass) (e.g. Jones, 1966; Moore and Calk,
1991; Jakobsson and Gudmundsson, 2008).
1.2.3 Dissolution of basaltic glass and minerals
As described above, the most abundant minerals in crystalline basalt are the solid solutions
of olivine, pyroxene, and plagioclase represented below by the Mg- and Ca-rich
endmembers; forsterite, diopside, and anorthite (e.g. Gudbrandsson et al., 2011):
Mg2SiO4 + 4H+ = 2Mg+2 + SiO2 + 2H2O

(3)

forsterite

CaAl2Si2O8 + 8H+ = Ca+2 + 2Al+3 + 2SiO2 + 4H2O

(4)

anorthite

CaMgSi2O6 + 4H+ = Ca+2 + Mg+2 + 2SiO2 + 2H2O

(5)

diopsite

Volcanic glass is highly reactive (e.g. Gislason and Eugster 1987; Oelkers and Gislason,
2001; Gislason and Oelkers, 2003). The Stapafell basaltic glass, from a natural
hyaloclastite formation in SW-Iceland that is close in composition to mid-ocean ridge
basalts (MORB), has been used in many studies involving dissolution experiments
(Oelkers and Gislason, 2001; Gislason and Oelkers 2003; Wolff-Boenisch et al., 2004;
2011; Stockmann et al., 2008; 2011; Flaathen et al., 2010; Gysi and Stefansson, 2011;
2012; Galeczka et al., 2013; 2014). Its stoichiometric dissolution reaction is as follows:
SiAl0.36Ti0.02Fe+30.02Ca0.26Mg0.28Fe+20.17Na0.08K0.008O3.36 + 6.72H+
Stapafell basaltic glass

= Si

4+

+ 0.36Al

+3

+ 0.02Ti+4 + 0.02Fe+3

+ 0.17Fe+2 + 0.26Ca+2 + 0.28Mg+2
+ 0.08Na+ + 0.008K+ + 3.36H2O

(6)

Dissolution reactions of crystalline and glassy basalts consume protons. They occur
relatively fast in nature, compared to other silicate minerals, like quartz, and alkalifeldspars (e.g. Oelkers and Schott, 1995; Oelkers, 2001; Pokrovsky and Schott, 2000;
Wolff-Boenisch et al., 2006; Gudbrandsson et al., 2011; 2014). Studies have also shown
that glass dissolution increases with decreased Si-content. (Wolff-Boenisch et al., 2004).
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Natural mineral carbonation by mafic rocks happens when divalent cations, like Ca, Mg,
and Fe form carbonates from solution. The precipitation of Ca-Mg-Fe-carbonate minerals
releases protons (H+):
(Ca,Mg,Fe)+2 + CO2 + H2O = (Ca,Mg,Fe)CO3 + 2H+
divalent cation

carbonate minerals

(7)

protons

To keep the formation of carbonate minerals on-going, a constant supply of divalent
cations is needed, and simultaneously, removal of H+ from solution. Thus the proton
consumption of basaltic rocks, as illustrated by reactions 3-6, along with the rapid release
rates of divalent cations are the key factors in its potential for CO2 mineralization.
The CO2 sequestration in mafic and ultramafic rocks is a natural process. As previously
discussed, the Earth’s continental surface consists of less than 10% basalt. Despite that, it
takes up ca. 33% of all the CO2 consumed in the form of alkalinity production (bicarbonate
formation, equation (1) during natural weathering of silicates at the Earth’s surface
(Dessert et al., 2003).
Natural occurrence of carbon mineralization by basaltic rock, has been described in several
cases, such as petroleum reservoirs, through CO2 metasomatism, hydrothermal alteration,
and surface weathering of basalt (e.g. Rogers et al., 2006; Neuhoff et al., 1999; Arnórsson,
1989; Gislason and Eugster, 1987a,b; Wiese et al., 2008; Flaathen et al., 2007, 2009). And
the storage potential is huge. For example, the storage potential of all the ocean ridges is
estimated to be orders of magnitude larger than the estimated 5000 GtC CO2 emission
stemming from burning all fossil fuel resources on Earth (Snæbjörnsdóttir et al. 2014;
Archer, 2005).

1.3 A solution: Carbon capture and storage
One solution to the challenge of reducing the atmospheric CO2 content is carbon capture
and storage (CCS) (Lackner et al., 1995; IPCC, 2005; Broecker and Kunzig, 2008; Oelkers
and Cole, 2008). The CCS methods aim at capturing the CO2 gas from man-made gas
streams and storing it, isolated from the atmosphere for at least 1000 years. Or about twice
the time it takes mankind to burn all fossil fuels on Earth at the current rate increase (e.g.
Archer 2005; Adams and Caldeira, 2008). The main ideas for storage solutions are deep
ocean storage, geological storage, and mineral carbonation (IPCC, 2005).
Ocean storage involves, for example, storing carbon below 3000 m depth as liquid CO2
close to the seafloor (IPCC, 2005). Below 3000 m liquid CO2 is denser than seawater and
stays at the bottom of the oceans due to its density. It is though not considered a long term
CCS system (e g. Adams and Caldeira, 2008) and there is considerable risk of sudden CO2
release into the atmosphere.
A geological storage generally means an injection of CO2 into a sedimentary basin,
depleted oil reservoir, and reactive rocks like basalts (e.g. IPCC, 2005; Kharaka etal., 2006;
Bachu, 2008; Benson and Cole, 2008; Oelkers and Cole, 2008; Gislason and Oelkers
2014). The CO2 is injected as gas, liquid, or as supercritical fluid (scCO2). The aim is to
keep it below an impermeable cap rock; dissolve it in deep aquifer water; or mineralize it
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with primary Ca-Mg-Fe-silicates. These methods have the potential for leakage of CO2,
due to the buoyancy of the CO2. The leakage can be through abandoned wells, micro
fractures, or new fractures formed during earthquakes, which are commonly observed
during injection tests.
Mineral carbonation storage is considered a safe storage solution (cf. IPCC 2005, Oelkers
et al., 2008; Matter and Kelemen, 2009; Gislason et al., 2010; Gislason and Oelkers, 2014).
It is safe since carbon is stored in minerals that are thermodynamically more stable than the
primary minerals, and the minerals are not buoyant since they are denser than the formation
water. Thus solid carbonates can be stable for millions of years. One of the fastest methods
to achieve this goal is to dissolve the gas in water (or seawater), and then inject the carboncharged fluid into the host rock (Gislason et al., 2010; Wolff-Boenisch et al., 2011;
Sigfússon et al., 2015; Gislason et al., 2014). The host rock has to contain divalent cations
that can form relatively insoluble carbonates. During rock dissolution, the cations are
released into the solution as described for example by reaction 3 and 4. The dissolution rate
is pH dependent, for Mg-Fe silicates, the rate is faster at low pH (high H+ concentration)
than at high pH, but for Ca-Al-silicates, like plagioclase (CaAl2Si2O8) and basaltic glass
(equation 6), the rate is fast at low and high pH, but slow at neutral pH.
The dissolution of CO2 in the injected waters results in the formation of the carbonic acid
(H2CO3), as shown by equations 8 and 9 which lowers the pH of the injected fluid. The pH
of the injected solution will depend on the partial pressure of CO2:
CO2(g) + H2O = H2CO3

(8)

H2CO3 = H+ + HCO3-

(9)

Over time, basaltic glass and mineral dissolution consume protons (H+) and release
divalent cations, eventually forming carbonate minerals with time (Gislason et al., 2010),
as described by equations (3 - 9).
The limiting factors are thought to be the water demand for the dissolution of CO2 in water
(reactions 8 and 9), the porosity of the host rocks, and competing precipitation reactions,
like formation of clay- and zeolite minerals (Gislason et al., 2010; 2014).
1.3.1 The CarbFix project, Iceland
The CarbFix project was started as an international field and laboratory scale experiment
on mineral carbonation in basaltic hosted aquifers. The founding participants were
Reykjavik Energy, University of Iceland, Columbia University in New York, USA, and
CNRS/GET in Toulouse, France. The goal was to use the Reykjavik Energy geothermal
power plant’s emission at Hellisheidi, SW-Iceland as a CO2 source for a field experiments.
The CO2 is derived from geothermal steam, used for energy production. The CO2 had to be
separated from other insoluble geothermal gases such as N2, CH4, H2, and Ar close to the
power plant, and then pumped into an injection well. Within the well, a carbonation system
was designed, where the gaseous CO2 was fully dissolved in co-injected aquifer water
(reaction 8 and 9), prior to exposure to the targeted basaltic bedrock (Gislason et al., 2010;
2014). The low pH carbonated water is denser than regular groundwater, that is, it is not
buoyant. Thus leakage risk during injection was at minimum. The final step in this storage
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system is the mineral carbonation associated with dissolution of the host rocks as outlined
by reactions 3-7.
The injection schemes were 1) 175 tonnes of pure CO2 gas injected; 2) 60 tonnes of CO2H2S-H2 gas mixture, which originated from a separation station within the geothermal
power plant (Gislason et al., 2014; Sigfússon et al., 2015).

1.4 Summary of scientific contributions
The first paper presented here, describes the geology and water chemistry of the CarbFix
CO2 injection field. It is a case study of a basaltic rock hosting geological carbon storage
site and assessment of the potential reactions that might occur in response to pure CO2 and
CO2-H2S-H2 injections.
The second paper reports on the stratigraphy, the chemical composition and alteration state
of the host rocks, within the CarbFix CO2 injection site, SW-Iceland.
The third and the fourth papers describe the development and testing of a down-hole
syringe sampler, for CO2 rich fluids and tracers during mineral carbon storage. This syringe
sampler was used to evaluate the progress of the carbonation system within the injection
well, during the CarbFix injections. Its main purpose was to measure in situ pH, dissolved
inorganic carbon (DIC) and volatile tracers at the targeted injection depth within the well.
The fifth and sixth papers reports on the characterization and experimental work on the
2010 Eyjafjallajökull volcanic ash respectively. The Eyjafjallajökull eruption provided a
unique opportunity to study the initial silicate and surface salt weathering of fresh volcanic
ash, in particular the effect of eruption mechanism on the production of volcanic ash grain
sizes, surface composition and their various environmental impacts.
The sixth paper describes the environmental pressure on surface waters in the vicinity of
the Eyjafjallajökull, during the 2010 eruption, including fluxes of various elements, like
CO2, nutrients, and pollutants from the melt water within the crater. Also reported are
dissolved leachates from the ash fall-outs in the surface water. Fluxes of divalent cations
and nutrients like Si and Fe have potential for positive effect on growth of ocean’s biota,
thus increasing natural CO2 fixation within the organic carbon cycle in the North-Atlantic
Ocean.
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Abstract
Mineral carbon storage involves the dissolution of CO2 followed by interaction of the
carbonated solution with the host rock at depth resulting in the precipitation of carbonate
minerals. Monitoring of elemental chemistry and tracers is required to evaluate the
evolution of the fluid geochemistry and degree of CO2 mineralization during its injection
into the subsurface. To avoid degassing during sampling, which is a common feature of
commercial groundwater samplers, a syringe-like sampler was designed, constructed and
tested in the lab and field. This system was successfully deployed during the injection of
175 tons of pure gaseous CO2 at the CarbFix injection site in Hellisheidi, SW-Iceland. This
study presents in detail this sampling tool and its application to the monitoring of the CO2rich fluid evolution during subsurface carbonation. The syringe sampler was developed as
flexible and mobile unit of low investment and operating costs making it an attractive
option for deployment at small scale carbon storage demonstration sites that do not
command the budgets to deploy commercial alternatives, e.g. from the oil and gas industry.

4.1 Introduction
University of Iceland, Reykjavik Energy, CNRS in Toulouse, and Columbia University
initiated CarbFix (www.carbfix.com) to develop the technology for mineralogical CO2
storage in basalts in SW-Iceland. The overall aim of the project is to mineralize CO2 as
carbonates by interaction of CO2 charged water with basaltic rocks.1-4 The injection
borehole is approximately 2000 m deep and cased down to 400 m. Research plans call for
the injection of gaseous CO2 and H2S together with groundwater provided from an adjacent
deep groundwater well into the borehole where it has been demonstrated that CO2 will be
fully carbonated before entering the aquifer at ~540 m depth.5 To evaluate the hydrogeochemical patterns and proportions of CO2 mineralization in the aquifer, a full-scale
monitoring program of the water geochemistry and its temporal evolution is required. In
the case of CarbFix, geochemical monitoring includes conservative and isotope tracers
injected with the waters. This approach calls for high quality sampling at depth and sample
recovery at elevated pressure. Generally, gas bubbles are observed when using common
groundwater sampling gear, such as the snap sampler, which are undesirable during
collection of CO2-rich fluids.6 To quantitatively describe the CO2-H2O system at injection
conditions, two out of the six crucial parameters pH, fCO2, alkalinity, HCO3-, CO32-, and
DIC have to be accurately determined. Our efforts focused on measuring the pH and DIC
downhole. Any pressure loss and concomitant gas bubble formation during sampling and
subsequently on the surface has to be suppressed which requires maintaining the in-situ
pressure of the sample prior to analysis. It is not desirable to evacuate the sampler prior to
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sampling as this would lead to vigorous phase segregation, which could cause carbonate
precipitation and clogging of the valve orifices.7 Hence, commercial vacuum samplers
cannot be deployed either. Inspired by the mechanism of a syringe and standard positive
displacement bottom hole samplers from the oil and gas industry, a new groundwater
sampler was designed, constructed and successfully tested in the lab and field prior and
during CO2 injection. Special emphasis was placed on developing a mobile, economically
highly attractive, robust, and reliable device without the need either for a nitrogen or gas
booster routinely employed in the oil and gas industry to ensure one-phase fluid sampling
or electric wiring (for instance to enable surface actuation of the shutting valves) as these
options would render preparation and performance of the sampler more cumbersome,
expensive and prone to malfunctions. Likewise, any further cost-intensive requirements,
such as tubing from the reservoir to the top-side facility as well as large amounts of purging
nitrogen required for the U-tube, were omitted. This study presents and evaluates this
eclectic, purely mechanical sampling equipment.

4.2 Sampler
4.2.1 Description
In the literature many descriptive adjectives can be found preceding the word ‘sampler’,
such as ‘borehole’, ‘bottomhole’, ‘downhole’, ‘groundwater’, ‘positive displacement’,
‘slickline’ (or slick wireline) ‘subsurface’, or simply ‘well’. In this study, (Carbfix)
‘sampler’ and ‘bailer’ are used interchangeably to describe this type of wireline deep well
sampler.
The sampler works similar to a positive displacement sampler or a syringe. A movable
plunger inside the bailer pipe moves from the upstream cap, towards the downstream cap.
The bailer fills with the well fluid bottom-up at a given depth within the borehole. The
sampler is hauled to the surface and the flow is reversed for sampling and analysis, by
placing a high-pressure pump, connected to the downstream end, pushing the plunger back
towards the upstream end.
The sampler constructed for this study consists of two metal cylinders that are connected
via a series of valves and a piece of tubing (Fig. 1a). Prior to sampling, the lower cylinder
(the proper bailer) is filled with de-ionized (DI) water and acts like a syringe. The upper
cylinder (‘pipe’ in Figure 1a) is evacuated so that it can accommodate the DI water that is
being displaced from the bailer during sampling. So basically the bailer works like a
positive displacement sampler.
This syringe-like sampler is a 160 cm long, 40 mm x 30 mm (ODxID) stainless steel tube
with a sampling volume of ~1 L. Removable, threaded caps are located on both ends (Fig.
1, boxes 2, 5) to open the bailer and remove/replace the plunger and clean the barrel, if
necessary. It withstands pressures of ≤100 bar at temperatures ≤50 °C, more than sufficient
given the injection conditions in Iceland (540 m, ~35 °C reservoir temperature). Note, the
PT rating is a function of the selected material and thickness and can be adjusted to the
specifics of the project. The caps have an oblique sampling-hole, placed in the middle of
the inner side but diverted towards the rim on the outer side of the cap to lodge the ball
valve (Fig.1, boxes 2, 5). Ball and check valves (L1 and L2) are connected to the sampling
cap, controlling the inlet flow of the bailer (Fig. 1A, lower part). This asymmetric set-up
prevents the valve handle from extending beyond the outer diameter of the bailer.
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Figure 1. a) The downhole sampler set-up. Ball and check valves (U1, U2, L1 and L2) are
connected to the upper and lower caps. A flow restrictor controls the sampling flow and is
connected to an evacuated pipe, placed above the bailer. b) Basic lay-out of the bailer.
Depicted are illustrations of the dimensions of the bailer and pipe (box 1), the upper and
lower caps (boxes 2, 5), and the plunger (box 3). Stainless steel protection caps are placed
on both extremes (box 4).
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Consequently, the OD of 40mm is not surpassed by the presence of the valves, an
important pre-requisite given the usual restrictions on the nominal ID of the cased
wellbore. One key component of the bailer is a movable internal stainless steel plunger of
10 cm length (see Fig. 1, box 3 for the following description). The plunger uses two
replaceable metal O-rings (white circles) that secure four replaceable thermoplastic
polyurethane (TPU) O-rings. These O-rings provide for leak-tight movement of the
plunger. Not shown is a strong internal magnet in the centre of the plunger, which enables
the easy determination of its position at any time before/after sampling. This contraption
works as a gas and watertight syringe plunger and facilitates the application of an external
hydraulic pressure on the sampled fluid in the barrel. Thus, bubbles that may potentially
have formed during the sampling process or that were present in the formation can be
forced back into the fluid. Note that the cap on the upstream side has a cone-shaped inner
side to concentrate these potential bubbles (Fig. 1B, box 5). The plunger is also used to
drain out the sample for further treatment and analysis.
Additionally, a second check valve (U2), with adjustable cracking pressure, is fixed at a
high cracking pressure, according to sampling depth within the borehole, and installed to
pressurize the bailer with DI water prior to sampling and to avoid intrusion of
injection/aquifer fluid before reaching the desired sampling depth. It follows a 15 μm
stainless steel filter to prevent clogging of the subsequent 1/16” PEEK tubing of very small
ID that works as a flow restrictor and controls the sampling time (Fig. 1A). The outlet of
this restrictor is connected to an evacuated cylinder, made of the same material as the bailer
and holding the same volume. On top of both end caps, protection caps are installed to
avoid damage during the downhole sampling (Fig. 1, box 4).
4.2.2 Sampling
Sampling is initiated by positive displacement; the pressure differential between incoming
well fluid through the upstream valves (L1 and L2) and the downstream part of the bailer.
This pressure difference exerts a force on the piston and displaces the compressed liquid
present in the sampling chamber (water in our case).
The first step in assembling the bailer, is to fill the compartment between inlet ball valve
(L1) and the plunger (<5 mL) with bubble-free and degassed deionised (DI) water. Then,
the bailer is entirely filled with DI water, sealed with the outlet cap and pressurized to 32
bar. The cracking pressure of the outlet check valve (U2) is crucial for successful sampling
and is adjusted slightly higher (34 bar) to avoid any DI water escaping the bailer and the
concomitant loss of pressure. The cracking pressure depends on the prevailing well
pressure at sampling depth and on the internal bailer backpressure. At the Icelandic
injection site, at 540 m depth, a hydrostatic pressure of 44 bar is observed because the
depth to the water table is 100 m. Some excess pressure is required to overcome friction
between the O-rings of the plunger (Fig.1, box 3) and the inner stainless steel wall of the
barrel. This excess pressure was found to be ~10 bar during repeated laboratory tests,
determined by replacing the outlet check valve (U2) with a backpressure regulator and, by
varying pressure, measuring the pressure differential between applied outer hydraulic
pressure and regulator backpressure at which flow out of the bailer started. In all, the
interplay between outer pressure, piston friction, and cracking pressure permits a pressure
drop of 12 bar when the CO2-charged fluid enters the bailer.
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Figure 2. Different phases of downhole sampling in the CO2 injection well. a) When the
bailer reaches 540 m depth, the adjustable outlet check valve opens and the CO2 charged
water starts to flow into the bailer, shoving the plunger upwards (b) and squeezing the DIwater out through the flow restrictor into the evacuated pipe until all water has been
displaced (c).
It is crucial to keep the pressure drop to a minimum as it restricts the outgassing of CO2
during sampling and, more importantly, suppresses carbonate precipitate formation in the
sampling line.
The cracking pressure of the inlet check valve (L2) is <1 bar (10 psi) to allow aquifer fluid
into the bailer at depth and to avoid any sample loss when hauling the bailer back to the
surface. The pipe at the end of the set-up is a vital piece of the sampler because it collects
the DI water volume displaced from the bailer by incoming sampling fluid. Therefore, the
volume from the outlet ball valve (U1) to the end of the pipe is evacuated to 10-3 bar. This
evacuation is carried out using a portable vacuum pump in the field right before lowering
the sampler into the borehole. In a previous publication an alternative way of collecting the
1L DI water draining from the bailer was described.8 Instead of a vacuum pipe, continuous
tubing from the surface to the submersed bailer at depth was installed and tested but this
set-up proved too costly and unreliable to be of long-term usability.
When the sampler reaches 540 m depth, the outer pressure overcomes the sum of internal
plunger pressure and downstream check valve (U2) cracking pressure and the bailer is
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sampled bottom-up (Fig. 2). The flow restrictor behind the outlet check valve controls the
flow rate of sampling. The goal is to find a compromise between a relatively smooth inflow
of downhole fluid into the bailer to minimize any CO2 degassing while keeping the
sampling time to a minimum. Laboratory tests indicate two hours was ideal for this
purpose.
In summary, the sampler fulfils three functions; a) it enables the sampling of a pressurized
fluid at depth while minimizing phase separation, b) it drives gas back into the liquid and
thus creates a one-phase system through recombination at the surface, and c) it allows for
adjustment of the sampling time.

4.3 Data acquisition
After sampling, the bailer is hauled to the surface and disconnected from the waterlogged
pipe. The outlet ball valve (U1) of the bailer is then connected to a high pressure pump
creating a hydraulic overpressure on the plunger of 30 to 40 bar higher than during
sampling while rotating the bailer vertically several times to force any gas back into the
fluid (Fig. 3). Afterwards, the bailer is connected to a series of evacuated glass bottles to
collect gases and gas tracers, and subsequently hooked to a specially designed sampling
line that has been previously pressurized hydraulically (Fig. 4).

Figure 3. Using a high-pressure piston pump, hydrostatic overpressure of DI water is
applied to the (former) outlet of the bailer where the plunger has moved during sampling.
Continuous vertical rotation of the bailer together with repeated re-pressurization leads to
a gas free aqueous sample that can be collected.
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Figure 4. Design for on-site sample treatment. A high-pressure piston pump was added to
the downstream side of the bailer (on the right, where the plunger moved during
sampling), equipped with a pressure gauge (P). The sampling line consists of a ¼” needle
valve, a 6 port 2 way valve with a known volume sample loop, a gas-tight syringe for CO2
sampling, in-line P/T electrodes for pH and Eh measurements, followed by a backpressure
regulator (BPR). a) Loading of the sample loop and simultaneous pH/Eh determination. b)
Gas expansion from the loop into a syringe, containing 0.5M KOH for CO2 collection and
analysis. Dissolved elements were sampled from the BPR outlet.
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The fluid sample passes through a sampling loop of known size and exits via a
backpressure regulator. In-situ measurements of pH and redox state are performed by high
P/T electrodes (Corr Instruments, TX) placed in-line (Fig. 4a). The sampling loop yields a
known volume for DIC determination. The CO2 is degassed out of the loop into a syringe
containing 0.5 M of KOH to collect all CO2 for subsequent titration analysis. For dissolved
elements, fluid is simply collected after depressurisation (Fig. 4b) and analysed off-site.
Previous laboratory studies were not consistently successful in avoiding all gas bubbles but
this was because the bailer’s set-up was slightly different, causing greater volumes of
degassed CO2 during sampling and because the bailer was not rotated sufficiently.8 During
these lab tests, a high pressure 5L titanium batch reactor containing CO2 saturated water
equilibrated at 40 bar pressure was used. The bailer was filled completely with the
carbonated water from the vessel, which took approx. 2 hours. Afterwards, the bailer
sampling valve was connected to a thick glass tube to monitor the volume of remaining
gas.8 Any potential gas bubbles in the system were immediately spotted and their combined
volume determined by the time it took for the gas to pass the known inner volume of the
glass tube.
Subsequent laboratory experiments confirmed that no gas bubbles remained when applying
a hydraulic pressure of 80 bar, rotating the bailer every minute for 15 min total and repressurising the bailer after 5 and 10 min, respectively. Re-pressurisation is crucial because
the void left by dissolving bubbles causes the plunger to move forward lowering the
applied hydraulic pressure. Note that all of the tests were carried out with a fully CO2
saturated solution (~1.4 molar) whereas the field injection was conducted at slight
undersaturation with respect to CO2 to avoid any degassing during possible pressure drops
in the injection system.

4.4 Discussion
Monitoring of the CO2 plume after injection is integral part of any geologic carbon storage
project. Wireline logging and/or surface-based geophysical monitoring tools are frequently
deployed to follow the supercritical portion of CO2 [9] but for dissolved CO2 and its
migration and effect on the mobility of other elements in the reservoir in-situ fluid
sampling is required. These pressurised downhole samples are routinely degassed, either at
the wellhead during production or after transporting the sample to the surface and the insitu pH, alkalinity, and mineral saturation indices recalculated with geochemical modelling
software.10-13 This is a legitimate approach as long as carbonate precipitation during CO2
degassing can be compellingly ruled out; the pH/pCO2 conditions under which carbonate
formation is likely during sampling into a vacuum sampler have been discussed in detail
elsewhere.7 Those carbon storage projects, such as Carbfix, targeting (ultra)mafic terrains
and/or the use of a carbonated solution as injection fluid are more prone to potential
carbonate precipitation upon degassing and rely more than any other carbon storage
initiative on accurate data of the aqueous geochemistry and its temporal evolution in the
reservoir. Thus, a slickline sampler was developed that would avoid the crucial limitations
imposed by the presence of bubbles due to degassing and the potential of carbonate
precipitation during sampling. Another important goal was to design an affordable, costconscious alternative to already available well-based subsurface monitoring tools and
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commercial wireline samplers. Based on the recent review on available downhole sampling
techniques for groundwater in different deep settings [7] our syringe bailer is a very
economic sampling solution. Besides extensive lab and field tests, the bailer was
successfully deployed during a small scale CO2 injection test in spring of 2012. During six
weeks, 175 tons of pure gaseous CO2 were injected into basaltic rocks at the CarbFix
injection site in Hellisheidi, SW-Iceland. Among the main objectives of this test injection
phase was the validation of the monitoring equipment. The bailer was tested during the
whole injection period, with the objective to measure the insitu pH, and dissolved
inorganic carbon (DIC) of the carbonated water, within the injection well, at the targeted
injection depth. These parameters are crucial for confirming the CO2 dissolution process
which was designed to take place within the borehole, before entering the targeted aquifer.
Figure 5 illustrates the very good match between measured DIC concentrations with the
bailer and those calculated from the flow rates of CO2 and water, respectively at the
injector.5 The average calculated DIC was 0.87 mol/L with a standard deviation of 0.02
whereas the DIC titrations from the sampler yielded an average of 0.86 mol/L with a
standard deviation of 0.05. It means that within statistical errors, the bailer accurately
reproduced the average amount of DIC entering the aquifer over the entire injection period,
except for the very first sample. This sample was the first one to be taken under real
injection conditions and taking the associated issues of developing a flawless sampling
routine under these circumstances into account, the deviation is not too surprising. A
similar close correspondence applies to the geochemically modelled pH versus the
measured pH from the sampling set-up depicted in Fig. 4a. Except for one data point all insitu pH measurements fall within 0.1 pH units of the expected values. Given an uncertainty
of the pH measurements of 0.1 log units, they agree well with the geochemically modelled
pH. These findings altogether clearly support the operational capability of the bailer and
sampling line for the specifics of the CarbFix injection site.
An alternative to wireline sampling is the so-called U-tube which has been deployed for
geochemical monitoring during carbon sequestration activities at the Frio site, Texas14, the
Australian Otway Project12, and the Cranfield site, Mississippi.13 It is worth highlighting
the fundamental differences of the syringe sampler of this study to the U-tube as both have
proven successful in acquiring borehole chemical data during CO2 injections. A key
difference of the bailer to the U-tube –and any other commercial positive displacement
sampler of its kind– is the investment costs. Production costs for the Carbfix sampler were
less than USD 3,000, already lower than the costs for the steel material alone required for
the total tubing of the sample and drive leg of the U-tube. Material operating costs include
periodic replacement of the O-rings around the plunger, which are trivial compared to the
200+ L of N2 that each sample from the U-tube consumes (at 250 bar and 1400 m depth).15
Because it requires no electric or electronic (controlling) equipment, the slick wireline
syringe sampler is robust and reliable. Furthermore, not being stationary was another
necessity for the CarbFix project to avoid any iron or metal contamination from the
stainless steel that, under the corrosive injection conditions, could potentially alter the
geochemistry in the reservoir.
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Figure 5. Congruence of dissolved inorganic carbon (DIC) calculated from the injection
system (DIC-calc) with the measured DIC from the bailer (DIC-meas) plotted over the
entire injection period from late January to early March. The modelled pH (pH-calc) on
the right-hand y-axis is plotted with the measured pH (pH-meas) from the sampling set-up
(cf. Fig.4a).
The primary limitations of the syringe sampler are the labour time and associated costs as
each sampling and sample collection requires the full-time dedication of personnel and the
time lag from sampling to analysis (the labour time strongly depends on the sampling depth
because the sampler has to be lowered and hauled with an electric winch of finite motor
capacity). While the U-tube delivers gas and solute compositional data in real-time on-site,
this is not the case for the syringe sampler; samples are collected and processed on-site but
analysis takes place in the lab. This entails an information gap on geochemical subsurface
developments of at least a day that may be important if immediate response is required.
Furthermore, the volume of sampled injection/reservoir fluid is orders of magnitude
different. For a wireline sampler there is a maximum to its sampling volume because of the
limitations from the wellbore design and diameter. A volume between 0.6 to 1.0 L is quite
common. Using a U-tube can yield volumes one to two orders of magnitude larger. Other
differences between these sampling techniques, and formation and fluid properties, may
influence selection of the most convenient sampling option. For example, injection of
scCO2 into a deep saline aquifer may not be associated with dissolution/precipitation
phenomena anticipated in a basaltic reservoir and which have to be monitored closely and
accurately without forming secondary phases during the sampling process. Besides, the
Carbfix sampler was tested up to 100 bar in the lab but the use of a check valve with an
adjustable cracking pressure close to the reservoir pressure puts limitations to the
maximum operational depth in terms of acquiring such a check valve or manufacturing the
right spring for it.
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4.5 Conclusions
Laboratory tests and field immersions before and during CO2 injection indicate that the
Icelandic syringe sampler is capable of sampling pressurized carbonated fluids in injection
and monitoring wells, respectively. Furthermore, a specially designed sampling line
enables the in-situ measurements of the vital parameters DIC, pH, and the redox state. The
lower part of the sampler represents a syringe whose hydraulically stimulated plunger
facilitates the recombination of potentially degassed CO2 and other soluble gases with the
fluid whereas a flow restrictor controls the smooth flow of DI water from the bailer into the
pipe. Degassing cannot be totally averted during sampling but the set-up keeps the pressure
drop during sampling low. Note, that neither the sampler’s overall set-up, consisting of an
empty compartment behind a compartment filled with displacement fluid and a piston
wedged in between both, nor its constituent parts are per se novel. However, the fact that
these parts were assembled for a fraction of the price of commercial alternatives and tested
successfully during a CO2 field injection constitutes an innovative step. Furthermore, this
contribution facilitates in detail the sampler’s blue-print and workings to disseminate its
use. This low cost sampler yields quality samples for major and trace elemental analyses,
including isotope ratios and soluble conservative tracers (such as a dye or 14C) injected
with the carbonated fluid. While developed for a mineral sequestration initiative its overall
concept should equally well be applicable to other geologic carbon sequestration efforts
involving scCO2 and higher pressures. The principal requirement are laboratory tests to
find the right interplay between adjustable cracking pressure of the downstream check
valve, the internal bailer backpressure caused by the plunger and the well pressure at
injection depth. Over pressurisation of the bailer after sampling to force back any bubbles
is not even needed when dealing with scCO2. The tenet for this procedure is the assumption
that all carbon dioxide in the aquifer is dissolved and needs to be quantified in order to
gauge the degree of carbonatization. For scCO2 applications, the CO2 molar fraction
corresponding to carbon dioxide solubility under injection conditions (i.e., at reservoir
temperature, pressure, and salinity) is of interest and therefore a hydraulic pressure on the
plunger corresponding to the sampling depth suffices to potentially recombine that portion.
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Abstract
On the 14th of April 2010, when magma from the Eyjafjallajökull volcano intruded glaciermeltwater, an explosive hydromagmatic eruption sent unusually fine grained ash into the
jet stream and flood waters all the way to the ocean. Later, when meltwater did not have
access to the magma, a larger grained magmatic ash of the same bulk composition was
erupted. We were able to sample dry ash, from both these eruption phases. Both ashes were
coated with salts which dissolve rapidly when exposed to water. Single pass plug flow
experiments were carried out at 22 °C to measure the release rate of elements and protons
from these ashes using DI-water and North Atlantic seawater.
There was a dramatic difference between the pH evolutions of the effluent waters from the
two ash types. Within minutes there was a “chemical divide” by several orders of
magnitude in the proton concentration. The effluent from the hydromagmatic ash was
alkaline but acid from the magmatic ash. This caused the effluent from the hydromagmatic
ash to become highly supersaturated with common secondary minerals formed in volcanic
terrain, but nearly all these minerals were undersaturated in the acid effluent from the
magmatic ash. Most of the major elements and some of the trace element release rates
decreased by an order of magnitude within an hour due to the rapid dissolution rate and
limited supply of the thin surface salts, however, trace element release from the
hydromagmatic ash, such as Al, Fe, Mo, P, and As was constrained by secondary mineral
solubility. Significant iron fertilisation of the ocean will therefore only come from
magmatic ash.
Because of the time sequence of eruptions within glaciers; first a hydromagmatic ash falls
on the ground and later magmatic ash. Thus, the hydromagmatic ash may provide a
“protective cover” for river catchments, which reduces acidity and the release of pollutants
derived from magmatic ash.

7.1 Introduction
All volcanic eruptions within glaciers, independent of the magma composition, will
initially be explosive and eject volcanic ash during meltwater-magma interactions. This
volcanic ash is referred to as hydromagmatic ash or phreato-magmatic ash, here we will use
hydromagmatic ash (Morrissey et al., 2000; Liu et al., 2015). Most volcanoes are tall, and if
located in humid terrain, are covered with snow and sometimes glaciers, especially at high
latitude. At a later stage during an eruption within glaciers, when meltwater does not enter
the eruption conduit of basaltic magma, the eruption changes from explosive to effusive,
producing mostly lava flows. Silica rich magma, of andesitic to rhyolitic composition, will
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due to its viscosity produce volcanic ash, with or without water-magma interaction. The
ash produced without water-magma interaction is referred to as magmatic ash (eg.
Cashman et al., 2000; Liu et al., 2015).
Hydromagmatic activity can add to the fragmentation of andesitic to rhyolitic magma,
producing very fine grained ash, with high surface area that can adsorb metal salts within
the eruption plume (eg. Óskarsson et al., 1980; Cashman et al., 2000; Frogner et al., 2001;
Risacher and Alonso 2001; Armienta et al., 2002; Cronin et al., 2003; Horwell et al., 2003;
Delmelle et al., 2005; Witham et al., 2005; Frogner Kockum et al., 2006; Stewart et al.,
2006; Delmelle et al., 2007; Jones and Gislason, 2008; Martin et al., 2009; Armienta et al.,
2010; Fiantis et al., 2010; Horwell et al., 2010; Ruggieri et al., 2010, 2012; Ayris and
Delmelle 2012; Hoffmann et al., 2012; Olsson et al., 2013; Liu et al., 2015). These metal
salts dissolve rapidly when exposed to surface waters and can have both negative and
positive effect on biota (e.g. Gislason et al., 2011b). Furthermore, this fine grained ash can
be suspended for days in air, it can travel long distances and impact air traffic if it is
“strategically” located (EC, 2010, 2011; Durant et al., 2010, 2012; Wilson et al., 2012).
Iceland is located in the north Atlantic with about 30 volcanic systems and many of them
covered by glaciers (Fig. 1a). These volcanic systems erupt from 20 to 25 times per century
and during that time they produce more than 5 km3 of magma (Thordarson and Larsen,
2007; Thordarson and Hoskuldsson, 2008). The busiest air space in the world is located
south and east of Iceland (EC, 2010, 2011). The North-Atlantic is one of the most fertile
ocean waters in the world and volcanic ash could provide the much needed iron for primary
production in these waters (e.g. Frogner et al., 2001; Kortzinger et al., 2009; Achterberg et
al., 2013). On land, in the near vicinity of the volcanoes, river catchments are sometimes
covered with thick ash layers, that can affect livestock and severely pollute local surface
waters, following the first rain on the ash (Óskarsson, et al., 1980; Thordarson and Self,
2003; Cronin et al., 2003; Flaathen and Gislason, 2007).
The Eyjafjallajökull summit eruption (Fig. 1b) of 2010 (eg. Sigmundsson et al., 2010;
Gislason et al., 2011a, 2011b; Ilyinskaya et al., 2011; Markowicz et al., 2012; Folch et al.,
2012; Heinold et al., 2012; Langmann et al., 2012; Lettino et al., 2012; Matthias et al.,
2012; Weber et al., 2012; Weinzierl et al., 2012; Gudmundsson et al., 2012; Bagnato et al.,
2013) provided a unique opportunity to study the effect of the eruption mechanism on the
production of volcanic ash grain sizes, surface composition and their various
environmental impacts. We sampled pristine volcanic ash of the same bulk composition,
during the hydromagmatic phase and the effusive magmatic phase of the eruption. We
exposed these ashes to pure water and seawater in single pass plug experiments to measure
the initial release of protons, metals, anions and nutrients. Here we report on the
contrasting environmental effects of magmatic versus hydromagmatic ashes of the same
bulk composition on land and in the ocean, and their combined environmental effect when
they are stacked on top of each other in the terrestrial environment.
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7.2 Material and methods
7.2.1 Sampling of volcanic ash
Pristine dry ash samples were collected during the ash fallouts of 15th of April, 27th of April
and 16th of May 2010 (Fig. 1b and Table 1). They were all dry at the time of sampling and
collected into clean heavy walled polyethylene bags. The samples were sealed from
atmosphere and humidity in order to minimize any surface reactions. Detailed description
of the sampling and properties of the ash is given in Table 1 and Gislason and Alfredsson
(2010) and Gislason et al. (2011a and b).

Figure 1 a) Map of Iceland, showing the volcanic zones (gray) with the locations of central
volcanoes (black dots) and sampling location of the natural seawater (x). b) The
Eyjafjallajökull central volcano and surroundings. Sampling locations of the volcanic ash
samples is shown with black dots.
7.2.2 The volcanic ash
The ash sample Ash-2, was collected during the hydromagmatic phase of the eruption,
when the magma was in contact with ice and water. The magmatic Ash-5 and Ash-4M
were collected when the magma had no contact with water or ice. The hydromagmatic Ash2 was fine-grained, around 20 % of the mass was less than 10 μm in diameter and around
56 % was less than 62 µm in diameter. The magmatic ash samples were much coarser, 2 %
of the mass was less than 10 µm in diameter and 14 % less than 62 µm in diameter
(Gislason et al., 2011a and b). Further more the majority of ash-grains of the Ash-5 had a
diameter of >200 μm. The BET surface area measurements (Brunauer et al., 1938), confirm
the grain size difference. The BET surface area of the hydromagmatic Ash-2, was at least
an order of magnitude larger than the surface area of the magmatic ash samples Ash-5 and
Ash-4M (Table 1).
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Sample
Location
Date
Weather at 500 hPa
Weather on ground
identification Lattitude
Longditude
(yyyy-mm-dd)
Wind dir.
Wind speed (m/s) IMO station
Temp. (°C)
ASH-2
6332023
1827510
2010-04-15
W
40
Mýrdalssandur 6.5
ASH-5
6340435
1947566
2010-04-27
SE
10
Básar
7.7
ASH-4M
6334254
1947589
2010-05-16
WSW
5
Steinar
7.3
a
From Gudmundsson et.al., 2012
b
From the Icelandic Met Office's weather stations, located at Mýrdalssandur, Básar, and Steinar (www.vedur.is)
c
From Gislason et.al., 2011b

a

Table 1
The location, sampling date, local weather and BET surface area for the ASH-2, ASH-5 and ASH-4M

Wind dir.
WSW
S
SW

Wind speed (m/s)
6.6
2.4
1.5

Humidity (%)
58%
58%
67%

BET
2
(m /g)
4.5c
0.45c
0.26

The chemical composition of the ash samples were trachyandesitic with little variation
between samples. The ash was glassy enclosing euhedral feldspar, clinopyroxene and
olivine with spinel microphenocrysts (Sigmundsson et al., 2010; Gislason et al., 2011a).
Studies on micro-earthquakes indicate that the early magma erupted from shallow depth (25 km b.s.l.). Deeper earthquakes were detected after 2nd of May 2010, indicating
mobilization of magma pockets deeper within the conduit (Tarasewicz et. al., 2012).
Detailed description of Ash-2 and Ash-5, their grain size distribution, bulk and surface
composition, mineral content and surface properties are given in Gislason et al. (2011a and
b).
7.2.3 BET-surface area and grain size measurements
The BET (Brunauer et al., 1938) surface area was determined using N2 adsorption by the 5
point method with Tristar 3000 and Quantachrome Nova 2200 instruments. Before BET
analysis, the samples were heated to 150 °C in vacuum. Size and particle size distribution
were determined using the >125 µm fraction collected by dry sieving. The size distribution
for the <125 µm fraction was determined by laser absorption in a dry dispersion, created
using vibration, differential pressure and air. The detection limit was 1.8 µm.
7.2.4 Experimental setup

Figure 2. The experimental setup. Experimental fluids are pumped into 185 mm long 0.1
cm inner-diameter column holding about 15 g of pristine ash. The fluid is sampled for ICP
and pH after filtration or analyzed with ion chromatography for anions.
The experiments were conducted in a single pass Teflon plug flow reactor shown in Figure
2 (Frogner et al., 2001; Jones and Gislason, 2008; Sigfusson et al., 2008; Sigfusson 2009;
Olsson et al., 2013) with an inner diameter of 10 mm and total length of 185 mm, 125 μm
nylon filters at inlet/outlet caps and two 0.2 μm cellulose acetate membrane filter in the
outlet. All tubes were made of silicon. Inlet solutions were de-ionized water saturated with
the CO2 of the atmosphere resulting in a pH of 5.6 at 22°C and seawater collected in the N-
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Atlantic Ocean at ~ 5 m depth south of Iceland. The seawater sampling location is shown
in the upper right corner of Figure 1. The chemical composition of the seawater is given in
Table 3 of the electronic supplement. The starting pH of the seawater was 7.9 at 22°C.
These solutions were pumped with a peristaltic pump at a flow rate of 1.0 ± 0.2 mL/min
into the column containing 14.6 ± 1.7 g of fresh ash. The total estimated residence time of
the inlet solution within the column (assuming 50% porosity within the ash), was 14 ± 1
min. A 3-way valve was used to collect the experimental fluid, either for in-line anion
chromatography analysis to avoid sample-air contact, or inductively coupled plasma
analysis (ICP). The pH was measured from the ICP sample.
7.2.5 Sampling treatments and analysis
The outlet solutions were, after filtration, immediately pumped into a DIONEX, ICS-2000
ion chromatograph (IC) for measurements of dissolved F-, Cl-, and SO4-2 concentrations.
Between the chromatography analyses the outlet was sampled for pH, major cations and
trace elements. The pH was measured using a Eutech InstrumentsTM CyberScan pH 110
electrode. The calibration of the pH meter was done by Thermo ScientificTM Calibration
solutions of pH 4.01, pH 7.00 and pH 10.01. The samples for ICP measurements of major
and trace element concentrations were acidified by using Suprapur® HNO3, 1% v/v and
later analysed by inductively coupled plasma optical emission spectrometry (ICP-OES) at
the University of Iceland or inductively coupled mass spectroscopy (ICP-MS) at Oxford
University, standardized with multi-element standards and repeated analysis of reference
standard BHVO-2. The IC and ICP-OES measurements at the Institute of Earth Sciences,
University of Iceland, are standardized with in-house multi-element standards. The inhouse standards are regularly tested by analysing the Standard Canadian River Waters
(SLRS-4) and single element international standards (SPEX). Analytical measurements in
both laboratories had an inter-laboratory reproducibility of within 5.1%. All seawater
samples were measured using inductively coupled plasma sector field mass spectroscopy
(ICP-SFMS) at ALS Scandinavia, Luleå, Sweden. Due to instrument instability, aluminium
was not measured by the ICP-MS at Oxford University. This affected only the results of the
Ash-4M experiment.
7.2.6 Calculations and modelling
The element release rates, proton consumption- and production rates were determined
using the expression (Berner, 1995):
(1)
where Co represents the element (mole/L), alkalinity (eq/L) or acidity (eq/L) concentrations
before entering the column and C is the concentration of the same constituents in the
effluent, Q refers to the liquid flow rate (L/s), sBET denotes the measured mass specific
BET surface area (m2/g) and m represents the mass (g) of the ash sample.
The apparent proton consumption rates normalized to the measured BET surface area
during the experiments were obtained using theoretical alkalinity calculations in PhreeqC,
using the llnl-database (Parkhurst and Appelo, 1999). The alkalinity equation for the
master species was given as:
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Alkalinity (eq/L) = [HCO3–] + [HS–] + 2[HPO4–2] + [NH3] – [H+] – 2[Fe+3]

(2)

The alkalinity contribution of aqueous non-master species, e.g. H4SiO4 and aluminium
hydroxides were calculated from the alkalinities assigned to the master species (Parkhurst
and Appelo, 1999). The initial alkalinity of de-ionized water and natural seawater (Co in eq.
1), was subtracted from the calculated alkalinity of the effluent (Table 3 in Electronic
supplement). The reported proton consumption rate is the net apparent rate since
precipitation of silicates and carbonates consumes alkalinity.
Rates for proton production were carried out, using the theoretical calculations for acidity
(Kirby and Cravotta, 2005 and references there in):
1000[10–pH] + 2[Fe+2] + 3[Fe+3] + 2[Mn] + 3[Al]
(3)
2
were the measured concentrations are in mole/L. The acidity of the initial de-ionized water
and seawater, was subtracted from the calculated acidity of the reacted fluid (Co in eq. 1).
The proton production rate is close to the true rate, since all the acid experimental solutions
were undersaturated with respect to primary and secondary silicates as will be described
later.
Acidity (eq/L) =

Saturation indices for primary and secondary minerals in the aqueous solutions and the
charge imbalances of the aqueous solutions, were calculated with the PhreeqC programme,
using the llnl-database (Parkhurst and Appelo, 1999) with additional data from Gysi and
Stefansson (2011). The oxidation stage during the calculations was controlled assuming pe
= 4. The charge imbalance was on average 9% on samples after the first day of all the
experiments. This was due to the fact that anions were analysed prior to cation/pH
sampling and during the first hours of the experiments, concentrations and pH changed
rapidly, imbalance had to be corrected by forcing a charge balance using the PHREEQC
computer code (Olsson et al., 2013).

7.3 Results
Locations of the ash samples as well as time of sampling, weather conditions on the ground
and at 500hPa during sampling and the specific BET-surface area of the ash are given in
Figure 1 and Table 1. All the samples were sampled dry and kept dry until loaded into the
single pass column reactor. The bulk chemical composition of the volcanic ash and the
surface composition of Ash-2 and -5, before and after exposure to DI-water is shown in
Tables 1 and 2 in the electronic supplements as previously reported by Gislason et al.
(2011a and b), for Ash-2 and Ash-5 and by Sigmarsson et al. (2011) for Ash-4M. The
chemical composition of experimental solutions, time of sampling and mass of ash used in
all the experiments are given in Table 3 in the electronic supplements.
The plug flow experiments were conducted to mimic the proton and element release from
the Eyjafjallajökull 2010 ash into natural surface waters, on land and in the ocean. Inlet
solutions are initially saturated with the CO2 of the atmosphere, but sealed off from the
atmosphere once they enter the reaction column (Fig. 2). Water was continuously pumped
through the reactor filled with ash and a series of water effluent samples were collected
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over time (Figs. 2, 3, 4 and 5). High time resolution, i.e. frequent sampling, is required to
observe the element release from surface deposits on ash, because some of them dissolve
nearly instantaneously and they are in limited supply. The apparent average thickness of the
surface salts were 4 and 0.6 nanometres on the magmatic Ash-5 and hydromagmatic Ash-2,
respectively (Gislason et al., 2011a). Therefore the horizontal time axis is logarithmic in
Figures 3-5, but the two vertical grey lines in the figures depict one hour and one day of
leaching. Note that the effluent resides only for 14±1 minutes within the single pass
reaction column.

Figure 3. a) pH during the leaching experiments of Ash -2, Ash -5, Ash -4M with DI-water
and Ash -2 with seawater. b) Proton-consumption (negative value) and proton production
(positive) shown as release rates normalized to surface area, during the ash leaching
experiments. Ash -2 in DI is shown as open circles and in seawater as filled circles; Ash -4
in DI as diamonds and Ash -5 in DI as squares. The two vertical gray lines show 1 hour
and 1 day of leaching respectively.
Figure 3a demonstrates the dramatic difference between the pH evolution of the effluent
waters from the hydromagmatic ash and the magmatic ash of the same bulk composition.
Within about 10 minutes, there is a “chemical divide” by more than four orders of
magnitude! The effluent from the hydromagmatic ash is alkaline but acid from the
magmatic ash. Protons are consumed on the surface of the hydromagmatic ash, but
produced on the magmatic ash surface as depicted by the negative and positive surface area
normalized rates in Figure 3b.
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Figure 4. Release rates of selected major and trace metals with time, from the
hydromagmatic phase (first two columns) and magmatic phase (latter two columns)
respectively. Major cations are shown in a), b), c), d); major anions are in e), f), g), h);
trace metals in i), j), k), l): and nutrients are shown in m), n), o) and p). 1 hour and 1 day
of leaching are drawn as vertical gray lines in all of the graphs.
The elemental release rates are shown in Figure 4. Most of the major elements rates
decrease by an order of magnitude within an hour because of the rapid dissolution rate and
limited supply of the thin surface salts.
The Fe-release rate is 4-5 orders of magnitude faster from the magmatic-ash than the
hydromagmatic ash. Most trace element release rates from the magmatic ash decrease by
orders of magnitude within a day because of the rapid dissolution rate and limited supply of
the thin surface salts. The release rate of some metals (Al, Fe, As) from the hydromagmatic
ash is constant or increases with time, suggesting that secondary minerals constrain their
release.
There is a fundamental difference between the saturation stages of secondary minerals with
respect to the experimental solutions shown in Figure 5. The effluent from the
hydromagmatic ash is highly supersaturated with common secondary minerals formed in
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volcanic terrain, but nearly all these minerals are undersaturated in the effluent from the
magmatic ash.

Figure 5. Saturation indices (SI) of selected primary minerals (a-d); salts and oxides (e-h);
silica-bearing secondary minerals (i-l).

7.4 Discussion
Figure 3 underscores the very different potential environmental effects of hydromagmatic
versus magmatic ash of the same bulk composition but different surface composition. The
effluent from the hydromagmatic ash was alkaline but acid from the magmatic ash.
Protons were consumed on the surface of the hydromagmatic ash when it came in contact
with water, but released from the magmatic ash. This chemical divide stems from different
composition of the surface salts. The relative concentration (element %) of surface salts,
particularly Cl and F, is lower on the hydromagmatic ash because the volume of the
magmatic gases HCl and HF available for condensation was lower during the initial
hydromagmatic eruption. Instead of being ejected into the plume, these water soluble
volatiles were dissolved in the meltwater and transported away as solutes (Gislason et al.,
2011b).
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Furthermore, the amount of proton salts such as HCl, HF or H2SO4 on the hydromagmatic
ash was insignificant as demonstrated in Figure 3. The protons that condensed on the ash
surface have most likely been exchanged for metals in the volcanic ash (Oelkers and
Gislason, 2001).
Magmatic gases are scavenged by volcanic ash surfaces during their transport within the
volcanic plume as summarised in Olsson et al., (2013). The gases are taken up by gasparticle and liquid-particle interactions (Taylor and Stoiber, 1973; Oskarsson, 1980;
Delmelle et al., 2007; Martin et al., 2012). As the erupted plume cools, the volatiles
condense onto the ash particle surfaces or as “single droplets” (Rose, 1977; Rose et al.,
1980). The particles react with air and water vapour and the condensed gases form
sulphuric and halogen acids, which promote dissolution of the ash particle surfaces during
transport. Protons, derived from the acids, are exchanged for cations in the bulk volcanic
ash (Oelkers and Gislason, 2001; Wolff-Boenisch et al., 2004a; Flaathen et al., 2010) and
these precipitate with the gas condensates as a thin coating or discrete secondary phases on
the ash particle surfaces (Rose, 1977; Oskarsson, 1980; Africano and Bernard, 2000;
Delmelle et al., 2007; Gislason et al., 2011b; Olsson et al., 2013).
The contrasting environmental effects of magmatic versus hydromagmatic ashes of the
same bulk composition, is caused by the glacial-melt water and steam, in and around the
eruption conduit during the hydromagmatic eruption phase. When the “water-washed” but
dry hydromagmatic ash is exposed to surface waters it consumed protons, with measured
apparent rates of -10-9.7 moles H+/m2/s (Fig. 3b). This caused the pH of the experimental
DI-water to rise from 5.6 to more than 10 in less than 30 minutes and seawater pH to rise
from 8 to more than 9 in the same time span. Conversely, the magmatic ash surfaces
released protons, with measured initial release rates of 10-8.0 moles H+/m2/s, resulting in
acidification from the pH of 5.6 towards 3 in the experimental DI-water. The pH excursion
in either direction will depend on the volcanic ash specific surface area to water mass ratio,
initial alkalinity of the affected water and whether the affected water is closed or open to
external CO2 source such as the atmosphere or soil. For example the pH will not get much
higher than 7.5, resulting from hydromagmatic ash water interactions when in equilibrium
with the CO2 of the atmosphere (Gislason and Eugster, 1987).
The Cl and S metal salts are the main anions released during the first hour from the
hydromagmatic ash (Fig. 4e). Note that because of the high initial concentration of these
elements in seawater the anion release rate could not be determined in the seawater
experiment (Fig. 4f). The initial anion release rate is higher from the magmatic ash (Figs.
4g and h) than the hydromagmatic ash (Fig. 4e) and the F release from the 4M-magmatic
ash (Fig. 4h) is high compared to the 5-magmatic ash (Fig. 4g). It was so high that the
effluent became supersaturated with respect to fluorite for the first hour (Fig. 5h). This
difference between the two magmatic ash samples could be explained by an increased input
of deep magma in the beginning of May 2010, into the erupting magma chamber
(Sigmarsson et al., 2011; Gudmundsson et al., 2012).
Most trace metal release rates from the magmatic ash, decrease by orders of magnitude
within a day, because of the rapid dissolution rate and limited supply of the thin surface salt
coating (Figs. 4k and l). The release rate of many of the same metals from the
hydromagmatic ash is lower and constant or increases with time (Figs. 4i and j), suggesting
thinner surface salt coatings and constrains of metal release due to secondary minerals.
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The release rate of the nutrients P, and the metals Fe, Mo and V, that are the main metals in
nitrogen fixing enzymes (White, 1999), is strongly affected by the eruption mechanism,
especially the Fe and P as shown in Figures 4m-p. Iron release rate is more than four orders
of magnitude faster from the magmatic ash than the hydromagmatic ash and release rates
from the hydromagmatic ash rises with time but decrease from the magmatic ash with time.
This reflects the fact that the effluent from the hydromagmatic ash is supersaturated with
respect to the Fe-containing secondary minerals hematite, magnetite and goethite, but the
effluent from the magmatic ash is undersaturated (Figs. 5e-h).
The potential toxicity of the magmatic ash when exposed to surface waters in the terrestrial
environment is much higher than for the hydromagmatic ash. The release rate from the
magmatic ash of Al, F, Cr and especially H+ is relatively high (Figs 4 and 5). The proton
release will make the metals undersaturated with secondary minerals (Fig. 5) keeping the
metals mobile. These metals are not toxic in seawater, in all but extreme conditions,
because of the diluting effect of the enormous water body and the high initial alkalinity of
seawater.
The overall contrasting and combined environmental effect of the two ashes are
summarized in Figure 6. Figure 6a depicts hydromagmatic eruption where the ash is
deposited under dry conditions on land and in the ocean. The ash is stored on land but
reactions starts immediately in the ocean, affecting the proton release or consumption rate,
pH, metal release and saturation state of seawater with respect to secondary minerals.
Protons are consumed on the surface of the ash at constant rate as the ash settles towards
the bottom of the ocean. The pH rises in the very beginning but levels off or even decreases
because of the increased pH buffering capacity of seawater at elevated pH and precipitation
of secondary minerals. There is some but insignificant rise in the concentration of nutrients
and metals in seawater since the release rate is near constant with depth and partly dictated
by solubility of secondary minerals.
Figure 6b portrays magmatic eruption where the ash is deposited under dry conditions on
land, on top of a previous formed hydromagmatic ash of same bulk composition, similar to
what happened during the Eyjafjallajökull eruption. As before, the magmatic ash is also
deposited on the surface of a calm ocean under minimum mixing. The ash is stored dry on
land but water-ash interactions starts immediately in the ocean. Protons are released from
the surface of the ash at declining rate as the ash settles towards the bottom of the ocean.
This results in an initial drop in pH, and then a rise towards the bulk pH (~8) of seawater.
There is a significant initial rise in the concentration of nutrients and metals in seawater
which then decreases because of decline in metal release rates and super-saturation with
respect to secondary minerals.
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Figure 6. A conceptual model of the 2010 Eyjafjallajökull eruption: a) the hydromagmatic
phase and its chemical effect on the surface ocean, b) the magmatic phase and its chemical
effect on the surface ocean, c) the chemical divide during precipitation on the ash layers
produced during these two different eruption mechanisms.
Figure 6c represents the combined effect of magmatic and hydromagmatic ash on land
when the first rain penetrates the pristine magmatic and then hydromagmatic ash, down
towards the soil. Protons and metals are released initially at a near constant rate as the rain
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encounters fresh surface salts as it flows through the magmatic ash layer. This proton and
metal release result in a drop in pH and high concentrations of metals. Secondary minerals
are unsaturated in the penetrating water as long as pH is relatively low and concentration of
ligands such as F and S is high. There is a dramatic change when the penetrating rain
encounters the underlying hydromagmatic ash. There is a near constant proton
consumption throughout the ash, resulting in a rise in pH. The rise is dictated by the proton
consumption rate and the proton buffering capacity of the penetrating rain (Gislason and
Eugster, 1987). Metal concentration decreases in the penetration solution caused by
precipitation of secondary minerals that become super-saturated.
With time, proton, metal and anion release rate from the magmatic ash decreases because
the surface salt coatings are limited (Fig. 4). The same applies to some metals and all anion
release rates from the hydromagmatic ash. Eventually, with time after prolonged rain on the
ash, both ashes, which are of the same bulk composition, behave in the same manner,
consuming protons and releasing metals at relatively slow rate.

7.5 Concluding remarks
There is limited amount of soluble metal and proton salts on the surface of the volcanic
ash, the surface coating being only about half to few nm thick (Gislason et al., 2011b). The
release of the anions, S, Cl and in most cases F, is independent of the saturation state of
secondary minerals. Their release in nature is therefore transient, fast in the ocean but hard
to detect because of high background concentration, and it takes only few rainstorms to
wash majority of the anions and some of the readily released metals of the volcanic ash
surfaces on land in river catchments (Flaathen and Gislason, 2007). Most metals released
from the hydromagmatic ash are affected by the saturation stage of the metals with respect
to secondary minerals, but not so for the initial release from magmatic ash at low pH. With
time however, when the proton source is exhausted, the release is affected by secondary
mineral solubility. Previous studies of hydromagmatic ash, basaltic to andesitic in
composition, has shown near absence of proton release from pristine hydromagmatic ash
surfaces when exposed to surface waters (Gislason et al., 2002; Sigfusson, 2009; Olsson et
al., 2013).
All volcanic ashes release essential nutrients for primary producers on land and in the
ocean. In the ocean the most important volcanic derived nutrients are Fe, NO3, NH4, PO4
and Si (e.g. Frogner et al., 2001; Olafsson et al., 2008; Boyd and Ellwo
the 2010 summit eruption of the Eyjafjalljökull volcano released significant amount of Fe
and P (Figs. 4o-p), but NO3 and NH4 release was not measured. The release rate of these
nutrients was significantly lower from the hydromagmatic ash of the same bulk
composition (Fig. 4m-n). However the initial release rate of Si from the hydromagmatic
ash was up to two orders of magnitude faster than from the magmatic ash (Figs. 4a-c).
On land the most important volcanic derived nutrients for plants are NO3, NH4, K, Ca,
PO4, Mg, S. For aquatic life where fixed nitrogen is rate determining for growth; Mo V and
Si are most important (e.g. Zinke, 1977; Hofmann, 1992; White, 1999; Gislason and
Eiriksdottir, 2004; Berne and Berner, 2012). The magmatic ash released initially more Mg,
K, PO4, and Mo than the hydromagmatic ash, but more Si, and V was released from the
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hydromagmatic ash, but release rates of Ca was similar from both ashes (Fig. 4). The NO3
and NH4 release rate was not measured but significant NO3 and NH4 release rates have
been measured from hydromagmatic and magmatic volcanic ashes of various bulk
compositions (Olsson et al., 2013; Jones and Gislason, 2008).
There is direct evidence for enhanced primary production in the ocean following ash fallout
from volcanic plumes. Ocean colour satellite observations revealed enhanced
phytoplankton growth in the high-nutrient low-chlorophyll part of the Northeast Pacific
following the eruption of the Kasatochi Volcano, in the Aleutian Islands, Alaska, in August
2008 (Hamme et al., 2010; Langmann et al., 2010) and in the low-nutrient low-chlorophyll
part of the North Pacific following the Anatahan eruption in the Northern Mariana Islands
in 2003 (Lin et al., 2011). Achterberg et al. (2013) measured directly, significant dissolved
iron inputs to the Iceland Basin of the North Atlantic south-east of the Eyjafjallajökull
volcano, during fallout from the plume in May 2010. The highest dissolved iron seawater
concentrations were measured right under the plume. Moreover, bioassay experiments
performed with the magmatic ash collected at sea under the plume the 8th of May also
demonstrated the potential for associated Fe release to stimulate phytoplankton growth and
nutrient drawdown. Comparison of in situ nitrate concentrations in the Iceland Basin, with
historical records, suggested that the 2010 ash deposition from Eyjafjallajökull may have
resulted in enhanced major nutrient drawdown caused by magmatic ash iron-fertilization
(Achterberg et al., 2013).
Volcanic eruptions within glaciers always result in hydromagmatic ash production. At later
stages, when meltwater does not enter the eruption conduit, the eruption may change to
magmatic eruption producing ash coated with proton- and metal-salts. When this ash
comes in contact with surface water, it can both pollute and/or fertilize the environment.
The most danger of pollution is on land covered with magmatic ash. Because of the time
sequence of eruptions within glaciers; first hydromagmatic ash that covers river catchment
and then later magmatic ash that falls on top of the hydromagmatic ash, the hydromagmatic
ash can prevent pollution of the environment by neutralizing acid water loaded with metals
derived from the magmatic ash, as rainwater trickles through the ash layers down to soil
and river channels. Neutralising the acid may result in precipitation and or adsorption of
toxic metals, and thereby cleaning the water. In sum, hydromagmatic volcanic ash may
provide a “protective cover” for river catchments, which reduces acidity and the release of
pollutants.
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Abstract
The 2010 Eyjafjallajökull eruption provided a unique opportunity to study the
environmental impacts of volcanic ash, of similar bulk chemical composition but erupted
under two different eruption mechanisms, on the aquatic environment. When magma
intruded glacier-meltwater, an explosive hydromagmatic eruption sent unusually fine
grained ash into the air, and flood waters all the way to the ocean. Later, when meltwater
did not have access to the magma, a larger grained magmatic ash of the same bulk
composition was erupted. It has been shown by water rock experiments in the laboratory
that the hydromagmatic ash releases high pH effluent supersaturated with respect to
secondary minerals, and magmatic ash low pH effluent undersaturated with most secondary
minerals (Alfredson and Gislason, 2015). Here, we present data on dissolved constituents
in contaminated floodwaters, rivers, creeks, and ponds in South Iceland during the eruption
to study the separate and combined impact of the volcanic ash ejected by these two
eruption mechanisms.
The “supra-glacial flood waters” that went rapidly down the Svadbælisá river channel
during the first day of the eruption had limited time for water rock interactions. It had low
alkalinity and pH (5.8) but high Cl, F, S, and metal concentrations. This reveals direct
dissolution of magmatic gases (HCl, HF, and some SO2) and volatile metal salts into the
glacier meltwater at the eruption site, thus less of these gases and metals were available for
condensation and coating of the hydro-magmatic ash within the eruption plume, compared
to conditions during the magmatic eruption phase.
The lowest measured pH (4.8) of the natural waters during the eruption, with low
alkalinity, and highest metal, Cl and F concentration were measured in the River Jökulsá á
Sólheimasandi coinciding with the largest magmatic ash fallout on the catchment. This
reflects rapid dissolution of metal and proton salt present on the surface of the magmatic
ash, and minor bulk glass dissolution, as the ash came in contact with the river water.
The composition of ash contaminated surface waters, ponds, and creeks in the Svadbælisá
region reflected dissolution of surface salt coatings and bulk glass dissolution of both
hydromagmatic and magmatic ash. Both ash types had fallen to the ground prior to
sampling. The resulting combined effect of dissolution and precipitation of secondary
minerals was neutral pH and high concentration of fluorine and nutrients. The underlying
hydro-magmatic ash was able to neutralise the acidic and polluted waters that had been in
contact with the overlaying magmatic ash. Bulk dissolution of both ash types will also
neutralise the acid water stemming from dissolution of proton salts on the surface of the
magmatic ash.
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8.1 Introduction
Iceland is the largest sub-aerially exposed part of mid-ocean ridge on Earth with over 30
active central volcanoes, (e.g. Thordarson and Larsen, 2007; Höskuldsson et al., 2007).
Many of these volcanoes are covered with glaciers, due to elevation and relatively humid
air masses passing the island. Glacial floods (“jökulhlaups”) are common in Iceland and
are produced by meltwater collection at the base of the glacier; eventually sufficient melt
water lifts the ice sheet, resulting in a flood (Gudmundsson et al., 2008). The size of these
floods varies, those that are derived from geothermal activity tend to be small, whereas the
ones caused by subglacial volcanism have reached “Amazonian” size (~ 200,000 m3 s-1)
(Tómasson, 1996; Snorrason et al., 2002; Waitt, 2002; Gudmundsson et al., 2008; Russell
et al., 2010). They normally contain high amounts of suspended particulate matter, water
soluble volatiles, and metals of magmatic origin and other dissolved constituents stemming
from water rock interaction (Gislason et al., 2002; Snorrason et al., 2002; Stefánsdóttir and
Gíslason, 2005; Sigfússon, 2009; Galeczka et al., 2014, 2015; Kristmannsdóttir et al.,
1999; Jones et al., 2015).
Subglacial eruptions that melt their way through the glacier, independent of the magma
composition eject volcanic ash, here referred to as hydromagmatic ash (e.g. Liu et al.,
2015). During a basaltic eruption within glaciers, when meltwater does not enter the
eruption conduit any more, the eruption changes from explosive to effusive, producing
mostly lava flows (e.g. Gudmundsson et al., 2008; Gudmundson et al., 2012). Silica rich
magma, of andesitic to rhyolitic composition will, due to its viscosity, produce volcanic
ash, with or without water-magma interaction. The ash produced without water-magma
interaction is here referred to as magmatic ash (e. g. Cashman et al., 2000; Liu et al., 2015).
Both the magmatic- and the hydromagmatic ash, can be fine grained, and have large
surface area (0.1-10 m2g-1) that adsorbs metal and proton salts within the eruption plume
(e.g. Óskarsson et al., 1980; Cashman et al., 2000; Frogner et al., 2001; Risacher and
Alonso 2001; Armienta et al., 2002; Cronin et al., 2003; Horwell et al., 2003; Delmelle et
al., 2005; Witham et al., 2005; Frogner Kockum et al., 2006; Stewart et al., 2006; Delmelle
et al., 2007; Jones and Gislason, 2008; Martin et al., 2009; Armienta et al., 2010; Fiantis et
al., 2010; Gislason et al. 2011; Horwell et al., 2010; Ruggieri et al., 2010, 2012; Ayris and
Delmelle 2012; Hoffmann et al., 2012; Olsson et al., 2013; Ayris et al., 2014; Liu et al.,
2015). The hydromagmatic ash tends to be more fine grained than the magmatic ash
(Gislason et al, 2011a and b; Alfredsson and Gislason , 2015). The thickness of the metal
salt coating can be from a fraction of a nanometre to few nanometres thick, if evenly spread
over the ash surface (Gislason et al. 2011b; Olsson et al., 2013). The metal and proton
salts dissolve rapidly when exposed to surface waters and can have both negative and
positive effect on biota (e.g. Gislason et al., 2011b). Furthermore, this fine grained ash can
be suspended for days in air, it can travel long distances and impact air traffic if the
erupting volcano is “strategically” located (EC, 2010, 2011; Durant et al., 2010, 2012;
Wilson et al., 2012). The busiest air space in the world is located south and east of Iceland
(EC, 2010, 2011).
Iceland is located in the North-Atlantic which is one of the most fertile ocean waters in the
world (e.g. Takahashi et al., 2009; Boyd and Ellwood, 2010; Duggen et al., 2010). Iron
depletion is considered the main reason for lower primary production (like phytoplankton)
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in the region. Volcanic ash and glacial floods associated with volcanic eruptions can
provide dissolved and particulate iron essential for increased primary production in these
waters (e.g. Frogner et al., 2001; Gislason et al. 2002; Kortzinger et al., 2009; Achterberg
et al., 2013; Galeczka et al., 2014, 2015). On land, in the near vicinity of the volcanoes,
river catchments are sometimes covered with thick ash layers that can affect livestock and
severely pollute local surface waters following the first rain on the ash (Óskarsson, et al.,
1980; Thordarson and Self, 2003; Cronin et al., 2003; Flaathen and Gislason, 2007; Olsson
et al. 2013).

Figure 1. a) Location of the rift zones (shaded area), central volcanoes in Iceland (black
dots) and the study area around the Eyjafjallajökull volcano (grey box). b) The
Eyjafjallajökull volcano and surroundings. The summit crater eruption and the flank
eruption of Eyjafjallajökull 2010 are marked as black dots. The glacial floods in the rivers
Markarfljót and Svadbælisá and their subglacial and supraglacial floodpaths are shown as
grey shades and broken lines respectively.
The 2010 Eyjafjalljökull eruption provided a unique opportunity to study the
environmental aquatic impacts of volcanic ash, of similar bulk composition but erupted
under two different eruption mechanisms. The eruption ejected first hydromagmatic and
then magmatic ash.
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The Eyjafjallajökull summit eruption (Fig. 1) that started on 14th of April 2010 had
dramatic impacts in the vicinity of the volcano; glacial floods in the beginning of the
eruption and later ash fall in Iceland, the N-Atlantic Ocean, and Europe created the largest
disruption in air traffic since the World War II (e.g. Sigmundsson et al., 2010; Gislason et
al., 2011a, 2011b; Ilyinskaya et al., 2011; Markowicz et al., 2012; Folch et al., 2012;
Heinold et al., 2012; Langmann et al., 2012; Lettino et al., 2012; Matthias et al., 2012;
Weber et al., 2012; Weinzierl et al., 2012; Gudmundsson et al., 2012; Bagnato et al., 2013,
EC, 2010).
The summit eruption has been divided into four phases, showed in figure 2 (Gudmundsson
et al., 2012). The first explosive phase from 14-18th of April was hydromagmatic with high
discharge rates. Repeated glacial floods occurred during this phase, with total of 58 GL of
meltwater flowing down the Markafljót, as estimated by river level measurements in the
river by the old bridge (Fig. 1) (Roberts et al., 2011). The second phase, from 18 - 4th of
May, was effusive, with low discharge rates producing lava flows and a weak plume of
magmatic ash. The third phase was also magmatic, but with increased explosive activity
and a wider spread of the magmatic ash fall. The final phase was the gradual declining of
the eruptive activity and lasted until 22nd of May (Fig 2) (Gudmundsson et al., 2012).

Figure 2. Estimated mass eruption rate based on measured tephra fallout and plume
height, and meltwater production at vents (modified from Guðmundsson et al., 2012). The
coloured and noncoloured fields, labelled with Roman numbers represent phase change: I)
hydromagmatic ash production II) lava and some magmatic ash production, III) magmatic
ash production and IV the waning stage of phase III.
One of the precursors for the summit eruption was a small few week long flank eruption at
Fimmvörduháls, east of the summit crater. It started 22nd of March, and was a small
effusive basaltic eruption, originating from the Eyjafjallajökull central volcano (Fig. 1)
(e.g. Sigmundsson et al., 2010). The lava flowed mostly towards the north and affected the
chemistry of the rivers north of the volcano (Olsson et al. 2014). This eruption lasted for
three weeks, or until 12th of April 2010.
In this paper we present data on dissolved constituents in contaminated floodwaters, rivers,
creeks, and ponds in South Iceland during the eruption to study the separate and combined
impact of the volcanic ashes ejected by the two eruption mechanisms, hydromagmatic and
magmatic, on the surface waters in the vicinity of the volcano.
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8.2 Methods
8.2.1 In the field
Water samples from the floods, rivers, and surface waters in the study area were collected
for chemical analysis. The water samples were filtered on site through 0.2 μm Millipore
cellulose acetate filters using silicon tubing, and a 140 mm Sartorius filter holder,
connected to a portable pump. Polypropylene bottles were used to collect samples for
cation- and trace metal samples, but low-density polyethylene bottles were used to collect
samples for other dissolved metals and anions. Amber glass bottles were used to collect
samples for pH and alkalinity measurements.
Water samples collected for major and trace element analysis were acidified by using
Suprapur® HNO3, 1% v/v. Temperature and conductivity were measured at the sampling
site.
Due to limited volume, some of the surface waters in contact with volcanic ash were
collected from small ponds and water trickles, directly into disposable polypropylene
syringes that were washed several times with the water to be sampled and then filtrated
through disposable 20 mm diameter, 0.2 μm Millipore cellulose acetate filters. These
samples were otherwise treated in the same manner as the larger samples.
8.2.2 In the laboratory
The pH was determined in the laboratory a few hours after sampling and measured using a
Eutech InstrumentsTM CyberScan pH 110 electrode. The pH electrodes were calibrated
using Thermo ScientificTM NBS standards of pH 4.01 and 7.00 prior to all analyses. Total
dissolved inorganic carbon (DIC) was analysed by two methods. Primarily by pH and
alkalinity titrations using the Gran function to determine the end point of the titration
(Stumm and Morgan, 1996), but for few of the samples by ion chromatography using a
DIONEX, ICS-2000 (Stefánsson et al., 2007). The average charge imbalance of the
samples was 4.3% as calculated using the PHREEQC speciation program (Parkhurst and
Appelo, 1999).
Major anions were analysed using DIONEX, ICS-2000 ion chromatograph (IC), where
dissolved F-, Cl-, SO4-2, and S2O3-2 were measured. Cations and trace metals were analysed
by inductively coupled plasma optical emission spectrometry (ICP-OES) at the University
of Iceland. The IC and ICP-OES measurements at the Institute of Earth Sciences,
University of Iceland, were standardized with in-house multi-element standards. The inhouse standards are regularly tested by analysing the Standard Canadian River Waters
(SLRS-4) and single element international standards (SPEX). Some of the samples were
also measured for more detailed trace metal and REE elemental chemistry, using
inductively coupled plasma sector field mass spectroscopy (ICP-SFMS) at ALS
Scandinavia, Luleå, Sweden.
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8.2.3 Modelling
Modelling of the water chemistry, including calculation of percent charge imbalance, the
effect of temperature on chemical speciation, the saturation state of the water with respect
to mineral and gas phases, and predictions of the aqueous chemistry during dissolution of
the Eyjafjallajökull ash in the surface waters and floods, was performed using PHREEQC
(Parkhurst and Appelo, 1999). The standard PHREEQC database with additional data from
Gysi and Stefánsson (2011) was used for these model calculations. For the stoichiometric
dissolution model, the reaction for Eyjafjallajökull glass (as reported by Gislason et al.,
2011) was used:
Si1.000Ti0.023Al0.303Fe0.141Mg0.060Ca0.102Na0.169K0.040O2.915 + 1.738H+ + 1.177H2O
= 0.303Al+3 + 0.102Ca+2 + 0.014Fe+3 + 0.127Fe+2 + H4SiO4
+ 0.040K+ + 0.060Mg+2 + 0.169Na+ + 0.023Ti(OH)4

(1)

8.3 Results
The location, time, and date of sampling and the measured dissolved constituents of all the
field samples can be seen in Tables 1, 2, and 3 in Appendix D. These samples represent
phase I, II, III, and IV of the summit eruption as described by Gudmundson et al. 2012 (Fig.
2).
The Icelandic Meteorological Office (“Veðurstofa Íslands”) monitored the water
temperature, conductivity and water level at the old Markarfljót bridge and the Gígjökull
outlet (Fig. 1b). The results from the Gígjökull outlet are shown in Figs. 3-a and b.
Conductivity reflects the concentration of dissolved charged constituents and temperature.
The graph shows that the flood appeared around 07:00 GMT on 14th of March 2010 and
that the monitoring station was flushed away by the flood three hours later (Magnússon et
al., 2012).
The two and a half hour delay in the conductivity rise is because the proglacial lake at
Gígjökull was flushed down the river channel prior to the flood water (Magnússon et al.,
2012). No apparent precursor to the flood in terms of conductivity rise, in the days before
the eruption was recorded at this station (Fig.3a). The flood arrived at the Markarfljót
Bridge on Highway no. 1 at 12:30 GMT, more than 5 hours later, where grab samples were
taken at regular intervals (Tables 1, 2 and 3 in Appendix D and Fig. 4). By that time, the
flood water had been mixed with the Krossá and Markarfljót Rivers as shown in Figure 1b.
The flood was sampled from the east bank, downstream from the bridge (Fig1b). The
chemical composition of these samples is shown in Appendix D and Figures 4, 5, and 6.
Simultaneously to the Markarfljót flood, another flood was noticed at 10:23 GMT,
travelling on the surface of the glacier (“supra-glacial flow”) towards south, down the river
channel of River Svadbælisá (Fig. 1b) and was already in full force by the bridge (on Road
no. 1 ) at 11:00. This flood was nearly undiluted when sampled at the bridge and had much
less time for water rock interactions than the Markarfljót flood water. There are several
reason for that: a) the flow to the glacier edge was supra-glacial b) the flowpath of the
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Figure 3. a) Conductivity, water level, and temperature as measured by the Iceland
Meteorological Office prior to and b) during the first few hours of the big glacial flood in
Gígjökull outlet river. c) The same components in river Jökulsá á Sólheimasandi during
the conductivity peak 5th of May 2010. The circles show when the water samples were
taken during the peak (Modified from Karlsdóttir et al., 2012).
Svadbælisá flood channel (~10 km) is shorter than the flowpath of the Markarfljót flood
(~30 km), and c) the average slope to the Svadbælisá river is much steeper than the one for
the Markarfljót flood, from the source to the bridges where the samples were collected. The
chemical composition of these samples is shown in Appendix D and Figures 4, 5, and 6.
We sampled the largest environmental impact of the magmatic ash from phase III of the
summit eruption on 5th of May 2015 in River Jökulsá á Sólheimasandi (Figures 1b and 2).
The samples were taken at the bridge on Highway no. 1, where the real-time continuous
monitoring station of the Icelandic Met Office (“Veðurstofa Íslands”) is located. The water
temperature, conductivity, and water level at this station are shown in Figures 3c-d as well
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as the timing of the grab-samples presented in the Tables in appendix D and Figures 4, 5,
and 6. On the 5th of May conductivity rose from less than 200 µS cm-1 to more than 650
µS cm-1, following the major increase in magmatic ash production from phase II of the
summit eruption, the wind carried the ash towards the Jökulsá river catchment in the east
and this coincided with humid thaw period on the lower reaches of the Sólheimajökull
glacier (Figs. 1b and 3c-d)
On 19th of May, a lahar occurred on the south part of the Eyjafjallajökull volcano. The
lahar originated 2 km away from the summit craters, over 1000 m above sea level. The
lahar was loaded with both freshly fallen magmatic ash (Fig. 2) and older tephra layers.
Once the lahar hit the lowlands in the Svadbælisá catchment (Fig. 1b), some of the
suspended ash particulates were deposited making the flow more fluid as it travelled
towards the ocean (Karlsdóttir et al., 2012). Samples were taken during this event (see
Appendix D and Fig. 5). The water in the lahar had low pH (6.05 - 6.11), and high
concentrations of Cl, SO4, Na, K, and Mo, showing similar trend as the waters in Jökulsá á
Sólheimasandi 5 May 2010.
The time evolutions of discharge (Roberts et al., 2011) and dissolved constituents in the
rivers Markarfljót, Gígjökull outlet, and Svadbælisá (see locations in Fig. 1), are illustrated
in Figure 4. The graphs in Fig. 4 show the evolution of the major elements prior to, during,
and after the glacial outburst floods in those rivers. The Markarfljót flood was considerably
larger, measured at over 2500 m3 s-1 (Roberts et al., 2011) at its peak (Fig. 3a) and flowed
slowly from the Gígjökull glacier north of the crater, towards the southern coast (Fig. 1b),
on 14th of April 2010. As described earlier, the Svadbælisá flood flowed faster during the
same day, down the south slopes of the mountain, but was much smaller, around 100 m3 s-1
during its peak (Roberts et al., 2011). The pH of the Markarfljót river decreased down to
pH 7 with DIC concentrations ranging from 0.5-1.3 mmole/L, whereas the Svadbælisá was
measured at pH 5.8–6, containing almost no DIC (< 0.1 mmole/L).
Most of the major and trace elements increased with time during the floods. The dissolved
anions, F-, Cl-, SO42- were higher in the Svadbælisá flood. The concentration of S2O3,
which was not detected prior to the floods, increased with time in the Markarfljót flood,
exceeding the Svadbælisá flood concentration and the SO42- content in two of the
Markarfljót samples.
The dissolved constituents of the major rivers, floods, and ash contaminated surface creeks
and ponds during the flank eruption at Fimmvörduháls and the four phases of the summit
eruption are shown in Figure 5. This includes the river data in Figure 4 and additionally
data from ash contaminated surface creeks and ponds, as well as the samples from the
beginning of eruption phase III from Jökulsá á Sólheimasandi and three samples from a
Lahar ash flood in Svadbælisá 19 May. The timescale on the horizontal axis is the same in
all the diagrams of this figure. The lowest pH and DIC (alkalinity) and highest Al and Fe
concentration were measured in samples from the Svadbælisá flood at the beginning of the
summit eruption, and in the samples from Jökulsá á Sólheimasandi collected in the
beginning of phase III of the summit eruption. The dissolved elements exceeding the
European drinking water standard (European Communities, 1998) were mainly F, and to
lesser extend Al, Fe, and Mn. Dissolve REE-metals were in highest concentration in the
magmatic ash contaminated Jökulsá á Sólheimasandi as shown in Figure 6.
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Figure 4. Discharge and dissolved constituents in the Markarfljót (squares), Gígjökull
outlet (grey-filled squares), and Svadbælisá river (black-filled squares). Each graph is
presented in three parts, prior to (first part), during (middle part), and after the glacial
floods (third part). Note the different time scale within each graph. The discharge
estimates in a) are from Roberts et al., 2011.
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Time (caldendar days during year 2010)

Time (calendar days during year 2010)

Figure 5. Major chemistry of the flood-, river-, and surface water during the flank and
summit eruptions. European drinking water limit and the start of the flank- and the summit
erupions are shown as horizontal and vertical grey lines respectively. Dotted vertical lines
represent the beginning of the eruption phases II, III and IV. The river water samples are
marked as open boxes (Svadbælisá flood and Jökulsá á Sólheimasandi filled in black and
gray respectively). The contaminated surface water is shown as open circles, the Krossá
river and surroundings as x.
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Time (caldendar days)

Time (calendar days)

Figure 5 continued. Major chemistry of the flood-, river-, and surface water during the
flank and summit eruptions. European drinking water limit and the start of the flank- and
the summit erupions are shown as horizontal and vertical grey lines respectively. Dotted
vertical lines represent the beginning of the eruption phases II, III and IV.The river water
samples are marked as open boxes (Svadbælisá flood and Jökulsá á Sólheimasandi filled in
black and gray respectively). The contaminated surface water is shown as open circles, the
Krossá river and surroundings as x.
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Figure 6. REE concentrations in the Markarfljót- and Svadbælisá floods, the ash
contaminated surface water and in the river Jökulsá á Sólheimasandi.

8.4 Discussions
8.4.1 Chemistry
The chemistry of the Markarfljót and Svadbælisá floods was different for many of the
dissolved constituents, indicating more dissolved acid like HCL and HF, and metal salts in
the fast flowing Svadbælisá flood. In Svadbælisá there was not enough time for the
floodwater, stemming from glacial meltwater, to build up alkalinity (DIC and pH) during
water-rock interactions.
The water on 5th of May, in Jökulsá á Sólheimasandi (Figures 1, 3c and d), had the lowest
measured pH during the eruption and very little alkalinity (DIC). It contained high
concentrations of dissolved constituents like F, Fe, Al, and H+, which exceeded the EU
drinking water limits. Prior to the conductivity pulse in the river, during 14th–16th of April
ash fall-out from the hydromagmatic plume of phase I covered the area. Later, magmatic
ash from the low effusive phase II was blown towards the east on 22nd–24th, 26th and 29th of
April, and 3rd of May. From 4th–6th of May, during the phase III with the large increase in
explosive activity and more magmatic ash production (Fig. 2), the plume was blown
towards the east, with large ash fall out on the river catchment.
As previously reported by Gudmundsson et al., 2012, a 3–5 cm ash layer was formed on
the grounds by Svadbælisá river, when hydromagmatic ash fell in the region, on the 17th of
April. On 19th and 21st of April, a considerable amount of magmatic ash fell onto this
hydromagmatic ash layer. Ash contaminated surface water were collected in the vicinity of
the Svadbælisá river (on 21st and 26th of April). These samples had neutral pH and elevated
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concentration of dissolved SO42-, Cl-, and F-. The amount of nutrients was relatively high
for Mo, P, and to lesser extent Si, Fe, and Sr. For pollutants, F was high, but Al was
measured below the EU drinking water standard.
The peak anthropogenic emissions of SO2 in 1970 to 1980 caused severe environmental
impacts in N-America and Europe including acid rain and the mobilisation of aluminium
from rocks and soil, degrading aquatic and terrestrial ecosystems (Gensemer and Playle,
1999). The Al3+ chemical species is considered the most poisonous of the Al species
(Gensemer and Playle, 1999). Speciation of Al and F modelled with the PHREEQC code
indicate that Al-F species were dominant in the surface waters, but decreased with elevated
pH, where Al-OH species became dominant. This indicates that the activity of OH- and Freacted with Al+3, reducing the activity of the Al+3 species, the most toxic form of dissolved
Al (Fig. 7a).

Figure 7. a) The pH dependence of modelled concentrations of Al+3, Al-F, and Al-OH
species in the surface waters b) Acidity, alkalinity, and partial pressure of CO2 in the same
samples. Also plotted are the CO2 partial pressure of the atmosphere and the alkalinity of
the ash-water interaction model (see 8.4.2 for further details).
Dissolved inorganic carbon (DIC) varied dramatically in the flood and surface waters, from
0-3 mmole/L. In Figure 7b, the calculated in situ partial pressure of CO2 in the water phase
is based on the measured water compositions, measured alkalinity, and modelled alkalinity
during ash dissolution (see 1.4.2 and methods) and acidity assuming no contact with the
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atmosphere (Alfredsson and Gislason, 2015). The pCO2 was calculated to be close to and
above the pCO2 of the atmosphere, and the alkalinity ranged from 0–2 meq/L, showing
positive trend with elevated pH. This indicates that CO2 was degassing from the flood
waters and some of the contaminated rivers, whereas the ash-contaminated surface water
showed elevated alkalinity, thus more capable of keeping the CO2 dissolved.
Furthermore, the saturation indices for secondary minerals common in volcanic soil and
groundwater systems in Iceland were calculated for all of the surface waters and floods in
this study (Fig. 8). At low pH, the common secondary minerals observed in volcanic terrain
were undersaturated, except fluorite, goethite, iron-hydroxide and chalcedony which were
at saturation. At neutral to high pH waters, secondary minerals like clays, zeolites,
chalcedony, Al-hydroxide, Fe-hydroxide, and calcite were calculated to be saturated or
oversaturated (Fig. 8) at fixed redox state of pe 15, which is in the range of atmospheric
equilibrium. The redox state affects mostly secondary phases containing iron. Under
oxidizing conditions, iron-hydroxide and goethite are more likely to precipitate.

Figure 8. Saturation indices of selected secondary minerals in the surface waters, rivers,
and floods plotted against pH.
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8.4.2 Reaction progress model calculations
The chemical impact of fresh volcanic ash initially stems from rapidly dissolving surface
salts (e.g. Jones and Gislason, 2008; Olsson et al., 2013; Alfredsson and Gislason, 2011).
Normally, after few hours of exposure, dissolution of the bulk glass takes over the
elemental release. Using the PHREEQC code, a reaction path model of the Eyjafjallajökull
glass was used to assess the extent of dissolution of the bulk volcanic glass in the surface
waters. In the model, the Eyjafjallajökull ash of the composition reported in Gislason et al.
(2011b) was dissolved, assuming stoichiometric dissolution. The ash was “titrated” in
several steps into solution, the water equilibrated with the CO2 and O2 of the atmosphere,
and selected secondary phases, common in volcanic soil (Fig. 8), were allowed to
precipitate if saturated. The results can be seen in Figures 9 and 10. The modelled pH and
pe (Fig. 9a) illustrate that the water was oxidizing, with pH rising slowly to pH of 8.2. The
initial mineral precipitation order was chalcedony, goethite, fluorite, and gibbsite, with
minor amounts of calcite and Mg-clay forming after extensive interactions between the
water and the ash.

Figure 9. a) The pH, the redox state (pe) and b) moles of secondary minerals formed
during the ash dissolution model calculations.
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Figure 10. The major chemistry of all the field samples (rivers and floods – squares; ashcontaminated surface water (circles), other samples (x). The black curves are the results of
model calculations, where the Eyjafjallajökull ash was dissolved in low-pH surface water
and selected secondary minerals were allowed to precipitate.
The measured composition of the surface- and flood-waters is compared with the modelled
water in Fig. 10. It clearly demonstrates that most of the surface waters were higher in DIC
and alkalinity than the model predictions. This high alkalinity can be a result from
increased dissolution rates of the primary glass and minerals through complexation of Al+3
with i.e. SO4. However, the model fitted some of the elements, like F, Na, Ca, Al, and Fe,
indicating that some precipitation of secondary phases bearing those elements was possible
with elevating pH (like i.e. Al-hydroxides, Fe-hydroxides, fluorite, and possibly clay). The
saturation indices for these secondary phases were near or above saturation in the samples
(Fig. 8). The model fits the data from pH 5 to ~6.5, but overestimates the concentration of
Cl, K, Mg, and precipitation of chalcedony, especially from neutral to high pH waters,
perhaps indicating that dilution by mixing, rather than ash-bulk dissolution and
precipitation of secondary minerals, controlled the pH-elemental trends observed for the
more alkaline waters. Most of the samples were calculated to by higher in alkalinity than
the model.
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8.4.3 Chemical fluxes in the big Markarfljót flood
The total flux of dissolved elements in the Markarfljót glacial flood on 14th of April, was
estimated to be 5900 tonnes. Fluxes of pollutants the F and Al were 102 and 2 tonnes,
respectively, and fluxes of the nutrient Si was 1070 tonnes, and of the nutrients Fe and P
were around 1 tonne each. The Ca and Mg dissolved fluxes were estimated 490 and 220
tonnes. The flux of total dissolved CO2 was 1620 tonnes. The dissolved flux of CO2 from
the summit eruption was estimated to be total 4500 tonnes (7 kg CO2/sec.) during the
hydromagmatic phase, and 5800 tonnes (2 kg CO2/sec.) during the magmatic phase. The
total dissolved CO2 flux from the Eyjafjallajökull summit eruption is thus estimated to
have been 10,300 tonnes. The total dissolved CO2 flux prior to the eruption, between
1991–2004, ranged from 0.1–1 kg CO2/sec (Karlsdottir et al., 2012)

8.5 Concluding remarks
This study describes the environmental pressure on surface waters in the vicinity of the
Eyjafjallajökull, during the 2010 eruption, including fluxes of various constituents, like
CO2, nutrients, and pollutants from the melt water within the crater. Also reported are
dissolved leachates from the ash fall-outs in the surface water. Fluxes of nutrients e.g. Si
and Fe, have potential for positive effect on growth of oceans’ biota, thus increasing
natural CO2 fixation within the organic carbon cycle in the North-Atlantic Ocean.
The pH of the surface waters in the vicinity of the Eyjafjallajökull volcano ranged from
4.8-8.2 during the eruption. The lowest pH was in the ash-polluted rivers during the
magmatic phase and in the small and fast-flowing Svadbælisá-flood during the
hydromagmatic phase. The glacial floods in the Markarfljót river were loaded with
dissolved magmatic salts and acids, but also by dissolved constituents derived from waterrock interaction. Large amounts of dissolved elements and suspended ash were transported
to the North-Atlantic. The flux of dissolved inorganic carbon (DIC) down the Markarfljót
river, was 7 tonnes/sec during the hydromagmatic phase I and 2 tonnes/sec during the
magmatic phase II, in total 10,300 tonnes.
The chemistry of the fast flowing flood down the Svadbælisá river during the first day
indicates meltwater, with dissolved metal salts originating from the acidic volatiles of the
erupting magma. The larger Markarfljót flood on the same day was more diluted in
dissolved metal salts, but exhibited more water – rock interaction.
The ash contaminated surface waters, ponds, and creeks, in the Svadbælisá region showed
a combined chemical effect from surface leaching and dissolution of both hydromagmatic
and magmatic ash. Ash from these phases had fallen on the ground, in the previous days
prior to sampling. The resulting combined effect had neutral pH, high levels of fluorine,
and was loaded with dissolved nutrients. This shows that the hydromagmatic ash was able
to protect the environment on land by neutralizing the acidic and polluted waters that had
been in contact with the magmatic ash, which is in agreement to the experimental results of
Alfredsson and Gislason (2015).
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Bulk transport of partly frozen ash pack containing both types of ash, hydromagmatic and
magmatic, with lahars down to the lowlands and even all the way to the ocean showed
mobilisation of water slurry that was mildly acidic and rich in metals.
The conductivity pulse in River Jökulsá á Sólheimasandi, measured on 5th May 2010 was
caused by magmatic ash fallout from the beginning of the large magmatic pulse III of the
summit eruption. The pH of the river water was acidic, pH 4.8, with many dissolved
elements above drinking water standard limits, but also very high in dissolved nutrients.
This and the timing of the river contamination, indicates that the magmatic ash was more
dominant in that region, since these concentrations are in agreement with what was
measured in the magmatic ash leaching experiments of Alfredsson and Gislason (2015).
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9
Conclusions and remarks
In this thesis I worked on two different projects, that both aimed at understanding the
process of weathering of mafic rocks, with the focus on its capabilities of CO2 removal
from the atmosphere but also its role in the chemical cycles at the Earth´s surface. The
CarbFix project was initiated to design and test a CCS system with the aim to mineralize
CO2 in basaltic rock from the Hellisheidi geothermal power plant. The geology of the
carbon storage field was characterized and the fluid chemistry monitored prior to injection.
Furthermore, a slick-line sampler was developed and tested for down-hole sampling of the
CO2 rich fluid under pressure.
The Eyjafjallajökull eruption provided a unique opportunity to study environmental
pressure from various eruption mechanisms. For the first few days, the explosive magma
intruded the glacier within the conduit, resulting in an explosive hydromagmatic eruption
that sent unusually fine grained ash into the jet stream and flood waters all the way to the
ocean. Later, when melt water did not have access to the magma; a larger grained
magmatic ash of the same bulk composition was erupted. We were able to sample dry ash,
from both these eruption phases, for experiments on its elemental release rates; the
chemistry of the flood waters and ash-contaminated surface water during the eruption.

9.1 The conclusions of this thesis
1. The Hellisheidi field and basaltic bedrock in general are feasible as storage for
carbon dioxide, via mineral carbonation. It is supported by the existence of
permeable layers containing water that is isolated from the atmosphere and
abundance of divalent cations in the reactive host rocks. The ability of these rocks
to form stable carbonate minerals is supported by the observation that Ca-carbonate
is currently forming at this site. Geochemical model calculations of the CO2
injections indicate rapid dissolution of the basaltic host rocks and carbonate
minerals become supersaturated upon water-rock interaction.
2. Monitoring the composition of CO2 charged injection waters and rock migrating
CO2 charged waters after injection is fundamental part of any geologic carbon
storage project. A slick-line sampler was developed to sample the CO2 rich fluid
under pressure, to avoid the crucial limitations imposed by the presence of bubbles
due to degassing and the potential of carbonate precipitation during sampling.
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Another important goal was to design an affordable, cost-conscious borehole
sampler. Laboratory tests and field immersions before and during CO2 injection
indicate that the syringe sampler is capable of sampling pressurized carbonated
fluids in injection and monitoring wells, respectively. Furthermore, a specially
designed sampling line enabled the in-situ measurements of the vital parameters
dissolved inorganic carbon (DIC), pH, and the redox state.
3. The results from the experiments on the Eyjafjallajökull ash showed that there was a
dramatic difference between the pH evolutions of the effluent waters from the two
ash types. Within minutes there was a “chemical divide” by several orders of
magnitude in the proton concentration. Most of the major elements and some of the
trace element release rates decreased by an order of magnitude within an hour due
to the rapid dissolution rate and limited supply of the thin surface salts, however,
trace element release from the hydro-magmatic ash, such as Al, Fe, Mo, P, and As
was constrained by secondary mineral solubility. These contrasting environmental
impacts of magmatic versus hydro-magmatic phase, showed that significant iron
fertilization of the ocean was only possible from the magmatic ash. However, the
hydro-magmatic ash protected the environment on land by neutralizing the acidic
and polluted waters from the magmatic ash.
4. The pH of the surface waters in the vicinity of the Eyjafjallajökull volcano ranged
from 4.8-8.2 during the eruption. The lowest pH was in the small and fast-flowing
Svadbaelisá-flood during the hydro-magmatic phase and ash-polluted rivers during
the magmatic phase. Polluted water affected by both ash layers, was at neutral pH
and contained high concentration of dissolved nutrients and pollutants. The glacial
floods in the Markarfljót river were loaded with dissolved magmatic salts and acids,
but also indicated neutralization by ash- and river suspended matter-dissolution
with time. High amount of dissolved elements and suspended ash was transported
to the North-Atlantic Ocean. The flux of dissolved inorganic carbon (DIC) down
the Markarfljót river, was 7 tonnes/sec during the hydro-magmatic phase and 2
tons/sec during the magmatic phase, estimated to be total of 10,300 tonnes.

9.2 Implications and the future
Volcanic eruptions, especially those that produce ash are an important source of nutrients
and minerals for the environment. They affect the global cycles of the elements. The
nutritious, reactive fresh rock enriches the soil in the vicinity of the eruptions, and
dissolved- and suspended volcanic matter flows towards the oceans. This can enhance the
primary production in the oceans, resulting in drawdown of atmospheric CO2. It is thus of
vital importance to expand the knowledge of this important role of the volcanoes.
Continuous geochemical monitoring of rivers and glacial outburst floods near volcanoes
has recently been tested (Jones et al., 2015), to gain more detailed knowledge in volcanic
geochemistry.
The CarbFix project successfully injected CO2 gas and CO2-H2S-H2 gas mixture, fully
dissolved in water into volcanic rocks. Results are now showing that most of the injected
carbon has already mineralized (Gislason et al., 2010, 2014; Sigfusson et al., 2015). Many
research studies were conducted in the field, laboratory and numerically to obtain the
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successful results. Natural analogue studies showed that the carbon mineralization happens
naturally when CO2 circulates silicate rocks that bear divalent cations (Flaathen and
Gislason, 2007, Flaathen et al., 2009). Extensive laboratory work has been carried out,
including determination of dissolution rates of silicate rocks and minerals (Oelkers and
Gislason, 2001; Gislason, Oelkers, 2003; Gudbrandsson et al., 2011, 2014; Wolff-Boenisch
et al., 2004, 2006, 2011); and if a compound, like F, SO4, secondary mineral phases or
bacteria would affect those rates (Wolff-Boenisch et al., 2006, 2011; Flaathen et al., 2010;
Stockmann et al., 2011, 2012, 2013, 2014). The rates of mineral carbonation in basalt were
also studied (Gysi and Stefansson, 2012, Galeczka et al., 2014). Numerical simulations
provided an insight into the possible outcomes (Gysi and Stefansson, 2011; Aradóttir et al.,
2012a, 2012b, 2013). Those numerical simulations, used in cooperation with the laboratory
and the field, have also taught us, that these tools are not at all perfect, and thermodynamic
databases and the computer codes used to date, can be improved.
The CO2 level in the atmosphere has reached critical limit and climate change has already
begun (Keeling et al., 2009; IPCC, 2014). CarbFix worked as one of the solutions, but has
to be upgraded to a bigger scale. We have plenty of CO2 resources in Iceland (e.g. the
geothermal power plants, the international aluminium smelters, etc.) and enough basalt in
and around Iceland (e.g. Snæbjörnsdóttir et al., 2014) to start the journey towards cleaner,
and more sustainable future.
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