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Abstract 

In the past decades, acid rain has been recognized as a detrimental to numerous 

ecosystems. Rainwater acidity can be impacted by various sources e.g. anthropogenic 

emissions, biogenic release, sea spray, soil dust and volcanic emissions. One of the main 

contributors to acid rain is sulphuric acid which can be of anthropogenic or natural origins. 

The main aim of this study is to estimate possible dispersion and environmental pressure 

caused by sulphur dioxide (SO2) release during the Holuhraun eruption in Iceland from 31 

August 2014 to 27 February 2015 by analyzing a dataset of chemical analysis of 

precipitation samples collected during the eruption period. The main acidifying component 

was identified being SO4
2-

, but a simple relationship between high SO4
2-

concentrations and 

low pH values could not be found. Geographical, geochemical and meteorological factors 

are analyzed to identify their influence and the involved processes. Geographical factors 

such as distance from the eruption source, altitude and latitude do not seem to influence the 

distribution of sulphate in the precipitation samples. The distance from the sea shore 

influences the occurrence of sea-salt derived sulphur in addition to the volcanogenic 

sulphur. The precipitation amount influences the dilution of chemical species with lower 

rainfall resulting in higher ionic concentration of the chemical species. The dispersion 

model HYSPLIT from NOAA was used to calculate the wet deposition over the first four 

months of the eruption, from September to December 2014. The aim was to see if a simple 

and easy to use numerical model could be used as a tool to forecast wet deposition of 

sulphate. The results of the numerical modelling were then compared to the collected rain 

samples showing a 50% accordance between model and measurements. The analysis 

shows that refining the model is however necessary, by adding a chemical module and 

additional data about chemical transformation rates in order to obtain a powerful, free and 

easy to use tool in case of future eruptions. The weather pattern was identified as one of the 

most important driving factor for rain acidification but also the timing of the eruption plays 

an important role, especially regarding the chemical behaviour of the sulphur species. 

Iceland is a great source of basic dust which acts as buffer for acidifying components, 

mitigating negative effects of acid precipitation in Iceland.  

 





 

Útdráttur 

Súrt regn er þekkt umhverfisvandamál og getur haft slæm áhrif á fjölmörg vistkerfi. Ýmsir 

umhverfisþættir gata haft áhrif á sýrustig úrkomu m.a mengun af völdum manna, lífræn 

losunar, sjávarúði, jarðvegsfok og eldgos. Algengast er að brennisteinssýra valdi súru 

regni. Efnagreiningar á úrkomu meðan á eldgosinu í Holuhrauni stóð, frá 31. ágúst 2014 til 

27. febrúar 2015, og gögn um uppsprettu brennisteins frá gosinu eru notuð í rannsókninni. 

Orsök súrnunar voru rakin til SO4
2-

, en ekki var hægt að finna einfalt samband milli mikils 

styrks SO4
2-

 og lágs pH. Land-, efna- og veðurfræðilegir þættir sem hafa áhrif á samspil 

brennisteins frá eldgosinu og sýrustig regnvatns voru rannsakaðir. Landfræðilegir þættir, 

svo sem fjarlægð frá uppsprettu, hæð yfir sjávarmáli og breiddargráða, virðast ekki hafa 

áhrif á magn brennisteins í úrkomu. Fjarlægð frá sjó hefur áhrif á magn brennisteins frá 

sjávarsalti, sem bætist við brennistein frá eldgosinu. Úrkomumagn hefur áhrif á útþynningu 

efna, þannig að minni úrkoma þýðir almennt hærri styrk (ionic concentration) efna. 

Dreifingarlíkanið HYSPLIT, þróað af NOAA, var notað til að reikna útfellingu í úrkomu 

(wet deposition) fyrstu fjóra mánuði gossins; frá september til desember 2014. Markmiðið 

var að sjá hvort hægt væri að nota einfalt líkan til að spá fyrir um magn brennisteins í 

úrkomu og niðurstöður líkanreikninganna bornar saman við mælingar á úrkomu. Líkanið 

reyndist spá rétt fyrir í um helmingi tilfella. Það er því nauðsynlegt að bæta líkanið, bæta 

við það efnafræði líkani og upplýsingum um hraða efnahvarfa til að þetta einfalda og 

fljótvirka líkan virki til að spá fyrir um styrk brennisteins í úrkomu í komandi eldgosum. 

Veðuraðstæður hafa mikil áhrif á súrnun regns, en einnig spilaði tímasetningin mikilvægt 

hlutverk, þar sem mörg efnahvörf brennisteins eru háð sólgeislun, auk hitastigs og raka. Á 

Íslandi er enginn skortur á basísku ryki, sem hlutleysir sýru vegna brennisteins og vinnur 

því gegn súrnun regns.  

 

 

 

 

 

 





 

Preface 

Volcanic eruptions are frequent in Iceland and, despite the fact that these events are 

becoming tourist attractions, volcanic eruption pose a serious threat to the local population, 

visitors, live stock and ecosystems. As the recent past has shown, volcanic eruptions in 

Iceland also affect countries located thousands of kilometres away. A prominent example 

is the 2010 Eyjafjallajökull eruption with its ash and unpronounceable name. It disrupted 

air traffic and directed international attention to Iceland. The lesser known 1782-83 Laki 

eruption had deadly consequences both in Iceland and in Europe, not caused by ash 

emissions but as a result of various sulphur compounds. 

The title of the present work, "Factors influencing rain acidification from volcanic sulphur 

in Iceland" contains the most important concepts developed in this work: volcanic 

eruptions, their gas emissions and the effect of these emissions on precipitation dependent 

on the geographical conditions of Iceland. The 2014-2015 Holuhraun eruption offers an 

exceptional opportunity to study the implications of a natural release of a large quantity of 

sulphur and the associated environmental consequences, particularly in terms of rain 

acidification. The competent authorities, particularly the Icelandic Meteorological Office 

(IMO), were quick in recognizing the severity of the gas emissions during the eruption. An 

emergency response sampling of precipitation data was set up around the country in order 

to collect data and to assess the environmental impacts. These data are used in the present 

thesis. To understand the processes and mechanisms involved, such as the different 

emission styles of volcanoes, the consequences for the atmosphere, the chemical 

transformation of the chemical species involved and the sulphur chemistry from gaseous 

form into particulate, and the passage from the atmosphere to the ground via precipitation, 

a literature research was carried out.  

The thesis begins with Chapter 1 which introduces the topic and states the goals of the 

thesis. Chapter 2, Volcanic eruptions and gas emissions, gives an overview of the 

mechanisms and processes involved, schematically represented in Figure 0.1. Particular 

attention was paid to the available literature dealing with case studies rather than reporting 

textbook concepts. The main focus of the examples is sulphur, its compounds emitted from 

volcanoes and its interaction with the atmosphere and the terrestrial environment. A 

differentiation between gas emissions into the stratosphere and into the troposphere is 

made citing two prominent volcanic eruptions, the 1992 Pinatubo and the 1783-84 Laki 

eruption. Style and type of gas emissions determine the lifetime of a chemical species in 

the atmosphere as well as its interaction with the background and the deposition processes. 

The Holuhraun eruption promoted an extensive scientific production over the past three 

years. In Chapter 2.1 an effort is made to collect the most important papers written about 

the gaseous emissions and their consequences for Iceland and Europe, summarizing the 

main results and identifying study techniques which could be used in the present research. 

It has to be specified that the literature research about the Holuhraun eruption does not 

include strictly geological- volcanological studies, as this aspect was not topic of the thesis.  

 



 

 
 

Figure 0.1. Sketch of the most important processes and mechanisms studied for the 

analysis of the precipitation data collected during the Holuhraun eruption. Explanations 

and references are to be found in Chapter 2 of the thesis. 

The sulphur chemistry in the atmosphere is reported in Chapter 2.2.1 by stating the 

concepts rather than the stoichiometric formulas and keeping in mind the connection to the 

present case study, the Holuhraun eruption. Finally, Chapter 2.2.2 describes the removal 

mechanisms of chemical species from the atmosphere to the terrestrial environment with 

particular attention to acid rain. Chapter 2.2.3 reports volcanic acid deposition case studies 

from all over the world.  

Chapter 2 can be seen as a brief introduction to the main topics of the cycling of chemical 

species, and sulphur in particular. This cycling will be examined from the lithosphere, to 

the atmosphere, over the hydrosphere and back to the lithosphere which in turn affects the 

biosphere.  

Chapter 3 states the methods used to analyse the datasets and other parameters determined 

during the background research of Chapter 2. Looking into how other researchers tackled 

the topic of sulphur cycling, with particular attention to volcanogenic emissions and 

environmental damages due to acid rain, some factors could be isolated. These factors 

were worth looking at closer for the present case study (Figure 0.2). Factors can be 

geographical, geochemical and meteorological or a combination of these. Geographical 

factors comprise the distance from eruption source, altitude and latitude of the sample 

stations, distance from the shoreline, topographic features like valleys or mountain ridges 

and land cover. Geochemical factors in addiditon to meteorological conditions determine 

the availability of reactants (volcanic gases, sea spray and rock dust and aerosols) as the 

basis for the chemical composition of the precipitation. Factors can also be directly 

meteorological, with the two dominant factors being wind speed and direction. The 

meteorology is the main driver for the accumulation and dispersion of the different 

reactants. The remaining factors are connected to the chemistry and transformation patterns 

of sulphur compounds, such as availability of oxidants, daylight, chemical transformations 

within the plume or with the background atmosphere, and gas to particulate conversions. 

The subchapters of Chapter 3 (Methods) and Chapter 4 (Results) reflect the subdivision 

into chemical factors, geographical factors and meteorological factors.  



 

In order to investigate all these different factors, tools such as a GIS for the geographical 

factors are uses, simple chemical transformations regarding the chemistry are carried out 

and the meteorological factors appear during the numerical modelling. 

 
 

Figure 0.2. Interplay between the different geographical, meteorological and chemical 

factors responsible for the chemical composition of precipitation identified in the present 

work.  

It is therefore clear, that a thorough examination of all these factors needs highly 

developed expertise in various fields of science. This can also be seen by the numerous 

contributors in the newest scientific publications, each with its own expertise contributing 

to a case study. This is why, some of the above mentioned factors are examined in depth 

and some to a lesser extent, as specific competences are lacking. For reasons of 

completeness, information from literature was used and simplifications were made, 

especially regarding the numerical modelling.  

Numerical modelling has become an important and powerful tool in a vast branch of 

natural sciences. Air quality and related issues are no exception. There are numerous air 

dispersion models available which require different knowledge and input data. When 

dealing with the atmosphere, the data inputs are meteorological files which contain 

detailed information and can influence heavily the computational time, leading to the use 

of supercomputers. For the present research the Hybrid Single Particle Lagrangian 

Integrated Trajectory (HYSPLIT) model, developed by the Air Resources Laboratory 

(ARL) of the National Oceanic and Atmospheric Administration (NOAA), was used. This 

model is free with multiple applications and a robust online community helping to 

understand the use of the model.  

During the eruption period a dispersion model, CALPUFF, was used to calculate and 

forecast the dispersion of sulphur dioxide as a warning tool for the population in Iceland. 

Other models were carried out later which focused on the sulphur dioxide dispersion over 

Europe and the comparison with measured air quality data. Therefore, as the precipitation 

is the main focus of the present work with particular attention to acidification, a wet 



 

deposition model spanning the first four months of the eruption period was developed. The 

model itself has some limitations, as well as some factors that remain unknown, limiting 

the precision.  

Nevertheless, the calculated wet deposition was compared to the precipitation data 

collected in Iceland. Chapter 5 discusses the limitations of the present work and it was 

assessed, that the use of such a model could be seen as a forecast tool in the case of future 

eruptions in Iceland. At last, recommendations are given in Chapter 6 in order to improve 

future measurements and studies of these kind of phenomenon which in all likelihood will 

happen again in Iceland.  
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1 Introduction 

Iceland is a volcanic island, located at the plate boundary between the Eurasian and the 

American tectonic plates and above an active hotspot, which explains over 30 active 

volcanic systems (Figure 1.1). The main area of active volcanism is the axial volcanic 

zone, stretching from the southwest to the northeast, crossing the whole island and being 

the only exposed section of the Mid-Atlantic Ridge (Thordarson & Höskuldsson, 2002; 

Thordarson & Larsen, 2007). 

 

Figure 1.1. Active volcanic systems and the Holuhraun lava field (marked in red) and 

distinction of the Tertiary (white), Plio-Pleistocene (light grey) and Upper Pleistocene 

(dark grey) Formation. The circles represent the volcanic systems as central volcano, 

caldera or summit crater, the black lines are the associated fissure swarms. Cartographic 

and geological data from LMI and the Natural History Institute, geological information 

from (Thordarson & Larsen, 2007). 

Volcanic eruptions defined as the ejection of magma, gas or rocks, are frequent and occur 

approximately every 5 years in Iceland (Thordarson & Larsen, 2007). This definition of 

eruption comprises a single eruptive event, such as plumes ejected over a short period of 

time, or long lasting effusive events during which considerable masses of lava flow from a 

fissure. The main eruptive styles, effusive and explosive, can occur independently or 

together (Thordarson & Höskuldsson, 2002). An example of recent explosive eruption is 

the 2010 Eyjafjallajökull eruption which made international headlines by causing a 

disruption of air traffic due to ash transported to southerly directions from the volcano and 
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consequently financial losses in the range of 1.7 and 3.3 billion Euros (Mazzocchi, 

Hansstein, & Ragona, 2010). During the 39 days of eruption 8 ± 4 Tg of fine ash were 

emitted into the atmosphere (Petersen, Bjornsson, & Arason, 2012; Stohl et al., 2011). 

There are connected long term health effects of the exposure to high particulate matter 

levels deriving from volcanic ash such as increasing respiratory symptoms, skin rash, back 

pain and myalgia as well as insomnia, psychological issues and high blood pressure 3 years 

after the eruption (Hlodversdottir et al., 2016). In 2011, the Grímsvötn eruption occurred, 

which was much larger than Eyjafjallajökull eruption, but produced less air traffic 

disruption due to different weather patterns, different ash particle size distribution and new 

measures to assess the risk regarding air traffic (Parker, 2015). In comparison, the 2010 

Eyjafjallajökull eruption produced about 0.27 km³ of tephra, while the Grímsvötn eruption 

generated around 0.7 km³ of tephra over an eruption period of 8 days (Prata et al., 2017). 

The most recent example of an effusive eruption is the Holuhraun fissure eruption 

generated by the Bárðarbunga volcanic system. This eruption produced an extended lava 

field of 84.1 ± 0.6 km² (Gíslason et al., 2015) over a period of 6 months in a remote area 

within the Icelandic highlands. The characteristic of this eruption is the high amount of gas 

emission, especially SO2, which at certain concentrations can have several negative effects 

on human health and ecosystems. The consequences of this eruption in Iceland were 

measurable in Europe, not by disrupting air traffic but because of the temporary 

deterioration of air quality due to SO2. 

The Holuhraun eruption started at the end of August 2014 and lasted until the end of 

February 2015. Over the 6 months, 9.6 Mt of SO2 with an uncertainty of -50% and +30% 

were emitted (Pfeffer et al., 2017), an amount comparable to the anthropogenic SO2 

emissions in Europe in 2011 (Gíslason et al., 2015). The eruption, the largest flood lava 

eruption since the Laki eruption (1783-1784), took place in a remote area in the Icelandic 

highlands and did not pose an immediate thread to population and infrastructures. But the 

released gas plume was ejected into the atmosphere and constituted a problem for the 

health of populations living even far from the emission source. The sulphur dioxide 

travelled to Europe where it was measured by the different air quality monitoring stations 

operated in the framework of the Convention on Long-Range Transboundary Air Pollution 

(CLRTAP) (Schmidt et al., 2015). Higher SO2 values referable to the Holuhraun eruption 

were measured in Britain (Twigg et al., 2016), Scandinavia (Steensen et al., 2016), 

Northern Finland (Ialongo et al., 2015) and as far as 3000 km distance in Austria (Schmidt 

et al., 2015). 

1.1 Objectives 

The present work uses chemical analysis data of rain sample data which were collected all 

over Iceland during the eruption period for the Icelandic Meteorological Office (IMO) and 

the long term CLTRAP monitoring program (Sigurðsson & Stefánsdóttir, 2015; 

Sigurðsson & Thorlacius, 2014). The samples were analyzed in the laboratory of the 

University of Iceland, Institute of Earth Sciences, to assess the chemical composition and 

other parameters such as pH. Some of the samples show very low pH values indicating the 

presence of acid rain (Stefánsdóttir et al., 2017). Besides the immediate effect on air 

pollution, SO2 in the atmosphere can oxidize into SO4
2-

 which when dissolved in water 

lowers the pH generating acid rain. This secondary effect can affect different ecosystems 

negatively (Sigurðsson & Stefánsdóttir, 2017). Consequences of acidification of wet and 

dry deposition have been recognized and reported since the 1960s and 1970s and to combat 
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the detrimental effects of it, the Convention on Long-Range Transboundary Air Pollution 

(CLRTAP) was established in 1979 (UNECE, 2004). Due to the efforts of the convention 

in emission abatement, but also monitoring and modelling of pollutants transportation in 

the atmosphere, sulphur emissions have decreased by 70% to 90% in Europe since the 

1980 (Tørseth et al., 2012). While the anthropogenic sulphur dioxide emissions seem to be 

successfully diminished or controlled over the last twenty years, at least in Europe and 

North America, volcanogenic sulphur emissions cannot be influenced by human behaviour 

and can pose a threat to human health and safety.  

This work examines the secondary effects of the SO2 emissions in terms of rain 

acidification by analyzing the distribution of the low pH values in the rain samples, the 

connection between the dispersion of SO2 in the air, the chemical transformation of SO2 to 

SO4
2-

 in the climatic conditions of Iceland and the wet deposition of SO4
2-

. In addition, 

geographical conditions such as topography, land use, and distance to emission source are 

analysed to find a connection between low pH values and distinct Icelandic geographical 

features. By combining modelling and physical processes which are not included in the 

model the thesis wants to assess if it is possible to predict in a simple manner where rain 

acidification is likely to occur. The prediction model could then be applied in case of a 

future volcanic eruption.  

Several factors influence the occurrence of acid rain. The source strength, the emission 

height, the chemical transformation pathway and rate, the lifetime in the atmosphere of the 

chemical species, the dispersion and transport in the atmosphere depending highly on the 

meteorological conditions, but as well on the topography, the chemical interaction of the 

species with the background atmosphere and the wet and dry deposition mechanisms. The 

present work presents an analysis of all these factors. Firstly, the relationship between 

sulphates and pH of the collected rain samples is analyzed as well the geographical 

conditions of the sample stations with respect to the source area. Secondly, the wet 

deposition of sulphate is calculated over a four month period with the help of the Hybrid 

Single Particle Lagrangian Integrated Trajectory model (HYSPLIT) developed by the Air 

Resources Laboratory (ARL) of the National Oceanic and Atmospheric Administration 

(NOAA) (Stein et al., 2016). This numerical model can compute trajectories, 

concentrations and wet and dry deposition for different chemical species using a hybrid 

approach between the Lagrangian and the Eulerian method. The difference of the two 

methods is in the frame of reference, which is moving for the Lagrangian approach and 

fixed in case of the Eulerian (Draxler et al., 2016). The results from the wet deposition 

model are then compared to the sulphate concentration of the collected rain samples in 

order to determine the success rate of the modelling from the point of view of a possible 

forecast tool. 

1.2 Origin of major constituents in Icelandic 

precipitation 

Globally, the chemical composition of rainwater is influenced by two main sources: 

particles in the air and atmospheric gases. Chemical species such as Na
+
, K

+
, Ca

2+
, Mg

2+
 

and Cl
-
 derive primarily from particles and aerosols, while SO4

2-
,
 
NH4

+
 and NO3

-
 derive 

from atmospheric gases (Berner & Berner, 2012). Particles and atmospheric gases can 

originate from sea water spray, from rock dust and aerosol, from volcanic eruptions and 

from human activities. Excluding the anthropogenic influence on the composition of rain 
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for the present work, it is possible to identify the three main sources in sea water spray, 

rock dust and aerosol and volcanoes. The Icelandic rain is no exception to this rule and is 

mostly influenced by sea water spray and rock dust and aerosol (Gíslason, Arnórsson, & 

Ármannsson, 1996). Locations close to the sea shore are mostly influenced by sea spray, 

which shows a seasonal pattern with lower influence during the summer time due to lower 

wind speeds (Eiriksdottir et al., 2014).  

Influence from volcanic gases are reported from past eruptions, such as from the 

Eyjafjallajökull eruption in 2010, when rain samples in about 100 km distance from the 

volcano showed an increase in fluoride content for several months after the eruption 

(Eiriksdottir et al., 2014). Changes in the chemistry of surface waters and snow samples 

were also studied during the 1991 and 2000 Hekla eruptions showing, predominantly, 

influence of Al and F species in surface waters as a consequence of the eruptions (Flaathen 

& Gislason, 2007).  

Stefánsson et al. (2017) analyzed precipitation samples collected in Iceland from 21 

stations run by the Icelandic Meteorological Office during the six months of the eruption; 

the same data as used in the present work. A chemical mixing model was developed and 

the results show that there was a clear pollution coming from volcanogenic gases, 

especially regarding the anions SO4 and F, while Cl is mainly of sea spray origin; the 

cations derive from rock dust, aerosol dissolution and sea spray (Stefánsson et al., 2017).  

Galeczka et al. (2017) confirmed the volcanic aerosol origin of sulphur found in snow 

samples taken from the Vatnajökull glacier from isotopic analysis. Nevertheless, few 

samples show rain acidification which is probably due to sampling issues; rock dust can 

enter the sample and dissolves in the mildly acid conditions leading to a H
+
 uptake and 

higher pH values. Gíslason et al. (2015) came to the same conclusion analyzing the same 

rain samples affirming that due to the emergency sampling during the eruption period the 

sampling configuration and modalities present some issues, such as the possibility of dry 

deposition prior to rain events, the different sampling frequency in different locations and 

the delay of chemical analysis after the collection of the samples. Due to these issues, the 

pH in the samples may be higher than the pH of the actual rain. 
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2 Volcanic eruptions and gas 
emissions 

Volcanic eruptions affect not only the immediate surroundings of the eruption area but 

they can also act as an important factor in global climate (Schmidt & Robock, 2015; Textor 

et al., 2004; Thordarson & Self, 2003; von Glasow, Bobrowski, & Kern, 2009). The 

emission height and the amount and type of prevalently emitted gases play important roles 

in determining the environmental effects and their scale, from local to global.  

Limiting the distinction of volcanic eruptions to one aspect, the associated gas emissions, 

we can distinguish two main types: 1) the explosive eruption style, with a high ash column, 

emitting ash and gas directly into the stratosphere, and 2) the passive degassing, ash-free 

style, emitting gas into the troposphere (Mather, 2015). The distinction between the 

emission height into the troposphere or stratosphere is important due to the different 

lifetimes of chemical species in the different atmospheric layers and their interaction with 

the present background chemistry. Very often, the eruption styles of volcanoes are mixed 

and the two categories are the respectively endpoints of eruption style (Mather, 2015). 

The explosive eruption style is best represented by the 1991 Mt. Pinatubo eruption in the 

Philippines where the eruption column reached 40 kilometres in altitude and 17 megatons 

of sulphur dioxide (SO2) were emitted into the middle to lower stratosphere. This led to the 

largest perturbation to the stratospheric aerosol layer since the Krakatau eruption in 1883 

due to the formation of sulphate (SO4) aerosols causing surface cooling in the Northern 

Hemisphere and the diminution of ozone in 1992-93 (Self et al., 1993).  

Degassing to the troposphere leads to the creation of sulphate aerosol, either by the direct 

emission of SO4 or by the oxidation of SO2 with detrimental effects on ecosystems, human 

health and affecting as well solar radiation and cloud cover (Mather, 2015). Examples of 

persistent passive degassing volcanoes are Mt. Etna in Italy and Nyiragongo volcano in 

Democratic Republic of Congo (Calabrese et al., 2014). 

A particular eruption style is the flood lava eruption which combines both above 

mentioned characteristics, smaller explosive events with associated tephra and degassing 

from vents and from the surfaces of the lava flows (Self, Thordarson, & Widdowson, 

2005). An example is the Laki eruption in Iceland, 1783-1784. During 8 months of the 

flood lava eruption petrological estimations show that 122 Mt of SO2 were emitted, 

affecting not only the immediate surroundings in Iceland but also the population in Europe 

(Thordarson & Self, 2003). The Laki emission height was into the upper troposphere/lower 

stratosphere and among other consequences it influenced the weather patterns in Europe 

with a hot summer followed by a very cold winter (Thordarson & Self, 2003). Direct 

consequences in Iceland were the death of 21% of the population and 75% of the livestock, 

while excess mortality rates were reported also from European countries such as England, 

France, the Netherlands, Italy and Sweden (Thordarson & Self, 2003). A future Laki style 

eruption would affect human health mostly due to air pollution, both from gases and 

aerosols formed in the atmosphere by gas transformation, causing excess mortality in 

Europe, but the effect would be smaller than in 1783-84 due to better overall health and 

living conditions. The economy would also be affected in terms of air traffic interruption 

and crop failure for example (Schmidt et al., 2011). 
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2.1 The Holuhraun eruption 

The Holuhraun eruption was a large fissure eruption within the volcanic system of 

Bárðarbunga that lasted from 31st August 2014 to 28th of February 2015, taking place in 

the remote Icelandic highlands north of Vatnajökull glacier (Figure 2.1). The new lava 

field covers an area of 84.1 ± 0.6 km² and the volume of lava was 1.6 ± 0.3 km³ (Gíslason 

et al., 2015); the eruption is classified as a flood lava eruption.  

 

Figure 2.1.  Terra - MODIS satellite image acquired 5 September 2014 showing the gas 

plume from the Holuhraun eruption (NASA image by Jeff Schmaltz, LANCE/ EOSDIS 

Rapid Response, https://earthobservatory.nasa.gov/NaturalHazards/view.php?id=84311). 

The location of the Holuhraun lava field marked in red (insert; map from LMI data). 

The fissure eruption produced lava fountains and the vast lava field, there was no ash 

formation but a considerable degassing from the eruption vents and from the lava flow led 

to the deterioration of air quality both in Iceland and Europe.  

Ground-based DOAS (Differential Optical Absorption Spectroscopy) together with 

MultiGAS measurements permitted the determination of type and amount of gas 

emissions; 11.8 ± 4.1 Mt SO2, 5.6 ± 3.6 Mt CO2 and 284 ± 193 Mt H2O were emitted 

during the 6 months eruption period (Gíslason et al., 2015). Newest research show an 

emission amount of 9.6 Mt SO2 with an uncertainty of -50% to +30%, derived from the 

DOAS measurements with an average emission rate of 610 kg/s and an uncertainty of 430-

920 kg/s (Pfeffer et al., 2017). Direct measurements of the near-vent plume carried out 

during a field campaign in January 2015 showed the following 15 minutes average 

maximum concentrations: 43,000 µg/m
3
 SO2, 530 µg/m

3
 HCl and 210 µg/m

3
 HF 

http://earthdata.nasa.gov/data/nrt-data/rapid-response
http://earthdata.nasa.gov/data/nrt-data/rapid-response
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(Ilyinskaya et al., 2017). The burden of SO2 exceeds all other gases and poses the biggest 

environmental concern. Besides direct gas measurements at the vents or close to the 

source, a network of air quality stations around Iceland recorded SO2 levels exceeding the 

health limits set by the European Air Quality Standards of 350 µg/m³ for 1 hour (24 

exceedances permitted each year, Directive 2008/50/EC) (Gíslason et al., 2015). During 

the eruption period the number of air quality stations was increased from the 11 permanent 

monitoring stations, operating prior to the eruption, to 21 (Gíslason et al., 2015). The 

health limit was exceeded north of the eruption site at Mývatn, for a total of 86 hours, east 

of the eruption in Reyðarfjörður for a total of 58 hours, in Reykjavík for a total of 59 hours 

and in Höfn for a total of 124 hours (Gíslason et al., 2015) (Figure 2.2). The maximum 

hourly mean concentration reached values up to 1509.3 µg/m³ in Reyðarfjörður (east of the 

eruption site) and 1450.6 µg/m³ in Reykjahlíð (north of the eruption site) during the month 

of September (Schmidt et al., 2015). Not only Iceland was affected by the gases, several air 

quality stations in Europe detected increased SO2 levels originating from the Holuhraun 

eruption. Schmidt et al. (2015) report hourly mean surface measurements exceeding the 

health limits in Austria, Ireland, Scotland, Finland, Netherlands, England. 

 

Figure 2.2. Location of the Holuhraun eruption (red) and the air quality measurement 

stations (yellow triangle) and the precipitation sample stations (black dots) with the 

maximum hourly mean air concentrations (Schmidt et al., 2015) and the total health limit 

exceedances (Gíslason et al., 2015). Cartographic data from LMI. 

The transport of the volcanic plume over Europe was not only detected by surface 

instruments, as part of permanent air quality stations run by national networks or the 

EMEP (European Monitoring and Evaluation Program), but also by satellites (Schmidt et 

al., 2015). The concentration of SO2 in the lower troposphere is normally too low to be 

detected by measurement devices carried on satellites; a sudden increase of the SO2 

concentration can therefore be detected from space and referred to its volcanic origin. 
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Limitations in the use of satellite data for the Holuhraun eruption are the timing of the 

eruption in autumn and winter and the high latitude of the eruption site leading to reduced 

daylight necessary for the satellite retrievals. Data from different measurement devices on 

board of satellites have therefore only been used for the months of September and October 

2014 (Schmidt et al., 2015; Ialongo et al., 2015; Twigg et al., 2016; Steensen et al., 2016). 

Schmidt et al. (2015) and Steensen et al. (2016) carried out similar studies using dispersion 

model and satellite data to determine the SO2 fluxes and mass burdens and to model the 

long-range transport of the SO2 including its chemical transformation and removal, 

constrained by the air quality measurements observed in Europe. Discrepancies between 

modelled dispersion and observed values are due to small positioning errors of the volcanic 

plume which over the long distance lead to biased SO2 concentration values and due to 

uncertainty in the location of the planetary boundary layer (Schmidt et al., 2015). 

Nevertheless the SO2 fluxes for the month of September could be constrained from satellite 

measurements, ground based observations and numerical modelling: in early September 

the emission rate was 120 kt/d, declined to 20-60 kt/d and increased again to 60-120 kt/d at 

the end of the month (Schmidt et al., 2015). Steensen et al. (2016) prolonged the numerical 

modelling from September to November 2014 and agreements were found for the satellite 

data and the modelled data regarding shape and location of the volcanic plume, while there 

are discrepancies with the ground observations, especially concerning the magnitude of 

measured SO2. This is due to uncertainties regarding the source term, the meteorology, 

chemical reactions and depositions, as well as the quality of the used datasets. Steensen et 

al. (2016) used an average, constant source term of 65 kt/ d and found that for the first 

weeks of the eruption the satellite data show higher concentrations and therefore indicate a 

higher emission rate. Schmidt et al. (2015) and Gíslason et al. (2015) agree upon a higher 

emission rate immediately after the beginning of the eruption, which is confirmed by 

measurements. 

Good agreements regarding the spatiotemporal evolution of the plume detected by 

satellites as compared by ground observations over Finland were found (Ialongo et al., 

2015). This study confirms the capability of satellites to qualitatively detect the volcanic 

plume. Northern Finland is a relatively pristine environment occasionally reached by 

pollution coming from Russia, but during the Holuhraun eruption the SO2 levels rose up 

from nearly zero to 180 µg/m³ (Ialongo et al., 2015). The same was found in Scotland, 

where the highest SO2 levels of Britain during the eruption period were measured (Twigg 

et al., 2016).  

Due to the geographical proximity it is evident that the British Islands can be heavily 

influenced by volcanic eruptions located in Iceland. Twigg et al. (2016) combined satellite 

data, numerical modelling and surface observations and came to similar conclusions 

regarding the agreements between the spatial distribution of the volcanic plume and 

showed the same issues regarding the comparison between modelled output and surface 

measurements already assessed by Schmidt et al. (2015) and Steensen et al. (2016). In 

addition to the SO2 concentration in the air Twigg et al. (2016) also analyzed chemical 

reactions within the volcanic plume such as secondary aerosol formation of SO4
2-

 through 

oxidation of SO2 in the atmosphere. The amount of sulphates in particulates increased, 

especially ultrafine particles. This indicates particle nucleation and growth within the 

volcanic plume implying that the volcanic eruption in Iceland had chemical consequences 

for gases and aerosols in the UK atmosphere. Within the UK an increase of sulphates in 

rain water was observed in certain areas such as northern Scotland and South West 
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England, while it was not found in Northern Ireland and Wales; rain acidification was not 

an environmental issue, probably due to the fact, that there was very little rainfall in 

September 2014 over the UK (Twigg et al., 2016). Steensen et al. (2016) simulated a 32% 

higher SOx deposition over Europe with the highest increases in northern Scandinavia and 

Scotland; values recorded in central and northern Norway confirm the modelling and show 

higher SOx depositions in 2014 most likely due to the Holuhraun eruption.  

Volcanic eruptions with high gaseous emissions are sporadic events and limited in time, 

but these events can affect air quality across Europe under certain meteorological 

conditions, in the case of eruptions in Iceland, such as northerly winds. It is also evident 

that due to this kind of events there is still the need of air quality monitoring network, even 

though the anthropogenic sulphur emissions have declined over the last decades (Schmidt 

et al., 2015; Twigg et al., 2016).  

2.2 Volcanic gas emissions, sulphur chemistry 

and acid rain 

Volcanic eruptions can be accompanied by the release of a considerable amount of gases 

such as SO2, H2S, CO2, HCl, HF and other hydrogen halides (Textor et al., 2004). These 

gases originate in the magma and can be emitted over a short period of time or released 

slowly and continuously by an active degassing volcano. These gases can not only affect 

negatively the immediate surroundings of the volcano but can also be transported high into 

the atmosphere depending on the eruption style, undergo chemical transformations and be 

deposited through wet or dry deposition on the ground with detrimental consequences to 

soil, water, vegetation and organisms in general (Delmelle, 2003). 

2.2.1 Sulphur chemistry 

One chemical species of particular interest is sulphur in its different gaseous forms. 

Sulphur is emitted from volcanic degassing systems in form of the gases SO2 or H2S, with 

SO2 being the dominant species (Textor et al., 2004). The reduced sulphur compound, H2S 

(oxidation state -2) oxidizes in contact with the atmosphere to form the oxidized SO2 

(oxidation state +4) until reaching the stable oxidation state +6 in form of H2SO4 in the 

presence of oxygen. The higher the oxidation state, the higher is the affinity with water and 

the faster the compounds are removed from the atmosphere by wet deposition (Wallace & 

Hobbs, 2006). Sulphate (SO4
2-

) is directly emitted from volcanic eruptions in small 

amounts and is formed when SO2 oxidizes in contact with the surrounding ambient air 

(Textor et al., 2004). It has been shown during a field campaign at Kilauea volcano, 

Hawaii, that sulphates are important primary aerosols, measured directly near the emission 

vents (Mather et al., 2012). 

SO2 is the predominant gas emitted by volcanoes, but anthropogenic emission of SO2 into 

the atmosphere surpasses by far all natural sources. For the year 2000, it is estimated that 

the total natural emission was 42.5 Tg (S) versus 78 Tg (S) from anthropogenic sources; 

including all fossil fuel related sources (75 Tg (S) and biospheric carbon (landfills, 

fermentation, biomass burning, 3 Tg (S)). Volcanoes contributed with 10 Tg (S), oceans in 

terms of oxidation of dimethyl sulphide (DMS) with 25 Tg (S), the oxidation of H2S 7 Tg 

(S) and the oxidation of CS2 0.5 Tg (S) (Wallace & Hobbs, 2006). 
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Both sulphur oxides, SO2 and SO4
2-

, have been shown to have negative impacts on human 

health, ecosystems and the environment in general (Stevenson et al., 2003). Exposure to 

SO2 as well as to sulphate particulates can affect lung function and the whole cardio 

respiratory system especially if there is a long-term exposure (Longo, Rossignol, & Green, 

2008). SO2 and sulphate aerosol act as acidic irritant in the upper airways, irritating nose 

and throat at levels from 6-12 ppm, eyes and skin at levels from >20 ppm on a short term 

but prolonged exposure at these levels is affecting mostly people with already existing 

cardio-respiratory diseases (Edmonds, Grattan, & Michnowicz, 2015; Hansell & 

Oppenheimer, 2004; Williams-Jones & Rymer, 2015). Sulphate is one of the causes of acid 

rain, impacting not only freshwater ecosystems, soils and vegetation but also damaging 

buildings, vehicles and infrastructures (Edmonds et al., 2015). H2S in concentrations of 

more than 700 to 1000 ppm can cause unconsciousness and death (Hansell & 

Oppenheimer, 2004) while low level exposure (20-150 ppm) over short time periods can 

cause irritation of the upper respiratory tract, headache, fatigue and dizziness among others 

(Williams-Jones & Rymer, 2015). Long term exposure to concentrations  up to 50 ppm can 

lead to pharyngitis and bronchitis, higher concentrations (>250 ppm) to pulmonary edema 

(Williams-Jones & Rymer, 2015). 

Sulphate aerosols have an impact on the Earth's radiative budget; consequences depend on 

the emission height within the troposphere and whether above or below the planetary 

boundary layer and comprise both cooling and heating effects (Robock, 2000). When 

emitted directly into the stratosphere, sulphur compounds can play an important role in 

global climate due to their longer lifetime (Textor et al., 2004). This is best seen from the 

1991 Pinatubo eruption, when the amount of net radiation reaching the Earth's surface was 

decreased, producing cooling. The studies carried out after the 1991 Pinatubo eruption 

determined that 15-20 Mt of SO2, released into the stratosphere, can counterbalance the 

global warming and effect negatively the ozone budget (Self et al., 1993). This can be 

explained by the presence of the stratospheric sulphate layer, in which the present aerosols 

reflect the incoming solar radiation increasing the planetary albedo, resulting in a cooling 

effect. Volcanic eruptions contribute to this stratospheric sulphate layer and the emitted 

aerosols reflect short-wave solar radiation and absorb long wave terrestrial radiation 

(Wallace & Hobbs, 2006). The local heating effect of sulphate aerosols is due to their 

capacity of absorption and emission in the longwave. This heating inside the stratosphere 

has consequences on the tropospheric circulation and produces warmer winters over the 

northern hemisphere (Textor et al., 2004).  

Volcanic emissions contribute to atmospheric aerosols which can be defined as a 

suspension of fine solid or liquid particles in a gas. These very fine particles, few 

nanometer to tens of micrometer, can be emitted directly or formed via chemical 

transformations in the atmosphere (Mather, Pyle, & Oppenheimer, 2003). Three main 

reaction classes have been identified for this transformation: gas-phase homogeneous 

reactions, aqueous-phase reactions and heterogeneous reactions on surfaces of solids 

(Eatough, Caka, & Farber, 1994). Considering that the gas phase reactions need the 

hydroxyl radical (OH) to be present which is photochemically generated in the troposphere 

and has a short lifetime (Mather et al., 2003), this pathway of sulphate generation in the 

present case of the Holuhraun eruption is of minor importance as the eruption took place 

during the autumn and winter time (September 2014 - February 2015). The aqueous-phase 

reaction starts with the dissolution of SO2 in its gaseous state in a cloud droplet forming the 

bisulphite ion HSO3
-
 and the sulphite ion SO3

2-
, both in aqueous solution. After these 
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species are formed, they are oxidized to sulphate in dependence of the availability of 

oxidants such as hydrogen peroxide (H2O2) and ozone (O3) and the pH of the droplet 

(Wallace & Hobbs, 2006). O3 is less effective at low pH values whereas H2O2 does not 

show this dependency (Mather et al., 2003). Both oxidation processes are less 

photochemically dependent and it can be assumed that this pathway was predominant 

during the Holuhraun eruption. Stefánsson et al. (2017) come to the same conclusion. 

Measurements of the emission ratios between SO2 and H2O with MultiGas have shown 

that a total 284 ± 193 Mt of H2O were emitted, both from the degassing lava and derived 

from water present in the area (Gíslason et al., 2015). Water vapour was therefore available 

to facilitate the aqueous-phase reaction. The characterisation of the volcanic plume, carried 

out on 22
nd 

January 2015 at a distance of 8 km in a very young plume, showed that it was 

formed by two layers, a lower non-condensed layer and a higher condensed layer. This is 

probably due to fact that the emitted H2O condenses rapidly when in contact with the cold 

atmosphere creating ideal conditions for the aqueous phase oxidation of SO2 (Vignelles et 

al., 2016).  

SO2 can also oxidize on particle surfaces, enhanced by the presence of water. Even though 

there was no ash emission during the Holuhraun eruption, the eruption site lies within an 

area which acts as an important dust source (Dagsson-Waldhauserova, Arnalds, & 

Olafsson, 2014), this latter pathway seems also to be possible at least when there was no 

snow cover. The balloon borne aerosol measurements carried out by Vignelles et al. (2016) 

showed a total particle number concentration of around 100/cm³ for sizes between 0.2 – 

100 µm in the lower non-condensed layer while the upper, condensed layer, showed an 

order of magnitude higher particle number concentration.  

Several factors play an important role when looking at the conversion of SO2 emitted from 

a volcanic system to SO4
2-

 such as lifetime of the compound, availability of the oxidation 

agents and their lifetime in the atmosphere, ambient background conditions, meteorology 

in terms of precipitation, wind speed and direction, humidity, insulation and temperature. 

The three possible pathways, the gas-phase reaction, the aqueous-phase reaction and the 

reaction on the surface of solids can occur in combination (Erisman & Baldocchi, 1994). 

Another important factor is the latitude of the volcanic system, as well the emission height 

in relation to the planetary boundary layer (Mather et al., 2003). It has been shown for 

example that SO4
2-

 in the form of aerosols has a lifetime of 2-5 days at low altitudes, less 

than 2 km, and more than 10 days at 4 km and higher because the main removal 

mechanism is wet deposition; SO2 has a higher lifetime at higher altitudes and latitudes 

because of lower losses due to deposition and oxidation (Stevenson et al., 2003). This, 

besides the emission amount and duration, could be one reason volcanic SO2 can be 

measured so far away from the source such as in the case of the Holuhraun eruption.  

Ilyinskaya et al. (2017) characterized particulate matter and gas by carrying out a 

measurement campaign in January 2015 and comparing the measured values to surface 

observations in two towns in Iceland, Reykjahlíð and Reykjavík. The volcanic emission 

caused a change in the chemical composition of the atmosphere, not only concerning the 

SO2 concentration but also the composition of particulate matter; sulphates became the 

predominant chemical species of PM, especially in the PM2.5 and PM1 size. Comparing the 

ratio between SPM/Sgas showed that there are two types of plume, young plume with 

predominantly sulphur in gaseous form and a more mature plume, in which the chemical 

fractioning of sulphur between gas and aerosol phases is more advanced. 
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In the year 2000, Miyake volcano in the northwest Pacific ocean erupted emitting 6 x 10
4
 

t/d of SO2. Satsumabayashi et al. (2004) used air quality and precipitation data collected 

prior and during the volcanic eruption at a sampling station situated on a mountain ridge 

and located in the middle troposphere to calculate the conversion rate of young SO2 gas to 

SO4
2-

 aerosols. Both the gas phase oxidation of SO2 by OH and the aqueous phase 

oxidation of SO2 by H2O2 and O3 on humid particulate surfaces were considered and lead 

to the result of an average conversion rate of 1%/hr assuming a first order reaction 

(Satsumabayashi et al., 2004). This conversion rate follows the variation of O3, increasing 

by daytime and decreasing during the night. It must be kept in mind that the conversion is 

dependent on photochemical reactions, insulation, and temperature. Climatic conditions 

affect the kinematic of the oxidation reactions and the conversion rate calculated for the 

Miyake volcanic eruption cannot be applied for the Holuhraun eruption. As a comparison, 

Satsumabayashi et al. (2004) report the conversion rate calculated during the Sakurajima 

(active since 1955) eruptions of 2.5%/hr; the higher value is explained by the transport of 

air masses above polluted land surface instead of ocean in the Miyake volcano case. In 

Hawaii, the conversion rate from SO2 to sulphate aerosol was set to 1%/hr based on the 

half live of SO2 of 6 h in the Kilauea environment (Businger et al., 2015; Porter et al., 

2002). According to Eatough, Caka, & Farber (1994) the gas phase homogeneous 

conversion is faster when the temperature and the relative humidity is higher. Considering 

these characteristics low latitudes show in general faster conversion rates. 

2.2.2 Removal mechanisms and acid rain 

The removal of chemical species in the atmosphere can occur through two main pathways, 

the transformation into other chemical species including gas to particle conversions both 

through chemical and physical processes and the deposition onto the Earth's surfaces 

(Wallace & Hobbs, 2006). Deposition can be distinguished into wet and dry deposition 

with the latter being a slower, but continuous process and the former being characterized 

by episodic events with high deposition in short time periods (Wallace & Hobbs, 2006).  

Dry deposition is defined as the transport of gaseous and particulate species from the 

atmosphere to a surface without the presence of precipitation or wet deposition. Dry 

deposition depends on the type of the chemical species involved, its presence in particulate 

or gaseous form, its solubility in water, the meteorological conditions and the type of 

surface (Seinfeld & Pandis, 2016). SO2 in the atmosphere is transported downwards by 

turbulence and can be taken up either by vegetation, where it is absorbed by the stomata, or 

by soil. This process in enhanced in the presence of moisture but can be slowed down by 

decreasing pH (Erisman & Baldocchi, 1994). Typical values of the deposition velocity 

range from 0.1 to 2.0 cm s
-1

 depending on the type of vegetation, the surface conditions, 

the wind speed, the temperature and the radiation (Erisman & Baldocchi, 1994). The 

highest values are found over water bodies and forests (> 2 cm s
-1

), the lowest over bare 

soils and snow (< 0.13 cm s
-1

) (Erisman & Baldocchi, 1994). 

Wet deposition refers to the removal of gases or particles from the atmosphere by any form 

of condensed water (cloud drops, fog drops, rain, snow) and can occur in-cloud or below 

cloud independently (Seinfeld & Pandis, 2016). The in-cloud scavenging or rainout defines 

the mechanism of reactions within the clouds producing little changes of chemical 

composition of the rain or a slight raise in concentration over time (Berner & Berner, 

2012). The below-cloud scavenging or washout is the mechanism by which the atmosphere 

is cleansed and describes the reactions occurring below the clouds; the below-cloud 
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scavenging is characterized by a sharp drop of concentration over time, as the chemical 

species are "washed out" (Berner & Berner, 2012). 

In both cases, wet and dry deposition, the gases and particles can undergo chemical 

transformation during the removal process depending on the chemical reactivity of the 

species and their water solubility (Seinfeld & Pandis, 2016).  

A particular form of deposition is acid deposition in which acid particles or gases are 

removed from the atmosphere and deposited on the Earth's surface; acid deposition occurs 

both in wet and dry form (Seinfeld & Pandis, 2016). 

Acid precipitation is defined as having a pH below that of unpolluted rainwater (pH = 5.6) 

in equilibrium with the atmospheric concentration of CO2 (350 ppm) at the standard 

temperature of 25°C (Seinfeld & Pandis, 2016; Wallace & Hobbs, 2006). Acid rain due to 

anthropogenic emissions lays within a typical pH-range of 3.5 -5.0 and anthropogenic 

sources include both SO2 and NOx and derive from human activities such as fossil-fuel 

burning, industrial activities, transportation (Menz & Seip, 2004). It is important to notice 

that one of the main difference between anthropogenic and volcanogenic sulphur emissions 

is the emission height; anthropogenic emissions are below the planetary boundary layer 

while volcanogenic emissions eject the gases often above that into the free troposphere and 

even into the stratosphere both in the case of explosive eruptions and continuously 

degassing volcanoes (Graf, Langmann, & Feichter, 1998). The residence time of sulphur 

compounds above the planetary boundary layer is higher since removal processes are 

slower (Textor et al., 2004). While the anthropogenic sulphur emissions are being reduced 

and controlled over the past decades in light of the detrimental consequences of acid rain to 

freshwater and terrestrial ecosystems, with good success in Europe and North America (de 

Wit, Hettelingh, & Harmens, 2015), volcanogenic sulphur emissions contribute to acid 

deposition and cannot be controlled. 

The pH in precipitation depends on the atmospheric concentrations of the acidifying 

species but also on the concentrations of neutralizing species; acid-base balances within the 

rain water determine the pH and depend on the sources of cations and anions available in 

the area (Möller & Zierath, 1986). There are five sources of atmospheric chemical species, 

volcanic eruptions and exhalations, biogenic release, sea spray, soil dust and anthropogenic 

emissions (Möller & Zierath, 1986). It is difficult to determine which of the chemical 

species predominates on the generation of the hydrogen ions, and therefore the pH, in a 

rain sample. In general, the origin of Na
+
 K

+
, Ca

2+
, Mg

2+
 and Cl

-
 are particles in the air 

while SO4
2-

, NH4
+
 and NO3

-
 derive from atmospheric gases (Berner & Berner, 2012). The 

pH of precipitation is influenced by the location of the sampling station; anthropogenic 

pollution, vicinity to the sea side and availability of rock dust contribute to the measured 

pH and the chemical composition of precipitation. Chemical analysis from samples 

collected in different places in the world and over different time periods show that 

continental rain has an average pH of 4 to 6 while marine and coastal rain shows pH 

valued from 5 to 6 (Berner & Berner, 2012). 

Two case studies from different geographical areas show how the pH depends from the 

acid-base balances: in the first case from an Andean city in Colombia the sulphates are 

determining the acidity of the rainwater (González & Aristizábal, 2012), in the second case 

from an urban context in Greece the calcium cations available from the rock dust are 

influencing the pH by buffering the acidifying species (Anatolaki & Tsitouridou, 2009). In 
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Colombia, SO2 emissions come from of anthropogenic sources, in particular fossil fuel 

burning and industrial emission, and from natural sources, the active volcano Nevado del 

Ruiz (González & Aristizábal, 2012). After determining the origin of the acidifying 

species, the relationship between acid rain and particulate matter was assessed by 

calculating the sulphate scavenging ratio. It was found that the scavenging ratio is 

influenced by the rain intensity and that acid rain episodes are linked to higher sulphate 

content in the collected samples (González & Aristizábal, 2012).  

2.2.3 Examples of volcanic acid deposition 

Several volcanoes and volcanic eruptions have been studied in the past to understand the 

plume transport, interaction with ambient air, the sulphur chemistry, the acid deposition 

and their environmental effects (Delmelle, 2003; Oppenheimer, Pyle, & Barclay, 2003). 

There are numerous studies concerned with the consequences of explosive volcanic 

eruptions into the stratosphere (Robock, 2000). Constant degassing into the troposphere is 

examined by a lesser extent (Mather, Pyle, & Oppenheimer, 2003; von Glasow, 2010). 

Among others, case studies on constant degassing into the troposphere are available from 

Mt. Etna (Aiuppa et al., 2006, 2007), Vulcano (Aiuppa et al., 2007; Madonia & Liotta, 

2010), Stromboli (Cangemi, Madonia, & Favara, 2017; Liotta et al., 2006) in Italy, 

Nyiragongo in Democratic Republic of Congo (Balagizi et al., 2017; Cuoco et al., 2013), 

Miyake in Japan (Satsumabayashi et al., 2004) and Kilauea in Hawaii (Elias & Sutton, 

2007; Mather et al., 2012; Scholl & Ingebritsen, 1995; Sutton, Elias, & Navarrete, 1994; 

Sutton et. al, 1997). It should be mentioned that in most above cited cases the rain 

chemistry was investigated using bulk samples, collected monthly or bimonthly from 

different collection devices which included both dry and wet deposition. 

All these examples deal with different types of volcanic activity, from close-conduit 

fumarolic degassing at Vulcano to open-conduit passive degassing behaviour at Etna, to 

continuous degassing since 1983 at Kilauea volcano in Hawaii. The volcanic emissions, in 

terms of gases and particulates, also of secondary formation, are different for each volcano 

and represent mostly the magma of each volcanic system. Important conditions for 

volcanogenic rain acidification are the composition of the volcanic gases and the solubility 

of the different chemical species. HCl and HF are highly soluble and therefore are easily 

scavenged contributing together with SO2 to rain acidification, lowering the pH of the 

solution and mobilizing further chemical species such as metals that can have serious 

impact on ecosystems. The interplay between the volcanic gases and rainfall is not only 

dependent on the type and amount of gases emitted, but also from the availability of other 

sources of chemical species influencing the rainfall composition such as seawater spray, 

soil dust and urban pollution. Interaction between these species determine the final acid 

deposition around a volcano (Aiuppa et al., 2006; Cuoco et al., 2013; Liotta et al., 2006).  

In general, distance influences the rain acidification, that is, the further away the sample 

stations are the higher the measured pH due to atmospheric dilution of the volcanic plume 

and the interaction with the background chemistry (Aiuppa et al., 2006; Cuoco et al., 2013; 

Madonia & Liotta, 2010). At Vulcano and Etna it was shown that the SO2 gas within the 

plume decreases exponentially with distance from the emission source for the above 

mentioned reasons (Aiuppa et al., 2007).  

Prevailing wind direction and speed, and therefore the main plume dispersion direction is 

also an important factor. At Nyiragongo volcano in the Democratic Republic of Congo, at 
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the same distance from the volcano, the western part showed much lower pH values as 

prevailing wind direction dispersed the plume in this direction (Cuoco et al., 2013). A 

similar behaviour was detected at Stromboli, where the prevailing plume direction with 

respect to the sample station was found to be an important factor besides distance and 

altitude of the sampling site (Cangemi et al., 2017).  

Rainfall intensity also plays an important role, but there is not a unique relationship 

between intensity and pH values. Madonia & Liotta (2010) found that in the case of 

Vulcano heavier rainfall reduced the pH buffering capacity of atmospheric particulates 

while at Stromboli the pH is uncorrelated with the rainfall amount, probably due to the 

higher influence of dry deposition during dry season (Liotta et al., 2006). 

Aiuppa et al. (2006) found that at Etna volcano the deposition rates are mainly influenced 

by rainfall, showing the seasonal pattern of winter highs and summer lows, that is higher 

deposition of S, F and Cl during the winter time when rainfall is higher than in the summer 

time, and by the volcanic activity itself which over the sampling period changed 

temporarily from quiescent degassing and Strombolian activity to flank eruptions with 

anomalous high SO2 degassing rates. 

Another factor influencing the chemical composition of rain samples around volcanoes is 

the interaction of the collected rain with volcanic gases within the sampler. To show the 

contribution of this interaction (Madonia & Liotta, 2010) installed passive sampler 

specially designed to capture the gas-water interaction hindering bulk deposition; samples 

taken by normal rain sampler and these passive samplers at the same date and same site 

show different chemical compositions indicating a different contribution to final 

composition deriving from gas-rainwater interaction during rainfall, later interaction inside 

the sampler and from passive sampling. To avoid influences of dry deposition in a 

relatively rainfall poor area, a modified rainfall sampler was employed to collect wet 

deposition only (Cangemi et al., 2017). This new approach carried out in Stromboli island, 

Italy and over a long sampling period showed that most chemical transformation processes 

occur inside the rain sampling bottles due to the interaction between volcanic gases and the 

rain inside the sampler.  

Limitations in sampling methods and limitations of correlating sulphate values within 

precipitation samples and pH values are shown at Kilauea in Hawaii. Active since 1983 it 

emits constantly different type of gases, but mainly SO2 and H2S, and HCl is formed when 

the lava interacts with sea water (Sutton et al., 1994). Analyses of bulk precipitation 

samples showed that the non-sea-salt sulphate deposition depends on the location of the 

collector, wind speed and direction and the frequency and intensity of rain events. The 

sulphate load in the rain samples are also suggested to be formed through chemical 

transformation of other sulphur species inside the collection device. The correlation 

between high sulphate deposition and low rainfall pH is not given as the sampling period 

of 6 months is, according to the authors, not sufficient to obtain representative rainfall pH 

(Scholl & Ingebritsen, 1995).  
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3 Methods  

Rain samples from 21 measurement stations located around Iceland are used in this paper 

(Figure 3.1). The sampling station names and the number of samples taken during the 

eruption period are listed in Table 3.1. One of the stations is the long-term measuring 

station Írafoss, located in southwest Iceland, has been active since 1980 under the 

Convention on Long-Range Transboundary Air Pollution (CLRTAP) implemented by the 

Europen Monitoring and Evaluation Programme (EMEP). The station provides monitoring 

of wet and dry atmospheric deposition of sulphur, main ionic components, pH and 

conductivity of wet deposition. Other sampling stations were activated as an emergency 

response and were chosen according to logistic and practical reasons covering all the main 

wind directions from the eruption site, and for the most part at a weather- or precipitation 

station run by the Icelandic Meteorological Office (IMO) who also organized the collection 

of the samples and pH measurements The chemical analysis was carried out at the 

University of Iceland, Institute of Earth Sciences. 

 

Figure 3.1. Location of the sampling stations on an elevation map of Iceland. The red area 

marks the extend of the newly created lava field during the Holuhraun eruption and 

therefore the source of the volcanic emissions. Cartographic data from LMI. 

After an observed precipitation event, samples from the open rain gauges were collected. 

The aim was to collect every precipitation event, but the sampling was carried out on 

voluntary basis and not all precipitation events were covered. The gauges were open to dry 

deposition of particles and gases during periods without precipitation in order to provide 
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the total environmental load of dry and wet deposition. The pH of every sample was 

measured with an WTW pH meter 330/Set-1 equipped with a Sentix 41 combined 

electrode at 23° ± 2°C. Major anions were determined in every sample (F, Cl and SO4) by 

ion chromatography using an IC-2000 (Dionex, Thermo Fisher), cations (Si, Na, K, Ca, 

Mg, Al, Fe) were determined in 151 samples with the inductively coupled plasma optical 

emission spectroscopy (Spectro) (Gíslason et al., 2015; Stefánsson et al., 2017).  

Table 3.1.  Sampling stations and number of rain samples, altitude and distance from 

source (extracted from GIS). 

Sampling station Number of samples 
Distance from 

eruption site (km) 

Altitude 

(m asl) 

Augastaðir 89 207 155 

Borgir 116 96 13 

Brúsastaðir 45 175 20 

Dalshöfði 10 122 85 

Drangshlíðardalur 85 204 19 

Gilsá 28 117 142 

Grímsstaðir 31 89 390 

Hánefsstaðir 50 141 70 

Hítardalur 7 253 114 

Hjarðarland 80 188 85 

Írafoss 91 225 64 

Litla-Hlíð 7 118 271 

Neskaupsstaður 48 147 33 

Reykjahlíð 42 85 330 

Reykjavík
*
 7  263 40 

Skaftafell 17 98 138 

Staðarhóll 27 108 40 

Stafafell 28 103 37 

Svartárkot
*
 5 57 405 

Tjörn í Svarfaðardal 33 145 20 

Vopnafjörður 3 123 40 

    
*
3 samples pre-eruption 

3.1 Analysis carried out on precipitation 

datasets 

There are three sources determining the composition of the precipitation in Iceland 

sampled during the eruption period. Sulphates and fluoride are mainly coming from the 

volcanic emission with some contribution from sea spray, chlorine, magnesium and 

sodium are coming predominantly from sea spray, following closely the elemental ratios of 

the seawater and the other cation components, Si, K, Ca, have a double origin, from sea 

spray and rock and soil dust while Al and Fe are predominantly deriving from rock and soil 

dust, as their concentration is extremely low in seawater (Stefánsson et al., 2017). 

To determine the origin of the components in rainwater, the chemical species are compared 

to the elemental ratios found in sea water and in rocks, in the case of Iceland in basalts. 
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Using Na
+
 as a reference species, the excess ion or non-sea-salt ion can be calculated 

(Berner & Berner, 2012). This was done to isolate the non-sea-salt fraction of the sulphur 

using the approach of Keene et al. (1986). The formula for calculating the excess sulphate 

is the following, 

   
           

       
    

   

      
                   

where [] is the concentration of …, nss is non-sea-salt and sw is the seawater ratio. 

The method of Keene et al. (1986) is based on the following three assumptions, that the 

reference species, in this case Na
+
, is entirely of sea-salt origin, that during the sea-salt 

aerosol formation there is no fractionation of the sea-salt species and that there is no 

fractionation of the sea-salt species as the aerosol is scavenged by precipitation.  

The pH was examined by comparing it to the pH calculated by the sole contribution of 

SO4-S (sulphur deriving from sulphate) and SO4-Snss (non-sea-salt sulphur deriving from 

sulphate). This was mainly done to quantify the difference from the actual measured pH 

which is an expression of the acid-base reactions within a rainwater sample and the 

potential pH value, if the acidity would depend solely from the sulphate. 

One challenge of the present work is the inhomogeneity of the rain sample dataset in terms 

of location (Figure 3.1), number of samples taken in each location (Table 3.1) and number 

of sea-salt corrections performed in each location which depends on the availability of 

cation determination (N = 151, total number of samples N = 850). 

Another important factor is the precipitation amount. To include this parameter the volume 

weighted mean (VWM) is used. The concentration of a species is multiplied with the 

rainfall depth, all precipitation events are summed and then divided by the total liquid 

depth for all events (Seinfeld & Pandis, 2016), 

                           

with [xi] the concentration of the substance x and Ri the rainfall amount.  

The same applies to the volume weighted pH; in this case first the measured pH values are 

converted into H
+
 concentration, these are then averaged taking into account the rainfall 

amount and the final H
+
 concentration is reconverted into the volume weighted pH 

(Seinfeld & Pandis, 2016).  

Finally, the correlation between SO4 and pH was calculated to see if there is a linear 

relationship between these two variables in the current used precipitation datasets. Main 

aim was to determine the acidifying potential of volcanic sulphur. If no correlation is found 

it can be assumed that there are other sources and ions dominating the acid-base reactions 

within a rainwater sample.  
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3.2 Geographical features of sample locations 

The sample stations were analyzed with respect to their altitude, latitude, and distance to 

the eruption source, and distance to the nearest shoreline using GIS with cartography data 

available on the web from the website of the National Land Survey Iceland 

(Landmaelingar Íslands, lmi.is).  

In order to understand the surroundings of each sample station and their potential 

influences on the precipitation composition, the land cover within a radius of 10 km was 

analyzed. For two sample stations, for which the wind speed and directions were available, 

the land cover in the predominant directions of the wind was analyzed as well. For that 

purpose, the land cover map "Nytjaland" from the Agricultural University of Iceland 

(Gísladóttir, Arnalds, & Brink, 2014) was used. Different land cover classes are 

distinguished in the map, ranging from cultivated land, grassland, heath land, wetlands, 

birch shrub lands, forestry and barren lands, glacier, lakes and rivers. The classes are also 

distinguished by the condition of the vegetation (poorly-richly-semi-partially-sparsely). As 

the type of vegetation is not of direct interest in the present study, but only the availability 

of rock dust and aerosol, the vegetation classes were summarized into two classes: 

vegetated and barren/ poorly vegetated land. In addition, lake and rivers, glaciers, and 

ocean were distinguished.  

Table 3.2. Overview of the sources of used datasets. 

Datasets Responsible 

institution 

Contact person, website 

Precipitation samples 

during Holuhraun 

eruption, pH 

measurements 

IMO* Gerdur Stefánsdóttir 

(Sigurðsson & Stefánsdóttir, 

2015) 

Chemical Analysis of the 

precipitation samples 

(cations and anions) 

IES** Andri Stefánsson 

Irafoss dataset IMO*, EMEP Arni Sigurðsson 

(Sigurðsson & Stefánsdóttir, 

2015) 

Weather observation data IMO* http://en.vedur.is/about-

imo/contact/ 

Precipitation observation 

data 

IMO* http://en.vedur.is/about-

imo/contact/ 

Geographical data for GIS National Land Survey 

of Iceland 

lmi.is 

Nytjaland landcover 

dataset for GIS 

Agricultural University 

of Iceland 

http://www.nytjaland.is/landbu

nadur/wgrala.nsf/key2/nytjalan

d.html 

   

* Icelandic Meteorological Office (IMO), **University of Iceland, Institute of Earth 

Sciences (IES) 

 



37 

3.3 HYSPLIT modelling 

HYSPLIT was developed by the NOAA`s Air Resource Laboratory and is an atmospheric 

transport and dispersion model which can be used for free (Stein et al., 2016). The model 

can be run either on the web platform (http://ready.arl.noaa.gov/HYSPLIT.php) or 

downloaded to run on PC. This model was chosen as it is free, easily usable and a 

supercomputer is not required. 

HYSPLIT can perform numerous air dispersion calculations such as air parcel trajectories, 

transport, dispersion, chemical transformation and deposition simulations. The present 

work deals with precipitation samples taken over a period of six months and over an area 

of about 100 000 m³. The chemistry of precipitation in Iceland is influenced by three 

sources (section 1.2) sea spray, rock aerosol and dust and volcanic emissions. In order to 

assess the amount of volcanogenic gases and volcanogenic particles in the collected 

precipitation samples it was chosen to perform a HYSPLIT simulation for the months 

September to December 2014 in addition to the analysis of the chemical datasets.  

As in every model calculation assumptions and simplifications have to be made to obtain a 

reasonable simulation of natural processes. The dispersion of the volcanogenic particles 

and gases is examined in relation to precipitation samples. In the samples the sulphur 

content is measured as sulphate ion, which can be derive directly from the volcanic 

eruption (Mather, 2015) but most likely is a transformation product of SO2. The source 

term of SO2 has been constrained by ground-based measurements (Pfeffer et al., 2017) but 

the amount of SO4
2-

 generated by chemical transformation and by direct emission is 

unknown. The chemical transformation from SO2 to SO4
2-

 has three main pathways: a gas 

phase reaction which is photochemically dependant, an aqueous phase reaction and the 

reaction on the surface of solids, such as aerosols and dust particles. Assessing which one 

of these reactions is predominant and especially the rate of transformation lies outside the 

aim of the present work. Therefore, a simplification was made, assuming to have a 

constant source of SO4
2-

 located at the emission vents of the Holuhraun eruption and not 

changing over time. This amount of SO4
2-

 is then transported in the lower troposphere and 

then deposited on the ground where it is collected in precipitation samplers. Generally 

speaking deposition occur dry or wet. In the first case the amount of deposition is low but 

constant over a large area while during the wet deposition there is a large amount deposited 

over a short time period and over the area affected by the precipitation event. Considering 

the Icelandic weather and the timing of the eruption, only wet deposition was calculated. 

Dry deposition affecting the precipitation samples cannot be excluded as the sample 

devices were open, but it is assumed that the entity of wet deposition is much higher and 

has therefore more weight in generating the chemical solution represented by the 

precipitation. HYSPLIT can calculate the wet deposition of gases or of particles. The 

transformation of SO2 to SO4
2-

 can occur on water droplets (aqueous phase reaction) or on 

the surfaces of solids generating sulphate aerosol. The generated sulphate is more likely a 

particle and in the model the wet deposition of particles is calculated. In addition, 

Ilyinskaya et al. (2017) analyzed the fractioning of sulphur between gas and aerosol phases 

over time concluding that the sulphur in particulate matter to sulphur in gas phase ratio is 

higher when the plume is more dilute, that is older. Therefore, a large increase in sulphate 

in particulate matter was measured which indicates that a gas to particle conversion 

occurred (Ilyinskaya et al., 2017).  
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The principal constituents of Icelandic precipitation are sea spray, rock aerosol and dust 

and volcanogenic gases. These constituents are present as chemical species in the 

atmosphere and interact, as well as the volcanogenic gases themselves within the volcanic 

plume; to simplify the model all these different chemical species and interactions are not 

modelled.  

 

Figure 3.2. Sketch of the processes involved and the simplifications made within the 

HYSPLIT model. 

These simplification and assumptions (Figure 3.2) are made in order to facilitate the 

calculations and to verify if the so designed model could be used as a forecasting tool in 

case of future sulphur-rich volcanic eruptions. To validate the model and the assumptions 

the model output is compared to the measured sulphate values from the 21 sample stations.  

The input parameters for HYSPLIT are summarized in Table 3.3. The meteorological data 

files are the ERA-Interim daily files retrievable from the ECMWF website 

(http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/). These data are global 

reanalysis files of recorded climate observations with a spatial resolution of 0.7 degrees 

with exception of the precipitation field which is forecast field.  

The eruption starts on 31 August 2014 and ends on 27 February 2015. The reported 

activity was higher during the early stages of the eruption (Gíslason et al., 2015; Pfeffer et 

al., 2017) and the first Iceland-wide precipitation samples are taken from September 19th. 

The model runs from 1 September to 31 December 2014 and the comparison between the 

model output, that is the distribution of wet deposition of the SO4
2-

 particles was carried 

out starting with 19 September.  

HYSPLIT calculates the wet deposition of particles through a rate constant expressed as a 

scavenging coefficient, the same for both below- and within cloud, modified by the 

precipitation rate. The scavenging coefficient of 8x10
-5

 proposed by HYSPLIT was applied 

(https://ready.arl.noaa.gov/documents/Tutorial/html/chem_wetp.html). By using the 

ECMWF re-analysis files, it should be kept in mind that the total precipitation field is a 

forecast data, while all the other necessary meteorological parameters are reanalysis fields. 

This could lead to discrepancies between observed rain in Iceland and the wet deposition 

output from the simulation. In order to separate the wet deposition from any kind of dry 
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deposition, the settling velocity was forced to a very small negative number 

(https://ready.arl.noaa.gov/documents/Tutorial/html/chem_wetp.html).  

This is simplification, as dry deposition occurs always and contributes to large losses over 

long time periods while the wet deposition identifies only the areas with rainfall and the 

time periods of losses are short.  

The measured amount of sulphate in the samples is expressed as mg/l while the model 

gives an amount of wet deposition in terms of kg/m². To compare the precipitation 

collected in 24 hours, the model outputs show the wet deposition at 9 am integrated over 

the previous 24 hours. 

Table 3.3.  Overview of the used data inputs for the HYSPLIT modelling. 

Input parameter  Source 

Meteorological data ERA-Interim  http://apps.ecmwf.int/datasets/

data/interim-full-daily/ 

Emission height 100-500 m agl Emission over vertical column 

Emission rate SO4 1000 kg/hr Inferred 

Emission location 64.879, -16.822  

Particle Size of SO4 

(diameter) 
1.8 m  Ilyinskaya et al., 2017 

Scavenging coefficient 

(below-cloud, within-cloud) 

8x10
-5

 HYSPLIT, Sportisse, 2007 

 

The model output is a map of Iceland for each day of modelling representing a snapshot of 

the concentration at 9 am integrated over the previous 24 hours. The time was chosen as 

the precipitation samples were collected mostly at 9 am, sometimes in rare occasions also 

at 6 pm and are in general never older than 24 hours. As the source term is unknown the 

difference in the measurement units are not a concern as the comparison between modelled 

concentration and measured concentration is qualitative rather than quantitative. The most 

important information from the modelling is the distribution of sulphates. The release of 

SO4
2-

 started on September 1st and is continuous, that is the same amount of 1000 kg of 

sulphate is emitted per hour for the whole 4 months period of the model. 

The colour coded concentration maps were compared to the amount of sulphate measured 

in each sample. For several stations precipitation measurements are available and this 

information was also used to validate the model.  
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4 Results 

There are certain difficulties regarding the performed analysis. The samples stations are 

located over an area of about 100 000 km² making it difficult to find common features; 

every station has to be analyzed on its own. The number of samples and in depth chemical 

analysis vary from sample station to sample station making a statistic comparison 

insignificant due to insufficient data. Another factor complicating the analysis is the time 

factor, in terms of evolution of the eruption, the passage of the plume, the chemical 

transformations within the plume and the background atmosphere and the change in 

weather conditions.  

4.1 Analysis carried out on precipitation 

datasets 

The total number of collected rain samples was N=850, but not all samples could be fully 

analyzed in terms of cation and anion determination. The pH was measured in 773 cases, 

the SO4 content in 786 samples, while the complete cation analysis was performed for 151 

samples. This means that the sea-salt correction carried out through the Na content could 

be performed 151 times. In addition to that, there are 85 fully analyzed samples for the 

Írafoss station and the sample size of sea-salt corrected sulphur values is 236. 

The analysis of all the rain samples (N = 850) from all 21 sample stations show that the 

measured pH was lower than 5.7, which is the pH of unpolluted precipitation in 

equilibrium with the CO2 at the average temperature of 0~5°C in Iceland (Stefánsson et al., 

2017), in 21.1% of the samples. 9.2% was higher than the neutral pH of 7 and 69.7% of the 

samples were in between these two limits. Comparing the measured pH values with the 

calculated pH deriving only from the sulphate concentration found in the samples, it is 

clear that the pH of the latter lowers dramatically. From 786 samples, only the 0.4% is 

higher than the pH of 5.7; 99.6% fall below that limit (Figure 4.1). 

There is a clear difference between the measured pH (blue dots) and the calculated pH 

from the total sulphur (red dots) and the non-sea-salt sulphur (yellow dots) content (Figure 

4.1). The calculated pH from the total sulphur (red dots) is on average slightly lower (0.14 

on the pH scale) than the non-sea-salt sulphur (yellow dots) with the minimum difference 

between both being 0 and the maximum 1.31 on the pH scale. The calculated pH from the 

total sulphur is either the same as the pH calculated from the non-sea-salt amount, that is 

when all the present sulphur is from non-sea-salt origin, or it is lower.  
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Figure 4.1. Comparison between measured pH values (blue dots) and potential pH values, 

if the pH would derive only from the contribution of the total sulphur (red dots) and non-

sea-salt derived sulphur (yellow dots). The two lines mark the pH of 7.0 and 5.7 

respectively. 

To visualize better the theoretical relationship between sulphate concentration and 

calculated pH, the following graph (Figure ) shows the negative exponential correlation of 

the pH as a function of sulphate concentration (grey dots). In addition, the correlation 

between the measured pH as a function of the total SO4-S concentration (red dots) and the 

non-sea-salt sulphate (SO4-Snss) concentration (yellow squares) are given. Clearly, the 

sulphate amount is not the only decisive ion determining the pH values. In fact, the pH is 

expressed as the negative logarithm of the hydrogen ion and the "pH value of precipitation 

water is a result of the acid-base balance of chemical constituents arising from the 

incorporation of atmospheric gases and aerosols by in-cloud and sub-cloud scavenging" 

(Möller & Zierath, 1986). The non-correlation between the sulphate content and the 

measured pH values gives an information about the importance of other, non-identified 

ions determining the acidity of the samples. It also has to be highlighted that the presence 

of sulphates in the sample does not necessarily mean that sulphates are deriving solely 

from sulphuric acid, but as well as from salts dissociating in solution with water. Sulphates 

deriving from sea water spray are expressed as SO4
2-

 but it was found that these ion 

concentrations are effectively made up by the free ion and by ion pairs such as NaSO4
2-

, 

CaSO4, MgSO4 (Berner & Berner, 2012). 

The three main sources of ions for Icelandic rain are identified in being sea water spray, 

rock aerosols and dust and from volcanic eruptions (Eiriksdóttir et al., 2014; Flaathen & 

Gíslason, 2007; Stefánsson et al., 2017). To identify the different sources, the elemental 

ratios found in seawater can be used. Element concentrations in ocean waters can vary but 

the ratios between one element and another are relatively stable (Berner & Berner, 2012). 

Applying the seawater ratios for Cl/Na, Cl/SO4-S, Cl/Mg and Cl/Ca for the sample stations 

Írafoss, Hjardarland, Grímsstadir and Borgir it was found that both Ca and SO4-S are 

enriched compared to the seawater ratios and have therefore another origin. The relative 

graphs can be found in the Appendix B. This was expected, as Ca concentrations in 
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seawater are relatively low and the surplus can derive from the evaporation of seawater 

spray and formation of calcite which is then carried over the land (Eiriksdottir et al., 2014) 

and SO4-S is surely partially coming from the volcanic eruption. Stefánsson et al. (2017) 

already came to the same conclusions analysing the totality of the datasets. Main aim in the 

present case is to discriminate geographical features of single locations to determine the 

presence of areas prone to rain acidification in Iceland. 

For all measurement stations the arithmetic mean, the maximum and minimum value and 

the volume weighted mean with respect to the precipitation amount was calculated for the 

following parameters: measured pH, pH calculated from the contribution of SO4-S, pH 

calculated from the contribution on non-sea-salt sulphur, SO4-Snss. The table summarizing 

these parameters for the sampling stations with 10 or more samples can be found in the 

Appendix A.  

 
Figure 4.2.  Theoretical negative exponential correlation between SO4-S content and 

calculated pH from the sulphate concentration (grey dots); Measured pH values plotted 

against the total sulphate content of the rain samples (red dots); Measured pH values 

plotted against the non-sea-salt derived sulphur (yellow squares). 
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4.2 Geographical considerations  

Besides the meteorology and the chemical composition of the background atmosphere, 

geographical factors such as topography, surface properties and distance influence the 

plume transport and dilution. To investigate if the dispersion of the volcanic plume and 

subsequently the dispersion and concentration of the sulphate ions depend on the distance 

from the source, on the latitude and altitude, these parameters were plotted against the pH 

and SO4-S measurements of each sample station.  

It has been shown that distance and altitude compared to the source location can influence 

the source strength, e.g. the further away samples are taken the smaller the amount of 

measured contamination. To investigate these parameters SO4-S (Figure 4.) and pH 

(Figure 4.4) were plotted against air-line distance, altitude and latitude. But no correlation 

could be found, e.g. stations further away are not lesser influenced than stations closer to 

the source. Previous studies affirming the distance and altitude as important controlling 

factors (Aiuppa et al., 2006; Cangemi et al., 2017; Cuoco et al., 2013) refer mostly to short 

distances and do not comprise an area as wide as nearly the whole of Iceland (~100 000 

km²). The most distant sampling stations was Reykjavík (263 km) and the closest 

Svartárkot (57 km), measured in linear distance. The stations with the lowest pH values are 

Írafoss, 225 km away from the source, and Borgir, 96 km. The altitude range of the 

sampling stations goes from 20 m above sea level for locations close to the ocean to 405 m 

above sea level of Svartárkot, laying in the highlands. The altitude influences the 

vegetation in Iceland, as in the highlands vegetation is sparse and there are extensive 

barren lands with high rock dust and aerosol availability. The latitude was plotted to see, if 

there could be a difference due to insulation characteristics and different land cover. The 

southernmost sampling station is Drangshlíðardalur (63.5° latitude), the northernmost 

Tjörn í Svarfardal (65.28° latitude). Same as with the distance, altitude and latitude seem 

not to influence the distribution of pH and SO4-S measured in the different samples. 

Distance could also be used as a proxy for time. Supposing that the further away a sample 

stations lays, the more time passes between the emission and the transport of the volcanic 

plume. That means that there is also more time for chemical transformations to occur and 

in this specific case, the transformation from the emitted SO2 to the then collected SO4
2-

 in 

the rain samples.  
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(a) 

(b) 

(c) 

Figure 4.3. Measured pH values of all samples stations (n=21) compared to altitude (a), 

distance from source (b), and latitude (c). 
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(a) 

(b) 

(c) 

Figure 4.4. Measured SO4-S content (mg/l) of all samples stations (n=21) compared to 

altitude (a), distance from source (b) and latitude (c). 
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To simplify the visualization of the relationship between distance and pH, Figure 4.5 

shows the mean measured pH, the volume weighted mean, the minimum pH and the 

maximum pH for each sampling station (values from Appendix A). The volume weighted 

mean is lower than the arithmetic mean (except for Vopnafjörður with n=3 and Svartárkot 

with n=5); this signifies that the lower the rainfall depth the higher the ionic concentrations 

suggesting that with more rainfall there is more dilution of the chemical species. Lower 

precipitation suggests lower dilution in or below-cloud levels similar to the case studies 

presented by González & Aristizábal (2012) and Anatolaki & Tsitouridou (2009). Figure 

4.5 also shows that longer distance does not necessary mean higher pH values. Cuoco et al. 

(2013) investigated the rain acidification due to Nyirayongo volcano in the Democratic 

Republic of Congo finding that the further away from the crater, the higher the pH, but that 

there was also one preferable direction of plume dispersion in which at same distances pH 

values were lower implying that local wind patterns had a higher influence than distance 

alone. It has to be kept in mind, that the previous example is dealing with distances up to 

25 km, while the present study deals with distances up to 263 km. 

 

Figure 4.5. Mean measured pH, volume weigthed mean of the measured pH, maximum pH 

and minimun pH of all 21 sampling stations plotted against the distance from the emission 

source.  

 

4.2.1 Distance from nearest sea shore 

Another geographical feature of the sample locations is the distance from the nearest sea 

shore. According to past analysis of precipitation samples in Iceland, stations located 

further away from the sea should present the least influence from seawater spray 

(Eiriksdóttir et al., 2014). The air-line distances to the nearest shore line for each sample 

station were extracted by GIS without considering main wind directions and speeds. Figure 

4. shows the amount of sulphur in the samples, assumed to be derived from sea spray, 

plotted against the distance from the nearest shore line. To obtain the amount of sulphur, 

the non-sea-salt sulphur (SO4-Snss) was subtracted from the total sulphur (SO4-S) 

measured in the samples. The graph clearly shows the above mentioned relationship 
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between distance and sea-spray influence. Sample stations located within 5 km from the 

sea shore such as Neskaupsstaður, Hánefsstaðir, Borgir, and Drangshlíðardalur show the 

highest sea spray impact which is then decreasing with distance. However, the comparison 

of the sample stations proves rather difficult as the available number of samples and the 

number of sea-salt corrected sulphate content differs considerably. The influence of sea 

spray is also highly dependent on the prevailing wind speeds and directions which are not 

accounted for in this analysis. 

 

Figure 4.6.  Difference of SO4-S and SO4-Snss plotted against the air-line distances from 

the nearest shore line (data extracted from GIS).  

Calculating the percentage of non-sea-salt derived sulphur from the total measured sulphur 

amount in the precipitation samples, the sample stations located further away from the sea 

shore show on average more than 80% of the sulphur as not deriving from sea-salt, while 

the locations closer to the sea shore show more variable percentages from 43% 

(Drangshlíðardalur) up to 67% (Neskaupsstaður) with the exception of Hánefsstaðir, 

showing 85%. Table 4. shows the percentages expressed as an average together with the 

minimum, maximum values and the respective measurement day and the air-line distance 

from the nearest shore line.  

 

 

 

 

 

 



49 

Table 4.1.  Percentage of non-sea-salt derived sulphur compared to the total amount of 

sulphur present in the precipitation samples. 

 

Air line 

distance from 

sea shore 

(km) 

% of SO4-Snss 

compared to SO4-S 

Average 

% Min 

(date) 

% Max 

(date) 

Neskaupsstaður 0.1 67% 
16% 

(15.12.14) 

98% 

(27.09.14) 

Hánefsstaðir 0.3 85% 
30% 

(23.11.14) 

99% 

(05.01.15/ 27.09.14) 

Borgir 2 53% 
6% 

(07.01.15) 

96% 

(21.09.14) 

Drangshlíðardalur 4.5 43% 
8% 

(01.12.14) 

98% 

(14.11.14) 

Írafoss 25 80% 
5% 

(29.01.15) 

99% 

(19.10.14) 

Augastaðir 40 85% 
20% 

(09.01.15) 

99.7% 

(02.11.14) 

Reykjahlíð 45 97% 
80% 

(13.01.15) 

99.7% 

(30.11.14) 

Hjarðarland 57 87% 
49% 

(07.12.14) 

99% 

(11.11.14) 

Grímsstaðir 57 97% 
95% 

(09.12.14) 

99.3% 

(22.09.14) 

 

 

    

4.2.2 Landcover 

Only 20.8% of the total area of Iceland is vegetated (Figure 4.7) considering simplified 

land cover classes condensing the following classes into one: grassland, rich heathland, 

cropland, birch forest, forestry, moss, semi-wetland and wetland. Of the rest, 66.0% is 

barren or poorly vegetated land, 10.6% is covered with glaciers or perpetual snow and 

2.6% are lakes and rivers. The presence of barren or poorly vegetated land reflects the 

availability of basaltic rock dust acting as a buffer in case of acid rain. The possibility that 

rock dust neutralizes acidity is reported from different case studies, such as from Japan, 

where "yellow sand storms" containing CaCO3 coming from the deserts in central Asia 

neutralize the acidic aerosols formed after the Miyake eruption (Satsumabayashi et al., 

2004). The neutralization capacity of yellow sand was estimated in increasing the pH on 

average by 0.1 and during heavy storm events by 0.5-0.7 for the year 1999 (Terada, Ueda, 

& Wang, 2002). 

Icelandic dust composition varies according to the location of the dust source and the 

composition of the present bedrock ranging from basaltic rocks, to lava fields, to basaltic 

glass. The processes involved in the dust/sand generation range from aeolian to glacial and 

fluvial and influence properties and mineralogical composition of the dust. The frequent 

volcanic eruptions producing volcanic ashes are also influencing temporarily the 

composition of available dust (Arnalds, Dagsson-Waldhauserova, & Olafsson, 2016; 

Baratoux et al., 2011; Dagsson-Waldhauserova et al., 2014). Examples of analysed dust 

samples report that 70-85% is composed by volcanic glass with heavy metals (Arnalds et 

al., 2016).  



50 

 

Figure 4.7.  Modified land cover map. The 15 land cover classes from Nytjaland were 

condensed to four: 1) vegetated land including grassland, rich heathland, cropland, birch 

forest, forestry, moss, semi-wetland, wetland, 2) barren, poorly vegetated land including 

poor heathland, partially vegetated, sparsely vegetated land, 3) rivers and lakes, and 4) 

glaciers and perpetual snow. In red is the area of the Holuhraun lava field. Data from 

Nytjaland and LMI. 

The highlands are an important dust source, but due to their elevation it is also the part 

where precipitation occurs in form of snow creating a snow cover during autumn or in any 

case earlier than in the lowlands. The percentage of vegetated land vs. barren land was 

calculated within a radius of 10 km around the sample station (Table 4.). This should give 

an information about the availability of dust in the immediate surroundings of the sample 

station which potentially can enter the sampling device producing the buffering of the 

solution and also the presence of vegetation and water bodies, which can influence the dry 

deposition. The stations were selected on the basis of their location within the highlands or 

at the margin of it (Reykjahlíð, Grímsstaðir, Litla-Hlíð), the locations close to the sea 

(Hánefsstaðir, Neskaupsstaður, Borgir), locations in the more cultivated south-southwest 

(Hjardarland, Írafoss, Augastaðir, Hítardalur) and Drangshlíðardalur and Skaftafell in the 

south, being influenced also by glaciers. These stations with exception of Litla-Hlíð and 

Hítardalur, also have the most samples.  
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Table 4.2.  Percentages of land cover type of an area of 10 km radius around selected 

sample stations, from the least covered with vegetation (Grímsstaðir) to the most 

(Hjarðarland).  

 Vegetated Barren/ 

poorly 

vegetated 

Lake 

and 

Rivers 

Glaciers Ocean Uncategorized, 

islands and 

reefs 

Grímsstaðir 1.0 98.0 2.0    

Litla-Hlíð 4.0 95.0 1.0    

Skaftafell 16.0 65.0 3.0 17.0   

Neskaupsstaður 21.6 34.8   43.5 0.04 

Reykjahlíð 22.4 63.8 13.7    

Borgir 23.0 42.6 5.5  28.3 0.48 

Drangshlíðardalur 23.2 49.4 0.3 6.1 21.0 0.01 

Hánefsstaðir 24.1 58.4 0.1   0.01 

Hítardalur 40.6 56.6 2.8    

Brúsastaðir 41.0 58.5 0.5    

Augastaðir 44.0 54.0 1.0 0.6   

Írafoss 45.0 45.0 10.0    

Hjarðarland 65.0 32.0 2.0    

 

In addition to a generalized 10 km radius, for two sample stations, Grímsstadir and 

Hjarðarland wind direction and wind speed data are available (Table 4.). The analysis of 

the predominant winds for the months of September and October 2014 determined the 

main wind directions; according to these wind directions, the percentage of vegetated, 

barren/ poorly vegetated land and lake and rivers were extracted from the land cover map. 

The area was determined by plotting a polygon with one side of about 10 km length and 

the angles of the main wind directions determined through a wind rose. 

In the case of Grímsstadir there are four predominant wind directions, ENE-E, SSE, WSW 

and NNW. The percentages of vegetated and barren/ poorly vegetated land are respectively 

0.1 and 99 and it can be seen from Figure 4. how the only vegetated land is the area around 

the farm and that there is a high amount of available dust in the immediate surroundings of 

the sample station.  

Hjarðarland on the other hand is surrounded by vegetation (Figure 4.) and the percentages 

for the two wind directions - SSE-SSW and N-NE - are 70-75 for vegetated land, 22-23 for 

barren/ poorly vegetated land and 3-6% of the land is covered by rivers and lakes. 
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Figure 4.8.  Land cover calculation considering the main wind directions measured during 

September and October 2014 for Hjardarland (left) and Grimsstadir (right) Landcover 

map Nytjaland, cartographic data LMI, wind data from IMO.  

Table 4.3.  Percentages of land cover type for Grímsstaðir and Hjarðarland considering 

the main wind directions measured during September and October 2014.  

 

Predominant wind 

direction  Vegetated 

Barren/ poorly 

vegetated 

Lakes and 

rivers 

Grímsstaðir ENE-E 67°-90° 0.10 99.90 0.00 

 

SSE 180°-135° 0.03 99.97 4.16 

 

WSW 225°-247° 0.09 99.91 1.30 

 

NNW 315°-337° 0.49 99.51 0.05 

      Hjarðarland SSE-SSW 157° - 202° 70.4 23.4 6.2 

 

N-NE 0° - 45° 74.8 21.9 3.3 

      

 

4.2.3 Topography 

From a topographic point of view there are different settings among the sample stations. 

The following description is limited to few sample stations which become relevant during 

the evaluation of the HYSPLIT model (Chapter 4.3). In Appendix C there are topographic 

maps showing the cited stations in their geographical context.  

Írafoss and Hjarðarland lay in the relatively richly vegetated lowlands (0-200 m asl), 

surrounded by relatively low mountain ridges and with the presence of numerous water 
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bodies. Reykjahlíð and Grímsstadir are located at the edge of the highlands (201-400 m 

asl) in relatively sparsely vegetated surroundings with Reykjahlíð laying close to the lake 

Mývatn. Hánefsstaðir and Neskaupsstaður are located in two fjords in the Eastfjords, at 

about sea level and surrounded by about 1000 m high mountain ridges. Borgir is also 

located close to the sea shore but in a lagoon setting and with the biggest glacier, 

Vatnajökull, extending North and West of it. Drangshlíðardalur is also influenced by 

mountains and glaciers (Eyjafjallajökull and Mýrdalsjökull) laying in the richly vegetated 

lowlands at the south coast. The local topography can influence the occurrence of rain as 

well as influence the dispersion of pollutants.  

 

4.3 HYSPLIT analysis 

The most suitable emission height was found to be from 100 m to 500 m agl with a 

simulated vertical release between these two heights. It is most likely that the lowermost 

part of the plume affected Iceland directly, while the part ejected higher into the 

atmosphere was transported further away affecting the atmospheric conditions of northern 

Europe as reported by several authors such as Ialongo et al. (2015), Schmidt et al. (2015), 

Steensen et al. (2016). The average top of the eruption cloud was found to be between 1 

and 3 km above ground level with the highest levels measured during the initial eruption 

phase (Pfeffer et al., 2017). Setting the emission height too high in the HYSPLIT model 

does not provide satisfactory outputs in terms of deposition on the ground, e.g. not enough 

particles reached the ground to be compared with the measurements. This lead to the 

conclusion that for modelling the emission height has to be lower and the range from 100 

to 500 m agl was chosen. 

The modelled period from 1 September 2014 to 31 December 2014 covers 121 days. The 

collection of rain samples started on 12 September, but for the first days of September 

there is also data from Írafoss. The comparison between the HYSPLIT outputs and the rain 

samples in terms of SO4 content starts on 19 September as it is the first date where samples 

from more than a few stations are available. The wet deposition calculated from HYSPLIT 

is compared to the available samples from 19 September to 31 December (Figure 4). For 

each day, this amount was then compared to the effectively measured SO4-S content in 

each available precipitation sample to see if there is an accordance between the modelled 

distribution and the real data. It was chosen to compare the model with the total sulphur 

present in the precipitation samples. Although knowing that a part of the sulphur can 

derive from sea-salt as shown in Chapter 4.1, the number of non-sea-salt derived sulphur 

(SO4-Snss) measurements is very low compared to the available total sulphur (SO4-S) 

content.  
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Figure 4.9.  Examples of HYSPLIT output for 20 and 21 September 2014. The emission of 

SO4 started on 1 September 2014, the outputs are taken every day at 09:00 as a integral of 

the previous 24 hours. The color code changes due to the flexible color coding according 

to the minimum and maximum concentration. 
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Comparing the model output and the precipitation samples leads to four cases: yes/yes, 

when there is an accordance between modelled output and samples taken at the specific 

site; no/no, no modelled distribution at the site and no sample taken; yes/ no, that is a 

modelled output but no sample; no/yes, no modelled output but samples are taken (Table 

4.).  

In addition, the precipitation measurements registered at the weather observation stations 

close to the sample stations were used to verify the effective occurrence of rain as 

modelled by HYSPLIT. In fact, the meteorological input files are the ERA-Interim daily 

reanalysis data in which the precipitation field is only a forecast field and does not have a 

reanalysis based upon observations. Discrepancies between modelled output and registered 

precipitations and samples could derive from this fact. The correction allows however only 

to determine if there was precipitation, not if the precipitation was affected by wet 

deposition of SO4-S. 

Table 4.4.  Number of times the modelled output of SO4
2-

 wet deposition corresponds to the 

precipitation samples for selected sample stations. The second line shows the correction 

with the available precipitation data. 

Station 

Number of 

measurements 

(19.09.14 - 

31.12.14) 

model/ meas. 

YES/ YES 

model/ meas. 

NO/ NO 

model/ meas. 

YES/ NO 

model/ meas. 

NO/ YES  

Írafoss 65 23 32 25 24 

Borgir 

 

67 

 

24 

24+3=27 

19 

19-3=16 

19 

19-3=16 

42 

42+3=45 

Reykjahlíð 

 

30 

 

19 

19+31=50 

28 

28-16= 12 

46 

46-31=15 

11 

11+16=27 

Grímsstaðir 

 

23 

 

11 

11+34=45 

32 

32-22=10 

51 

52-34=18 

7 

7+22=29 

Hjarðarland 

 

40 

 

11 

11+12=23 

47 

47-20=27 

27 

27-12=15 

18 

18+20=38 

Neskaupsstaður 

 

40 

 

20 

20+15=35 

42 

42-32=10 

23 

23-15=8 

19 

19+32=51 

Hánefsstaðir 

 

20 

 

16 

16+23=39 

53 

53-45=8 

32 

32-23=9 

3 

3+45=48 

Drangshlíðardalur 

 

28 

 

5 

5+18=23 

52 

52-31 =21 

24 

24-18=6 

23 

23+31=54 

 

The four classes are combined into one positive outcome, or agreement between model and 

measurements/samples by adding the yes model/ yes measurement and no model/ no 

measurement categories. The negative outcome, or disagreement, is calculated by adding 

the yes model/ no measurement and no model/ yes measurement categories.  

Table 4.5 shows the agreements and disagreements for all measurement stations as counts 

and percentages and for the precipitation observation corrected count. Taking the mean of 

the examined sample stations the wet deposition calculation of HYSPLIT has a 52% 

agreement with the measurements and a 48% disagreement, with the lowest agreement 

found in Grímsstadir (36%) and the highest in Hánefsstaðir (66%). Using the precipitation 

observations as a correction the agreement/disagreement between the model and the 

measurements becomes on average 50%-50% with the lowest agreement found in Borgir 

(41%) and the highest in Reykjahlíð (60%).  
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The comparison between the model and the measurements was carried out for the sample 

stations mentioned in Table 4. due to the number of available measurements and the 

location. Írafoss and Hjarðarland are located in the West/ Southwest, Reykjahlíð and 

Grímsstadir in the North, Hánefsstaðir and Neskaupsstaður in the East, Borgir in Southeast 

and Drangshlíðardalur in the South (Figure 3.1).  

Table 4.5. Summary of the accordance between modelled output and measurements, 

expressed as counts and as percentage for the comparison between model and 

precipitation samples (upper part) and model and precipitation samples together with 

precipitation observations (lower part). The agreement (+) is given for the classes yes 

model/ yes measurements and no model/ no measurements. The disagreement  (-) is given 

for the classes yes model/ no measurements and no model/ yes measurements.  

Station 

+  

(yes/yes - no/no) 

count 

-  

(yes/no - no/yes) 

count 

+ 

% 

- 

% 

Írafoss 55 49 53 47 

Borgir 43 61 41 59 

Reykjahlíð 47 57 45 55 

Grímsstaðir 33 58 36 64 

Hjarðarland 58 45 56 44 

Neskaupsstaður 62 42 60 40 

Hánefsstaðir 69 35 66 34 

Drangshlíðardalur 57 47 55 45 

  Mean 52% 48% 

Precipitation corrected values     

Borgir 43 61 41 59 

Reykjahlíð 62 42 60 40 

Grímsstaðir 55 47 54 46 

Hjarðarland 50 53 49 51 

Neskaupsstaður 45 59 43 57 

Hánefsstaðir 47 57 45 55 

Drangshlíðardalur 44 60 42 58 

  Mean 50% 50% 

     

 

4.3.1 Wet deposition on 22 September 2014 

Assessed that the model worked well for about 50% of the times, a good example of the 

agreement between the model and the effectively measured sulphur content can be found 

for 22 September 2014. According to the model (Figure 4.3) all Iceland experienced wet 

deposition of SO4
2-

. For comparison, the chemical analysis of the samples taken on 22 

September is shown in Table . For two sample stations, Hjarðarland and Grímsstaðir, there 

are two rain samples, taken respectively at 9:00 and 18:00. The model reflects quite well 

the different deposition amount in Grímsstaðir and in Reykjahlíð (Figure 4.4). 
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Figure 4.3.  Hysplit output for September 22. The model calculation started on 1 

September with the emission of SO4, the image is a snapshot of the wet deposition at 

ground level at 9:00 am, integrated from 9:00 of the previuos day.  

Table 4.6. Collected rain samples on 22 September 2014. 

Sample 

station 
Date Time pH 

SO4-S 

mg/l 

pH 

(SO4-

S tot) 

Snss 

mg/l 

pH 

(SO4-

Snss) 

SO4 

ppm 

F 

ppm 

Cl 

ppm 

Precip 

mm 

Írafoss 22/09/2014 00:00 5.11 0.31 4.72 0.24 4.82 0.92 

 

3.01 31.78 

Borgir 22/09/2014 09:00 4.78 0.88 4.26 

  

2.64 <0.02 6.02 5.40 

Hjarðarland 22/09/2014 09:00 7.04 1.75 3.96 

  

5.25 0.13 6.40 1.00 

Hjarðarland 22/09/2014 18:00 7.05 1.81 3.95 1.72 3.97 5.42 0.10 1.75 10.20 

Dalshöfði 22/09/2014 09:00 6.99 2.10 3.88 1.94 3.92 6.28 <0.02 3.32 21.20 

Reykjavík 22/09/2014 09:00 6.85 2.33 3.84 

  

6.97 0.07 2.97 10.30 

Hítardalur 22/09/2014 09:00 7.16 2.65 3.78 2.55 3.80 7.95 <0.02 2.34 23.50 

Augastaðir 22/09/2014 09:00 7.10 3.20 3.70 

  

9.59 <0.02 1.37 11.80 

Gilsá 22/09/2014 09:00 6.79 4.63 3.54 4.41 3.56 13.87 0.07 5.24 13.50 

Litla-Hlíð 22/09/2014 09:00 6.55 4.91 3.51 

  

14.72 0.19 0.83 4.30 

Brúsastaðir 22/09/2014 09:00 6.99 7.44 3.33 

  

22.27 0.08 2.42 1.20 

Grímsstaðir 22/09/2014 18:00 6.55 9.55 3.23 9.48 3.23 28.60 0.70 6.84 1.40 

Grímsstaðir 22/09/2014 09:00 6.55 15.90 3.00 

  

47.63 0.83 8.27 1.00 

Reykjahlíð 22/09/2014 09:00 6.32 35.27 2.66 35.04 2.66 105.64 0.91 4.47 2.00 
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Figure 4.4.  Enlarged Hysplit output of September 22 with superimposed map of Iceland 

with the locations of the precipitation sampling stations. It is clearly visible by the 

maximum release indication color (yellow) that Reykjahlíð (white circle) gets a higher 

SO4
2-

 load than Grímsstaðir (white square), as reflected in the measurements (Table 4.6.).  

At selected locations, such as Reykjahlíð, air quality monitoring systems were activated 

during the eruption period. This data can be retrieved on the web from the Environment 

Agency of Iceland (https://www.ust.is/einstaklingar/loftgaedi/maelingar/). The data for 22 

September do not show a particularly high concentration of SO2 in the air, but the day 

before, 21 September shows peaks of 10 minutes averaged measurements of 780 g/m³ 

(Figure 4.5). This clearly indicates that the HYSPLIT output reflects the actual conditions: 

the SO2 in the air transforms when in contact with rain drops to SO4
2-

 which is then 

deposited. On 22 September the air quality measurements show little to no SO2 

concentration in the air, it could be washed out or be blown away.  

 

Figure 4.5.  Air quality measurements at Reykjahlíð for SO2 (10 minute averages) for 21 

September (from https://www.ust.is/einstaklingar/loftgaedi/maelingar). 
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4.3.2 Air concentration of SO4 

In addition to the wet deposition calculation, during the same model run the air 

concentration of SO4 (kg/m³) was averaged between 0 and 20 m agl. The graphical output 

shows the amount of SO4 at 9:00 am integrated over the previous 24 hours. The air 

concentration cannot be compared to the available air quality measurements because only 

SO2 is measured in its gaseous state and the modelling is of SO4 as a particulate. But 

nevertheless this output gives an overview of the dispersion without the issue of the 

precipitation field, which is, as mentioned before, a forecast field in the ECMWF weather 

data. Figure 4.6 shows the graphical output for 22 September 2014, to be compared to 

Figure 4.3. The SO4 plume shows a clear northerly direction, reflected also in the wet 

deposition output, with Reykjahlíð and Grímsstaðir being mainly influenced. 

 

Figure 4.6.  Air concentration of SO4 from 22 September 2014, averaged from 0 to 20 m 

agl and integrated over the previous 24 hours.  
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5 Discussion 

The chemical analysis carried out on the collected precipitation samples shows that 21% of 

the samples have a pH lower than 5.7, considered to be the limit for acid precipitation. This 

means that 79% of the samples show a non acid pH with 9% of the samples reaching the 

neutrality or even higher. Looking at the whole of the samples and the whole of Iceland, 

the threat of rain acidification due to the high amounts of SO2 released from the Holuhraun 

eruption could be considered low. But Iceland has an area of about 103,000 km² and a 

peculiar population distribution. Two thirds of the population live in the Greater Reykjavík 

area, one third is spread around the island, mostly near the coast, leaving the central 

highland unpopulated. Agriculture is an important economic factor outside the capital 

region and in 2017 around 80 000 cattle, 458 000 sheep and 64 000 horses roam and graze 

in the Icelandic landscape (Hagstofa, 2018). Acid rain can potentially affect the health of 

the livestock and cause economic losses. Therefore, even considering an averaged low 

impact of the Holuhraun eruption in terms of rain acidification over all Iceland, it is an 

environmental hazard to be examined further and considered also in case of future volcanic 

eruptions. 

Calculating the total environmental load of volcanic gas pollution in terms of the average 

pH for each sampling station, there are six sampling stations with mean or volume 

weighted mean showing signs of acidification (Reykjahlíð mean pH 6.0, VWM pH 5.2; 

Brúsastaðir mean pH 6.1, VWM pH 5.7; Hjarðarland mean pH 6.1, VWM pH 5.8; Írafoss 

mean pH 5.3, VWM pH 5.1; Borgir mean pH 5.9, VWM pH 5.1; Dalshöfði mean pH 6.4, 

VWM pH 5.6). The volume weighted mean is lower than the arithmetic mean confirming 

that with greater rainfall, there is more dilution and lesser ionic concentration. A drizzle 

leads to a higher ionic concentration than heavy rainfalls.  

The two stations which show the lowest pH values are Írafoss and Borgir, which also show 

a relatively low SO4-S concentration, especially Borgir (Írafoss SO4-S mean 10.7 mg/l, 

VWM 4.4 mg/l; Borgir SO4-S mean 1.8 mg/l, VWM 0.9 mg/l).  

In theory, the relationship between the SO4-S content, as one of the main acidifying 

species, and the pH is a negative exponential correlation. Applying a simple regression 

analysis no correlation between the measured pH and SO4-S content was found at any 

sampling station. But the origin of SO4-S could be traced back to the volcanic gases of the 

Holuhraun eruption as Stefánsson et al. (2017) assessed in his paper. The relationship 

between distance from the sea shore and non-sea-salt derived sulphur (Eiriksdóttir et al., 

2014), was confirmed, even though the different number of available sea-salt corrections 

make a statistical comparison difficult. Locations further away from the sea are less 

influenced by sea spray and relative ions.  

The distance from the eruption site is an often used parameter to assess the influence of 

volcanic pollution. The Írafoss and Borgir stations are located 225 km and 96 km distance 

from the eruption site, respectively, so the often found relationship between distance from 

the source and the sampling site and the acidity of the samples does not hold in this case 

(Aiuppa et al., 2006; Cuoco et al., 2013). In the present case we deal with distances up to 
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260 km and an area of 100 000 km² while studies from other volcanoes stay within 10 km 

(Etna, Aiuppa et al., 2006) and 25 km (Nyiragongo volcano, Cuoco et al., 2013) for 

example. Galeczka et al. (2017) and Stefánsson et al. (2017) address this issue in their 

studies claiming that the lower pH with increased distance could be due to the aging of the 

plume and the relatively slow chemical transformation of SO2 to SO4
2-

. Other geographical 

parameters such as altitude and latitude of the sampling stations did not show any 

correlation with the pH and the SO4-S content.  

The gas emissions from the Holuhraun eruption clearly had consequences on the 

composition of precipitation but to investigate the extent of these effects, examining past 

precipitation measurements is necessary. There are not many measurements at different 

locations within Iceland available from the past. For example, Rjúpnahæð was an active 

measurement station from 1958-1979 and located within the Greater Reykjavík 

Metropolitan area, and Írafoss was activated in 1980. The Figure 5. gives an overview of 

the mean pH and SO4-S content, collected daily but averaged over a year. In general, the 

pH of the two precipitation sample stations can be considered slightly acidic until 1980 

(pH below 5.6) and then having the natural acidity of rain (pH around 5.8) with a period of 

an alkaline tendency (pH around 6) during the years 1994-2003. Doubtless the Holuhraun 

eruption contributed to the acidification of the precipitation at Írafoss station with a mean 

pH value of 5.3 measured over 6 months in 2014-2015. 

 

Figure 5.1.  Annual mean values of daily pH and SO4-S measurements at Rjúpnahæð 

urban station (1972-1979) and Irafoss station (1980-2011). Data from (Sigurðsson & 

Thorlacius, 2014;) 

The aim of the present work was to test a tool to forecast wet deposition of acidifying 

species in case of volcanic eruption by analysing the collected precipitation data from the 

Holuhraun eruption. Using the HYSPLIT dispersion model for calculating the wet 

deposition during the first four months of the eruption (September to December 2014) and 

comparing it to the measurements, a 50% agreement is found. That means, that 50% of the 

times, the model calculated a wet deposition of sulphate in one of the sample stations. Aim 

of the model calculation was a qualitative analysis rather than a quantitative due to several 

uncertainties reported in the Chapters 3.3 and 4.3. This result could seem too low to induce 

a further investigation into the opportunity to use HYSPLIT as a forecast tool in case of 

further eruptions in Iceland, but several simplifications had to be made. One for example 

lays within the chemical transformation patterns.  
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The present case simplified the problem by already assuming a certain SO4
2-

 concentration 

in the air - as a particulate and not as a gas. One example in which HYSPLIT is used as a 

forecast tool can be found in Hawaii, where the daily occurrence of Vog (volcanic smog) is 

forecasted and published (http://weather.hawaii.edu/vmap/current/index.cgi). The model 

uses the SO2 emissions from Kilauea volcano and the WRF wind field as input data, 

applies a fixed chemical conversion rate for SO2/ SO4
2-

 and is able to predict qualitatively 

the plume and the timing of its passage functioning therefore as a warning tool for the 

population and tourists (Businger et al., 2015). However, the main problem is still the 

chemical conversion and the quantitative forecast requiring the implementation of an 

aqueous phase chemistry module to explain the atmospheric lifetimes of SO2 of hours to 1-

2 days (Businger et al., 2015). A non-linear chemical conversion module specifically 

created for the sulphur chemistry including homogeneous and heterogeneous reactions, dry 

and wet removal of SO2 and SO4
2-

 particles was developed during the 1990, but is not 

integrated in the current version of HYSPLIT. Rolph & Draxler (1992) and Rolph, Draxler, 

& De Pena (1993) developed and tested this chemical module and found a good agreement 

between the modelled and the measured SO4
2-

 wet deposition but also a tendency to under 

predict SO2 and overestimate SO4
2-

. The Hawaiian Vog model uses as for now only the 

linear chemical conversion, already built in the downloadable version of HYSPLIT. It 

would be very interesting to build a similar tool for Iceland, considering the different 

climatic conditions and also the different premises of data availability compared to the 

Hawaiian situation. Kilauea volcano is continuously active and degassing since 1983 and 

there are long time series data available both of air quality and precipitation measurements. 

Satellites are employed to determine the emission quantity of SO2 at the different active 

vents which during the darker winter times in Iceland is difficult or impossible (Ialongo et 

al., 2015; Schmidt et al., 2015; Steensen et al., 2016). In Hawaii the homogeneous 

oxidation rate of SO2 to SO4
2-

 is known, but the insulation and general climatic conditions 

are very different from Iceland and this parameter cannot be applied to Iceland. 

Nevertheless, according to Businger et al. (2015) the aqueous phase reaction seems to be of 

importance for the quantitative validation of the Vog forecast model. The heterogeneous 

oxidation pathway could therefore be of greater importance in Hawaii and is probably the 

prevailing pathway in Iceland due to the lack of light needed during the photochemical 

oxidation of the homogeneous pathway.  

On the other hand, the present work focuses on one chemical species, sulphur in its 

different oxidation states and forms (gas/particulate). The other emitted chemical species 

such as HF and HCl, even though in much lesser quantity than the former one, also play 

important roles in plume chemistry and its interaction with the background atmosphere. An 

example for the interplay of the different chemical species emitted during a volcanic 

eruption and their interaction with the background atmosphere is given in Satsumabayashi 

et al. (2004), where the sulphate aerosol deriving from the Miyake volcano replaces the 

NO3 
-
and Cl

-
 aerosols leading to environmental acidification due to the deposition of these 

ions.  

The wet deposition is connected to sulphate aerosol present in the air. In addition to air 

quality measurements of gaseous SO2 concentration it would be useful to gather more 

information about particulate matter, especially PM2.5. Air quality stations measuring 

continuously the particulate matter in Iceland are concentrated mainly in the Greater 

Reykjavík area, to measure urban pollution. During the eruption period Ilyinskaya et al. 

(2017) measured the PM in Reykjahlíð and studied the measurements of Reykjavík coming 
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to the conclusion that the chemical composition of the PM in Reykjavík changed towards 

SO4
2-

 with connected health implications for the population. In Reykjahlíð, PM2.5 was 

sampled for some days during January 2015 and it was shown that the peaks of SO2 and 

sulphate aerosol concentrations do not always match showing the passage of the plume in 

different mature stages. With increasing mature, the concentration of SO2 diminishes and 

the concentration of PM2.5 increases. Therefore, for health safety reasons, the 

measurements of only SO2 are not enough and should be coupled with PM measurements 

(Ilyinskaya et al., 2017). The authors also highlight, how the SO2 was forecasted for the 

population by the responsible authorities but how it is also important to forecast the 

occurrence and distribution of SO4
2-

 for which there are no health concentration limits. To 

forecast qualitatively the distribution of SO4
2-

 particulate, HYSPLIT could be used, as 

shown in the present case. The quantitative dispersion of SO4
2-

 needs however the 

implementation of the non-linear chemical module as shown in the example of the 

Hawaiian Vog forecast model.  

Little environmental damage on ecosystems were reported from the Holuhraun eruption 

(Gíslason et al., 2015; Sigurðsson & Stefánsdóttir, 2017) which is probably due to the 

timing of the eruption in fall and winter and the location of the eruption. The investigation 

of surface waters in the surroundings of the eruption site detected an increased SO2, F and 

Cl content by up to two orders of magnitude posing a threat to low alkalinity rivers, 

especially for the ones in East Iceland hosting salmon populations (Galeczka et al., 2016). 

Snow cores sampled during the eruption period showed an average pH of 5.01, with the 

highest values found closest to the eruption area and in the deepest parts of the samples, 

confirming that the emission of SO2 was highest during the first months of the eruption 

(Galeczka et al., 2017).  

The immediate surroundings of the Holuhraun eruption area is non-vegetated, the passage 

of the plume can therefore not affect directly the vegetation such as reported from other 

volcanic areas in the world. When looking for environmental damages on terrestrial 

ecosystems it is important to distinguish the direct impact of the plume travelling 

frequently over an area, or even fumigating over it or the impact of acid rain. In the first 

case the gases mostly affecting the vegetation and grazing animals are SO2 and HF, with 

the latter one being more toxic to plants (Delmelle, 2003). The leaves and pores absorb the 

gases which dissolve within the moisture inside the leaves leading to leave injuries and to 

plant death (Delmelle, 2003). One example is Vulcano in Italy where the crater rim is left 

without any vegetation due to chemical burning from the acidic gases condensing during 

the night time and being the only water supply for the plants (Madonia & Liotta, 2010). 

Another is Masaya volcano in Costa Rica where the forest has been destroyed within 15 

km downwind from the crater area and there is a damaged transition zone between the 

healthy forest and the affected area (Delmelle et. al, 2002). Acid wet deposition on the 

other hand can lead to plant nutrients loss, the acidic conditions can lead to ions exchange 

on the surface of leaves (Delmelle, 2003). Cuoco et al. (2013) report damages on foliage of 

the equatorial forest, especially on the western flank of Nyiragongo crater which is the 

prevailing wind direction and damages to crops, but the biggest environmental impact of 

the rain acidification is on human health, as the rain water is the drinking water resource in 

this area of the Democratic Republic of Congo. The enhancement of nutrient mobility 

leading to nutrient leaching and the mobilisation of aluminium in acidic conditions is 

reported from soils affected from acid deposition (Likens, 2011). The soils surrounding 

volcanoes are mostly Andosols, which are also to be found in Iceland (Arnalds, 2008). 
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These soils, mostly covered with vegetation in Iceland (Arnalds, 2008) have a high 

neutralizing capacity to acidic inputs and could therefore be less sensitive to the acidic 

input (Delmelle, 2003).  

The agricultural and vegetated areas in East-Iceland were thought to be the most affected 

by possible consequences of the volcanic pollution. During the eruption and after it, 

sampling and examination of forest vegetation, soils, grassland and grassland soil were 

carried out by different Icelandic institutions (Sigurðsson & Stefánsdóttir, 2017). 

Forest ecosystems were studied in the east of Iceland, in the Hallormsstaður-forest, one of 

the oldest birch forests present in Iceland (Oddsdóttir et al., 2017). Larches, birches, pines 

and spruces are present in the area with a predominance of the former two. Measurements 

carried out during the spring of 2015 could not assess any damage to the sampled trees, the 

only damage recorded was winter damage on pines which could be attributed to the 

pollution from the eruption. Nevertheless, these damages had no long-term consequences 

and were localized (Oddsdóttir et al., 2017). 

The consequences on the soil in the same area in the east of Iceland show on the other hand 

that there has been an acidification of maximal 0.27 pH of the uppermost (0-10 cm) layer 

of the soil in the forested area (Sigurðsson et al., 2017). Measurements carried out in 2015 

were compared to soil samples analyzed in 2002 and a general acidification due to acidic 

precipitation was found, independently of the vegetation present on the soil, heathland, 

birch or larch (Sigurðsson et al., 2017). 

Samples of grassland were taken during the last days of September in different agricultural 

areas of East-Iceland, analyzed and compared to samples taken pre-eruption (2013) and 

after the eruption (June 2015) (Þorvaldsson & Bragason, 2017). The samples taken during 

the eruption period show the highest amount of sulphur, which then becomes less in 2015, 

but still somewhat higher than in 2013. Concluding, the consequences of sulphur on the 

grassland could be measured but were short-lived. The samples of soil taken from the 

grassland showed also little consequences from the volcanic pollution (Þorvaldsson & 

Bragason, 2017).  

Concluding, the effects of the volcanic gases, especially the sulphur could be measured in 

precipitation samples, freshwater, snow and in soil and grassland but the direct 

consequences on ecosystem health were little to not detectable.  
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6 Conclusion 

Volcanic eruptions are frequent in Iceland and the different eruption types trigger different 

environmental responses. The 2014/2015 Holuhraun eruption took place in a remote area 

of Iceland, not causing any harm to the population or to infrastructures through the erupted 

lava or by floods but posing serious threats to human health due to the emitted sulphur.  

The initial question of this thesis was about acid precipitation following gas rich volcanic 

emissions into the troposphere. The rain samples taken over the 6 month period of eruption 

and at 21 sample stations all over Iceland showed that the acidifying component was 

identified being SO4
2-

, but a simple relationship between high SO4
2-

concentrations and low 

pH values could not be found. The precipitation samples show on average pH values in the 

range of unpolluted rain, slightly acidic and alkaline rain, even though the amount of 

emitted sulphur over the six months eruption period was considerable, equalizing the 

anthropogenic sulphur emission in Europe of 2011. To investigate this behaviour different 

parameters such as distance from eruption source, distance from sea shore, topography and 

meteorological factors, applied in the HYSPLIT wet deposition model were used. A clear 

answer to the susceptibility of certain areas of Iceland to rain acidification could not be 

found. Surely the most important parameter could be identified in the weather pattern, but 

also the timing of the eruption plays an important role, especially regarding the chemical 

behaviour of the sulphur species. Also, the fact that Iceland is a great source of basic dust, 

buffering therefore acidifying components, can mitigate negative effects of acid 

precipitation in Iceland. 

In case of future volcanic gas-rich eruptions precipitation sampling during the eruption 

period is of uttermost importance and should be carried out. Ideally, some more coupled air 

quality measurements including particulate matter together with the precipitation samples 

in more than one location could give more information about the chemical transformation 

rate of the sulphur species and the gas/ particulate partitioning. The chemical analysis of 

the precipitation samples should comprise total dissolved solids, conductibility and if 

possible more cation analysis. Sometimes it is difficult and costly to detect trace elements 

both in air and in precipitation but new techniques such as mosses as biomonitors as 

described by Arndt et al. (2017) could be tested in Iceland.  

In non-eruptive times it is still important to assess the volcanic-pollution free baseline of 

precipitation. Samples from different locations apart from Írafoss could give a more 

complete picture and maybe give some indications about the buffering effects and 

capacities of Icelandic dust. 

Regarding the model calculation for forecasting purposes, the application of HYSPLIT can 

be further improved by implementing the non-homogeneous chemical transformation 

pathway from SO2 to SO4
2-

 in HYSPLIT using the chemical modules developed during the 

1990s (Rolph & Draxler, 1992; Rolph et al., 1993) and adapting it to Icelandic conditions. 

HYSPLIT can also be used for any other chemical and as well as in case of man-made 

pollution events such as fires. Further analysis of the plume and the background 
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atmosphere together with the precipitation should take into account a multicomponent 

model, as the chemical reactions within the plume can alter the deposition of chemical 

species.  

At last, some more investigation of Icelandic andosols and vitrisols in regard to the 

capacity of neutralizing acidic input is necessary. It is known that andosols have this 

neutralizing capacity, but the studied examples are located in different climatic conditions 

such as in Costa Rica (Delmelle, Delfosse, & Delvaux, 2003).  
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Appendix A 

Table A1.  Overview of the 16 sample stations (out of 21) with n ≥ 10 samples, 

summarizing arithmetic mean, volume weighted mean, minimum and maximum of pH 

values (measured - calculated from SO4-S total, calculated from SO4-Snss) and SO4-S.   

Station 
Number of 

samples  

Number of sea-salt 

corrections 

SO4-S 

mg/l 

Grímsstaðir 31 
 

5  

 
pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.6 3.48 3.17 7.8 

VWM 6.4 
  

7.1 

Min 5.8 2.67 2.68 0.4 

Max 7.5 4.62 3.46 34.4 

    
 

Reykjahlíð 35 
 

15  

 
pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.0 3.0 2.9 26.3 

VWM 5.2 
  

15.8 

Min 4.2 2.3 2.3 2.4 

Max 7.1 3.8 3.8 79.0 

    
 

Tjörn í Svarfaðardal 33  4  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.6 3.7 3.4 6.9 

VWM 6.4   3.4 

Min 5.4 2.5 2.8 0.5 

Max 7.0 4.5 3.6 50.1 

 

Staðarhóll 27  3  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.6 3.4 2.8 13.5 

VWM 6.3   7.2 

Min 6.1 2.5 2.6 0.3 

Max 7.8 4.7 3.2 48.9 

     

Brúsastaðir 44  3  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.1 3.8 2.7 18.9 

VWM 5.7   6.9 

Min 4.6 1.8 2.4 0.3 

Max 7.1 4.7 2.9 250.7 

 

Hjarðarland 80  13  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.1 3.8 3.4 19.7 

VWM 5.8   4.6 

Min 4.7 1.6 2.0 0.1 

Max 7.2 5.0 4.9 393.5 
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Station 
Number of 

samples  

Number of sea-salt 

corrections 

SO4-S 

mg/l 

     

Írafoss 91  85  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 5.3 4.5 4.6 1.0 

VWM 5.1   0.6 

Min 3.9 3.0 3.7 0.0 

Max 6.6 5.7 6.0 15.7 

 

Augastaðir 89  14  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.7 3.6 3.4 10.7 

VWM 6.6   4.4 

Min 5.9 2.2 2.4 0.5 

Max 7.4 4.5 4.5 99.7 

     

Borgir 116  22  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 5.9 4.2 4.4 1.8 

VWM 5.1   0.9 

Min 3.2 2.9 3.1 0.1 

Max 7.3 5.5 5.6 16.5 

     

Stafafell 28  9  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.5 3.8 3.7 7.9 

VWM 6.1   5.7 

Min 5.2 2.6 2.6 0.2 

Max 7.1 4.9 5.4 41.4 

     

Gilsá 16  7  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.6 3.9 3.8 5.1 

VWM 6.1   2.2 

Min 4.6 2.7 2.8 0.2 

Max 7.4 4.9 4.6 32.1 

 

Neskaupsstaður 47  12  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.5 3.7 3.7 5.6 

VWM 6.4   3.1 

Min 4.6 2.7 2.8 0.4 

Max 7.2 4.6 4.8 30.0 

     

Hánefsstaðir 49  7  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.6 3.6 3.6 10.0 

VWM 6.3   4.2 

Min 5.4 2.1 3.0 0.3 

Max 7.2 4.7 5.0 116.0 
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Station 
Number of 

samples  

Number of sea-salt 

corrections 

SO4-S 

mg/l 

     

Skaftafell 17  5  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.6 3.0 3.3 32.3 

VWM 6.5   13.4 

Min 5.5 2.1 2.5 0.7 

Max 7.1 4.4 4.8 134.0 

 

Dalshöfði 10  6  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.4 3.6 3.4 7.9 

VWM 5.6   6.7 

Min 4.7 2.7 2.7 0.5 

Max 7.2 4.5 3.9 33.2 

     

Drangshlíðardalur 84  5  

 pH measured pH calc SO4-S total pH calc SO4-Snss  

Mean 6.7 3.9 4.1 3.6 

VWM 6.5   2.2 

Min 5.4 2.7 3.0 0.2 

Max 7.2 4.9 4.8 33.6 
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Appendix B 

Elemental Ratios Cl/Na, Cl/Mg, Cl/Ca and Cl/SO4-S for Írafoss, Hjardarland, Grímsstadir 

and Borgir. Seawater concentrations CL = 18896 mg/l, Na 10759 mg/l, Mg = 1262 mg/l, 

Ca = 400 mg/l, SO4-S = 2645 mg/l (Berner & Berner, 2012).  

 

 

Figure B1.  Elemental ratios for Írafoss, Ca and SO4-S are enriched compared to the 

seawater ratio (black line). 
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Figure B2.  Elemental ratios for Hjarðarland; Ca and SO4-S are enriched compared to the 

seawater ratio (black line). 

 

Figure B3.  Elemental ratios for Grímsstadir. Despite the few chemical analysis available 

for Na, Mg and Ca it is clearly visible that SO4-S is enriched compared to the seawater 

ratio (black line) showing a probable volcanogenic origin. 
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Figure B4.  Elemental ratios for Borgir. Ca and SO4-S are clearly enriched compared to 

the seawater ratio (black line). Mg and Na are following very well the seawater ratio 

showing the influence of sea spray in the ionic composition of the precipitation. 
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Appendix C 

Chorography of selected sample stations to visualize the topographic features. The black 

line marks the Ring Road. GIS data from Landmaelingar Islands.  

 

Figure C1.  Eastfjords: Hánefsstaðir and Neskaupsstaður. Both sample stations are close 

to the sea side laying within fjords surrounded by up to 1000 m high mountain ridges. 
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Figure C2.  West-Southwest: Hjarðarland and Írafoss. Both stations are located in the 

relatively richly vegetated lowlands, surrounded by mainly agricultural land.  

 

Figure C3. South: Drangshlíðardalur. Located in the lowlands and close to the sea, 

Drangshlíðardalur has two prominent glaciers with relative mountain ridges to its north.  
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Figure C4. Southeast: Borgir. Borgir is located close to the sea shore of a lagoon context. 

Surrounded by mountain ridges on the north side and influenced by Iceland's biggest 

glacier, Vatnajökull. 
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Figure C5.  North: Reykjahlíð and Grímsstadir. At the edge of the barren highlands, 

Reykjahlíð lays close to the Myvatn lake while Grímsstadir is located in a poorly vegetated 

surrounding. 

 


