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Abstract 

Frequent tephra deposition and a steady influx of aeolian material of diverse origin dominate 

soil formation in Iceland. Little is known about the weathering behaviour, mineral formation 

and alteration of tephra and Icelandic soils after tephra deposition. This thesis presents the 

results from extensive studies on soil mineralogy and pedogenesis in various Icelandic soil 

types and different soil environments. 

The sampling sites were selected according to the presence of the light coloured rhyolitic 

tephra from the Öræfajökull eruption in 1362 CE and a dark-coloured basaltic Veiðivötn 

tephra from 1477 CE in the volcanically active area south of Vatnajökull, SE Iceland.  

All investigated soils were acidic and dominated by sand. Indicated by Feo/Fed ratios above 

0.75, they classify as being in an early stage of chemical weathering and soil development. 

The major portion of the clay size particles are mainly derived from amorphous and poorly 

crystalline constituents (allophane and ferrihydrite). However, traces of layer silicates 

(smectite, hydroxy interlayerd minerals and secondary chlorite) were found at all sites. The 

determining factor of pedogenesis in the histosols was the OM, but the aeolian transport of 

tephra over long distances and re-deposition as well as local site conditions, rather than the 

primary composition of the parent material, were the important factors in the development 

of all investigated soils and the alteration of minerals. Icelandic soils develop in a very 

dynamic environment. None of the profiles represented a well-developed-pedon, but 

appeared disturbed over time, showing signs of external influences. 

 

 

 

 

 

 





 

Útdráttur 

Tíð eldgos með tilheyrandi gjóskufalli og stöðugt áfok vindborinna efna af ólíkum uppruna 

setja mestan svip á jarðvegsþróun á Íslandi. Skortur er á þekkingu á veðrun, myndun og 

ummyndun steinda í gjósku í íslenskum jarðvegi í kjölfar gjóskjufalls. Í þessari ritgerð eru 

niðurstöður umfangsmikillar rannsóknar kynntar, sem tekur til steindafræði og 

jarðvegsþróunar í mismunandi jarðvegsflokkum og í breytilegu umhverfi 

jarðvegsmyndunar.  

Rannsóknarsvæðið er á virku eldfjallasvæði sunnan við Vatnajökul á Suðausturlandi Á 

öllum sýnatökustöðum sem notaðir voru í rannsókninni finnast ljóslituð, súr gjóska frá 

Öræfajökulsgosi frá 1362 e.Kr. og dökklituð, basísk gjóska úr gosi í Veiðivötum árið 1477 

e.Kr. 

Öll jarðvegsýni í þessari rannsókn reyndust súr og sandkennd. Hlutfall Feo/Fed > 0.75 gefur 

til kynna að efnaveðrun og jarðvegsþróun sé skammt á veg komin. Meginhluti agna í 

leirstærð felst í myndlausum (e. amorphous) eða ófullkomlega kristölluðum (e. poorly 

crystalline) efnum (allófan og ferrihýdrít). Engu að síður fundust ummerki um lagsiliköt á 

öllum sýnatökustöðum (smektít, steindir með hýdroxýl jónir milli laganna og síð-steindina 

klórít). Lífræn efni voru ráðandi þáttur jarðvegsþróunar í mójörð (e. histosol), en flutningur 

gjósku með vindi yfir langar vegalengdir, tilflutningur gjósku og staðbundnir 

umhverfisþættir réðu meiru um jarðvegsþróun og ummyndun steinda en frumsamsetning 

móðurefnisins. Íslenskur jarðvegur þróast í síbreytilegu umhverfi. Ekkert jarðvegssniðanna 

mátti skilgreina sem vel þróað og öll sýndu þau ummerki um rask og áhrif frá ytri 

umhverfisþáttum.  

 

 





 

Zusammenfassung 

Die Bodenbildung in Island ist von häufigem Eintrag von Tephra und äolischem Material 

unterschiedlicher Zusammensetzung dominiert. Bis dato ist wenig über die Mineralogie, 

insbesondere Tonmineralogie und Bodenbildung infolge von Tephraeintrag in isländischen 

Böden bekannt. Die vorliegende wissenschaftliche Arbeit präsentiert die Ergebnisse einer 

umfassenden Studie an unterschiedlichen Bodentypen und Entstehungsmilieus zu diesem 

Thema. 

Das Untersuchungsgebiet südlich des Vatnajökull wurde in der Vergangenheit regelmäßig 

mit Tephra bedeckt. Zwei bedeutende historische Tephraschichten, eine helle rhyolitische 

Tephra vom Ausbruch des Öræfajökull im Jahr 1362 n.Chr. und eine schwarze basaltische 

Tephra vom Veiðivötn-Ausbruch 1477 n.Ch., sind in allen Profilen deutlich ausgeprägt. 

Die pH-Werte der untersuchten Böden lagen im sauren Bereich, Sand war die 

vorherrschende Korngrößenfraktion. Auf Grundlage des Feo/Fed Verhältnisses (> 0.75) 

konnten alle Böden als jung, demnach am Beginn ihrer Pedogenese, eingestuft werden. 

Amorphe und schwachkristalline Bestandteile (Allophan, Ferrihydrit) machten den größten 

Teil an der Tonfraktion aus. Entgegen bisheriger Untersuchungen, aus denen hervorgeht, 

dass pedogene Schichtsilikate in isländischen Böden kaum vorhanden sind, konnten Smektit, 

hydroxy-interlayered Minerale und sekundärer Chlorit nachgewiesen werden. Unterschiede 

im Verwitterungsverhalten waren nicht nur zwischen der basaltischen und der rhyolitischen 

Tephra, sondern auch in den Böden erkennbar. Die Untersuchungen ergaben, dass die 

Bodeneigenschaften und die unterschiedliche Mineralogie der untersuchten Böden nicht nur 

vom Ausgangsmaterial, sondern vor allem vom eingetragenen äolischen Material 

(hauptsächlich basaltisches vulkanisches Glas) und den jeweiligen Standortbedingungen 

abhängig sind. 

Umweltdynamische Einflüsse (u.a. Vulkanismus, Erosionserscheinungen) waren in allen 

Böden erkennbar. Keines der untersuchten Bodenprofile konnte als „gewachsener Boden", 

sondern vielmehr als eine Abfolge von mehr oder weniger dünnen Boden- und 

Tephraschichten betrachtet werden.  

 

 





 

List of papers 

Paper 1 

Bonatotzky, T., Ottner, F., Erlendsson, E. Gísladóttir, G., 2019. The weathering of volcanic 

tephra and how they impact histosol development. An example from South East Iceland. 

Catena 172, 634-646. https://doi.org/10.1016/j.catena.2018.09.022 

Paper 2 

Bonatotzky, T., Ottner, F., Erlendsson, E., Gísladóttir, G., 2021. Weathering of tephra and 

the formation of pedogenic minerals in young Andosols, South East Iceland. Catena 198C, 

105030. https://doi.org/10.1016/j.catena.2020.105030 

Paper 3  

Bonatotzky, T., Ottner, F., Erlendsson, E., Gísladóttir, G.  

The impact of environmental factors on early stage Andosol development south of 

Vatnajökull, Iceland. Manuscript submitted to the international peer-reviewed European 

Journal of Soil Science (EJSS-380-21). 

 

 





xi 

Table of Contents 

List of Figures .................................................................................................................... xii 

Abbreviations .................................................................................................................... xiii 

Acknowledgements ........................................................................................................... xiv 

1. Introduction ..................................................................................................................... 1 

1.1 The dynamic Icelandic environment ........................................................................... 1 
1.2 Pedogenesis and weathering in Icelandic soils ........................................................... 3 
1.3 Aims of the research ................................................................................................... 4 

2. Study sites ........................................................................................................................ 7 

3. Methods .......................................................................................................................... 11 
3.1 Sampling and profile description .............................................................................. 11 
3.2 Soil and tephra mineralogy analyses ........................................................................ 11 

3.3 Physical and chemical soil and tephra analyses ........................................................ 12 

4. Results ............................................................................................................................ 15 

4.1 Selected soil and tephra properties, developed in different soil environments ........ 15 

4.2 Weathering and the amorphous nature of soil and tephra ........................................ 16 

4.3 Mineralogical composition of soil and tephra .......................................................... 17 

5. Discussion ...................................................................................................................... 19 

5.1 Soil development ...................................................................................................... 19 
5.2 Tephra chemistry, weathering processes and pedogenesis ....................................... 21 
5.3 The source of pedogenic minerals in young Icelandic soils ..................................... 23 

6. Conclusion ..................................................................................................................... 25 

References........................................................................................................................... 29 

Paper 1 ................................................................................................................................ 37 

Paper 2 ................................................................................................................................ 53 

Paper 3 ................................................................................................................................ 71 
 



xii 

List of Figures 

Figure 1.1 Isopach maps of the distinctive tephra layers from Veiðivötn eruption in 

1477 CE (left) and the Öræfajökull eruption in 1362 CE (right). On both 

maps the respective source volcano is marked by a red triangle. Isopach 

maps have been modified from Thorarinsson (1958) and Larsen (1984). 

The particular research area is marked by a yellow rectangle. (Maps 

produced by Benjamin D. Hennig)  .................................................................... 2 

Figure 2.1 Location of the study sites and weather station Kvísker south of Vatnajökull 

glacier, SE Iceland. (Map produced by Benjamin D. Hennig) .......................... 7 

Figure 2.2. The study site at Kálfafell (KF; left), soil profile on the right. (Photos taken 

by Theresa Bonatotzky) ...................................................................................... 8 

Figure 2.3. The study site at Reynivellir (RV; left), soil profile on the right. (Photos 

taken by Theresa Bonatotzky) ............................................................................. 8 

Figure 2.4. The study site at Kvísker (KV; left), schematic soil profile on the right. 

(Photos taken by Theresa Bonatotzky, soil profile produced by Benedict 

Rois ..................................................................................................................... 9 

Figure 2.5. The study site at Steinadalur (SD; left), schematic soil profile on the right. 

(Photo taken by Friðþór S. Sigurmundsson, soil profile produced by 

Benedict Rois) ..................................................................................................... 9 

Figure 2.6. The study site at Kvíármýrarkambur (KMK, (left), soil profile on the right. 

(Photos taken by Theresa Bonatotzky) ............................................................. 10 

Figure 6.1 Correlation between Feo/Fed ratio and Sio (distinguish the soils between 

“old” and “young”). ........................................................................................ 25 

Figure 6.2 Visible disturbances at site KMK (detail: Ö1362 tephra layer on the right). 

(Photos taken by Theresa Bonatotzky)  ............................................................ 26 

 

 

 

 

 

  



xiii 

Abbreviations 

Ö1362  Tephra from Öræfajökull eruption in 1362 CE 

V1477  Tephra from Veiðivötn eruption in 1477 CE 

KF   Study site Kálfafell 

RV   Study site Reynivellir 

SD   Study site Steinadalur 

KV   Study site Kvísker 

KMK   Study site Kvíármýrarkambur 

SAR   Soil accumulation rate (mm/yr) 

SOM   Soil organic matter 

LOI   Loss on ignition 

SOC   Soil organic carbon 

Al   Aluminium 

Fe   Iron 

Si   Silica 

Feo, Alo, Sio Ammonium oxalate extractable Fe, Al, Si 

Fep, Alp  Sodium pyrophosphate extractable Fe, Al 

Fed   Citrate-bicarbonate-dithionite extractable Fe 

NaF   Sodium fluoride solution 

XRD   X-ray diffraction 

DSC   Differential scanning calorimetry 

TG   Thermogravimetry 

SRO minerals Short-range order minerals 

 

 

  



xiv 

Acknowledgements 

First of all, I want to thank my supervisors and PhD committee members for their guidance 

and support through my PhD studies.  

I consider myself very fortunate having had Franz Ottner and Guðrún Gísladóttir as my 

supervisors, who believed in me and gave me the opportunity to do a Joint PhD study:  

Franz, thank you for all the time since I took my first class in clay mineralogy, for teaching 

me the wonders of clay minerals and all the hours we spent in front of the data wondering 

about what was going on in my soils. Guðrún, who infected me with the “Iceland-virus”, 

thank you for teaching me the magnificence of the Icelandic nature, all the experiences 

during our fieldworks, the most delicious kjötsúpa, your enthusiasm and positive character 

and for always finding a possibility for me to stay “another year” longer in Iceland. Thank 

you both for your trust and friendship, for discussions via Skype and in person, constructive 

and critical feedback, good advice on how to write manuscripts and deal with rejections and 

for never losing patience with me. You have always shown me great understanding in 

difficult times and encouraged me to continue. 

Special acknowledgement goes to Egill Erlendsson, who helped me whenever I have asked, 

whether scientific or bureaucratic problems or questions have come up. Sigurður R. Gíslason 

and Franz Zehetner are thanked for sharing their knowledge in geochemistry and advanced 

soil science. I am glad to have you in my PhD committee. 

The project was funded by the Icelandic Research Fund (no.1201211021), the Austrian 

Agency for International Cooperation in Education and Research (Marietta Blau Grant), the 

Erasmus + Grant and the Vínir Vatnajökuls Fund. Without their financial support none of 

this would have been done. 

I am grateful for all the people I have met through this PhD. Special thanks go to my 

colleagues and friends in Askja, especially the members of “Guðrún’s soil group”:  

First and foremost, Susi C. Möckel (no, I don’t call you “Susanne”) deserves special thanks. 

We probably met long time before Guðrún introduced us to each other, but from this moment 

you became one of my best friends. Thank you so much for sharing your room with me when 

I became homeless, being my flatmate for such a long time, sharing food, thoughts, ideas 

and so many unique experiences and impressions during our hikes in some of the remotest 

parts of Iceland and not to be forgotten – thank you for your protective assistance while 

crossing glacial rivers and climbing steep mountains. Iceland would not be the same without 

you! 

I have had the privilege to share an office with Scott J. Riddell, who saved my life from 

high-voltage electricity and monster-earthworms and Sigrún D. Eddudóttir, my role model 

in the PhD adventure. Thank you for talking Icelandic to me! I spend great times in the field 

and will never forget my first experience of Icelandic nature and the sightseeing trip with 

Höskuldur Þorbjarnarson and Friðþór S. Sigurmundsson one foggy, rainy, windy (Icelandic 

summer-) day in 2013 somewhere around my research area. I never thought I would learn 

so much about guns and hunting and I am still sorry for not noticing the dense Icelandic 

forest, even though we were already right in the middle for a while. I have had the privilege 

to meet and work closely with a lot of talented, wonderful people throughout my studies, 



xv 

María Svavarsdóttir (my personal “Queen of Soil”), Olga K. Vilmundardóttir, Utra 

Mankasingh, Ölvir Styrmisson, Leone Tinganelli, Tanner Tobiasson Thelmudóttir and 

Brynja R. Egilsdóttir. 

Thank you all for the coffee and tea (infusion) breaks, the interesting stories about Scotland’s 

history and beyond, fun hours during fieldwork, discussions on our research, politics, gossip 

and life in general and for every single shoulder to cry on. I am proud to be part of such a 

great group. 

Takk fyrir skemmtilegar stundir í Öskju, takk fyrir minnisstæðan tíma. 

 

I would also like to mention my friends in Austria, Iceland and other corners of the world: 

Thank you for your friendship, support and interest in my work and for all I have learned 

about earthquakes. I would not have made it without you! 

 

Last but not least, this work would not have been done without the support from my family, 

my parents Birgitt and Erich Bonatotzky and my sister Sophie. I deeply appreciate your 

endless patience in reminding me to believe in myself and to live my dream. Thank you for 

being there for me (even if I am far away) and giving me the feeling of security and warmth 

of my childhood whenever I come “home”. And Sophie, I simply want to thank you for 

being the best sister one could have! 

The time of my PhD studies was a challenge, it was a huge adventure and a great experience.  

I don’t want to miss it! 

 





1 

1. Introduction 

1.1 The dynamic Icelandic environment 

Iceland is situated between latitudes 63°23’ and 66°32’ North and longitudes 13°30’ and 

24°32’ West, close to the Arctic Circle. Its location in the middle of the North Atlantic 

Ocean, near both oceanic and atmospheric fronts, makes it highly sensitive to climate 

changes (e.g. Einarsson, 1980; Hannesdóttir et al., 2015). The weather and climate are 

generally characterized by strong winds, frequent precipitation, mild winters and cool 

summers (Ólafsson et al., 2007). Glacier variations and volcanic activity over the last 

centuries highly impacted and formed the Icelandic environment (Björnsson and Pálsson, 

2008; Hannesdóttir et al., 2015; Ingólfsson et al., 2010; Vilmundardóttir et al., 2015; 2014; 

2010). All these factors greatly influenced the surface geomorphology and soil properties.  

 

Situated on the Mid-Atlantic Ridge and above the Iceland mantle plume, Iceland is one of 

the most active and productive volcanic regions in the world (Einarsson, 2008). Volcanic 

eruptions are common and have a recurrence interval of 2–5 year (Compton et al., 2015; 

Pagli and Sigmundsson, 2008; Thordarson and Larsen, 2007). The bedrock consists mostly 

of basaltic igneous rocks, while tephra composition ranges from basaltic to rhyolitic 

(Thordarson and Larsen, 2007).  

Explosive hydro-magmatic basaltic eruptions represent the most common volcanic activity 

in Iceland during the Holocene (e.g. Thordarson and Höskuldsson 2008), thus most of the 

tephra layers in Icelandic soils and sediments are of basaltic composition (e.g. Larsen and 

Eiriksson, 2008). Eruptions producing rhyolitic tephra are less common, but at least 24 

eruptions have produced silicic tephra in historic times (Gudmundsson et al., 2008; Larsen 

et al., 1999), that is since 874 CE. The ejecta composition of each volcanic system to have 

remained relatively stable and geochemically different from other systems throughout the 

Holocene (Jakobsson, 1979). Thus, it is possible to identify the sources of Holocene tephra 

(Larsen et al., 1999). Based on written documents and tephra studies, an accurate 

reconstruction of the historical eruptions in Iceland is possible (Óladóttir, 2009; 

Thorarinsson, 1944). 

 

Tephra may be deposited nearby the source-volcano or transported over long distances and 

preserved in glaciers, soils and lakes far away from its source. Amongst other factors, 

dispersal and deposition depend on the eruption magnitude and prevailing wind directions 

at the time of eruption and which can change throughout the event. Vegetation and lakes in 

the area of deposition are also of great importance for the preservation of the tephra. 

Deposited on un-vegetated land, tephra becomes very unstable and cannot withstand erosion 

by wind and water, whereas deposition on vegetated land or in lakes it will be (at least partly) 

sheltered from the wind (e.g. Óladóttir, 2009). 

 

Many of the volcanic systems in Iceland have produced a high volume of tephra. The 

eruption of the Öræfajökull central volcano in 1362 CE is the most voluminous explosive 
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silicic eruption to have occurred in Iceland in historical times, producing up to 10 km³ (or 

even more) of light grey, acidic, un-compacted tephra (Gudmundsson et al., 2008; Larsen et 

al., 1999; Sharma et al., 2008). According to Thorarinsson (1958) the vast quantity of the 

erupted ejecta was carried to the southeast (Fig. 1.1), but tephra from this eruption has been 

identified in Western Europe (Pilcher et al., 2005) and in Greenland ice-cores (Palais et al., 

1991). Based on the chemical composition, the rhyolitic Ö1362 tephra can be distinguished 

from other Icelandic tephra deposits with a similar SiO2 content of 72.71% on average (e.g. 

historical Hekla tephra) by its high FeO (average 3.30%), low MgO (close to zero), low CaO 

content (<1.2%) and high Na2O (around 5%) values (e.g. Larsen et al., 1999; Sharma et al., 

2008; Wolff-Boenisch et al., 2004). 

 

 

Figure 1.1 Isopach maps of the distinctive tephra layers from the Veiðivötn eruption in 1477 

CE (left) and the Öræfajökull eruption in 1362 CE (right). On both maps the respective 

source volcano is marked by a red triangle. Isopach maps have been modified from 

Thorarinsson (1958) and Larsen (1984). The particular research area is marked by a yellow 

rectangle. (Maps produced by Benjamin D. Hennig)  

The 1477 CE eruption in the Veiðivötn-Bárðarbunga volcanic system is thought to be the 

largest explosive basaltic eruption in Iceland during the last 1200 years. Over 10 km³ of 

basaltic tephra from a 60–65 km long fissure along the Veiðivötn lake basin was dispersed 

towards east, northeast and north (Fig. 1), depositing a layer of tephra up to 12 m thick in 

sum (Larsen, 1984; Larsen et al., 2014). Tephra from the 1477 CE eruption has been 

identified at many proximal and distal sites in Iceland as a visible horizon, in soils, lake 

sediments and offshore marine cores (Abbott et al., 2021). Compared to the rhyolitic tephra, 

V1477 has a lower SiO2 content of c. 50%, about half of Na2O (approx. 2.5%), but a multiple 

of the MgO (6–7%) and FeO (approx. 13%) content (e.g. Lawson et al., 2007; Streeter and 

Dugmore, 2014).  

 

When Iceland was first settled by Norse in the late 9th century, the environmental conditions 

were very different to the contemporary environmental conditions. Human colonisation 

introduced grazing livestock and land-use which highly affected the natural environment and 

induced a significant change in the Icelandic terrestrial environment. In particular, the loss 

of woodland and other vegetation has left many places barren. In conjunction with harsh 

climate and frequent volcanic eruptions the result was an increased and severe soil erosion 

and thus drastically decreased soil quality and depletion of soil organic carbon (Eddudóttir 

et al., 2020; Gísladóttir et al., 2010; Kardjilov et al., 2006; Lal, 2004; 2003; Óskarsson et al., 

2004). Large areas became prone to wind and water erosion processes, forming wide areas 

of sandy deserts and sources of dust. The main source areas for dust in Iceland nowadays 

are the highlands in central Iceland and the sandur plains along the south coast, where the 

surface is made up of loose sediment (Arnalds et al., 2016). 
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1.2 Pedogenesis and weathering in Icelandic 

soils  

The high frequency of volcanic activities in Iceland has great impacts on soil development 

and environmental stability. Most Icelandic soils are developed in volcanic ejecta and are 

rich in volcanic glass. Andosols are thus the predominant soil order, covering 86% of the 

island, while Histosols cover about 1% of the Icelandic surface (Arnalds and Óskarsson, 

2009). All Icelandic soils, even highly organic Histosols, exhibit andic soil properties to 

some degree (Bonatotzky et al., 2019).  

 

Among the majority of volcanic soils worldwide, Icelandic soils show special 

characteristics: They were formed during the Holocene when glaciers retreated (Arnalds, 

2010; Arnalds and Kimble, 2001), receive large inputs of inorganic aeolian sediments and 

occur in low temperatures with a wide range of precipitation. In such a dynamic 

environment, the soil surface is constantly recharged with fresh parent material (consolidated 

rock and tephra), while subsoils are preserved and continue to develop after burial (e.g. 

Bonatotzky et al., 2019; Gísladóttir et al., 2010).  

 

Iceland has extensive unstable sandy surfaces which are subject to frequent high-velocity 

winds. Aeolian transport of tephra over long distances, re-deposition and re-suspension are 

very common. This results in intense wind erosion events. Erosion has removed much of the 

soils that formed in the aeolian and tephra sediments (e.g. Arnalds et al., 2001; Dugmore et 

al., 2009; Gísladóttir et al., 2011; 2010; Möckel et al., 2017). Arnalds et al. (2016) have 

estimated that up to 80% of the aeolian dust in Iceland is amorphous basaltic volcanic glass, 

rich in heavy metals.  

 

Similar to other volcanic regions worldwide, chemical weathering of basaltic material is a 

fundamental process in soil formation in Iceland (Kardjilov et al., 2006). Volcanic glass 

shows the least resistance in this process. As a result of its properties (e.g. fine particle size 

and amorphous nature), tephra enhances weathering and interactions in the soil environment 

(Dahlgren et al., 1993). Despite the overall rapid weathering of tephra, rhyolitic tephra 

weathers much more slowly than basaltic (Gíslason, 2005). With increasing age 

accompanied by increasing silica content, the total chemical weathering rates decrease 

(Gíslason, 2008). The dissolution rate of glassy rocks (hyaloclastite) is about 10 times faster 

than those of crystalline basalt (Gislason and Eugster, 1987). 

 

The most common weathering residuals of basalts are amorphous allophane, a group of 

amorphous short-range order (SRO) minerals (Parfitt, 1990) and/or imogolite of variable 

Al/Si ratios and poorly crystalline ferrihydrite (Arnalds, 2004). Their formation in volcanic 

soils is connected to the properties of tephra (Shoji et al., 1993). Both, allophane and 

ferrihydrite are abundant in the clay size fraction of Icelandic soils (e.g. Bonatotzky et al., 

2021; 2019). Due to their properties (e.g. large specific surface area and high chemical 

reactivity), they are more sensitive to chemical dissolution than crystalline clay minerals 

(Wada, 1989). With increasing soil age, the crystalline weathering phases become more 

abundant (Crovisier et al., 1992). 

 

Clay minerals, also referred to as phyllosilicates or layer silicates, are rare in Icelandic soils 

(Bonatotzky et al., 2021; 2019). They develop from volcanic ejecta and are formed in 

subsurface horizons in situ rather than by translocation or leaching and precipitation 
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(Arnalds, 2008; Dahlgren et al., 2004). Due to their unique structures and distinctive 

properties (i.e. small particle size, high surface area), clay minerals strongly affect both the 

chemical and physical soil properties (Schulze, 1989). They are sensitive to changes in the 

soil environment and are, thus, useful indicators providing ample information on weathering 

and the quality of soil development (e.g. Griffin et al., 1968; Jacobs and Hays, 1972; Rateev 

et al., 1969; Środoń, 2013; 2002). 

 

All Icelandic soils are in their initial state of soil development, but because of the nature of 

the parent material, they exhibit considerably high weathering rates despite the prevalent 

cool climate (Gislason et al., 2009; Gíslason et al., 1996). 

1.3 Aims of the research 

The overall aim of the research is to improve understanding on how the processes of 

weathering and transformation of minerals in tephra and volcanic soils take place in different 

soil environments following the deposition of basaltic and rhyolitic tephra. While the 

impacts of explosive volcanic eruptions and consequences of heavy tephra fall on vegetation, 

soil (e.g. Eddudóttir et al., 2017, 2020; Þorbjarnarson, 2016) and people’s livelihood 

(Thorarinsson, 1958) in Iceland are increasingly understood, information about the direct 

impact of tephra deposits on pedogenesis, soil weathering processes and soil quality is 

lacking. 

 

 

The specific objectives of this PhD study were: 

 

1. To compare the weathering behaviour and alteration of tephra of different chemical 

composition and to examine their contrasting mineralogy. (Papers 1 and 2) 

 

2. To examine the genesis of soils derived from basaltic and rhyolitic tephra parent 

material in the Icelandic environment and evaluate their physical and chemical 

properties. (Papers 1, 2 and 3) 

 

3. To examine how the investigated soil reflects external environmental influences 

(erosional processes such as solifluction, slope instability and aeolian soil/tephra 

reworking and deposition, as well as influence by seawater precipitation and tephra 

deposition) which characterise the Icelandic environment (Paper 3) 

 

4. To investigate the soil clay mineral composition under given conditions to provide a 

better understanding of weathering processes, mineral alteration and the formation of 

pedogenic minerals in young soils, under cool climate and influenced by frequent 

disturbances, as well as the influx of pristine material. (Papers 1, 2 and 3) 

 

The investigations consider five soil profiles in the lowlands south of Vatnajökull, southeast 

Iceland (Fig. 2.1). The volcanically active Vatnajökull area has received numerous tephra 

deposits of varying thicknesses during the Holocene (Óladóttir et al., 2011b). The study 

focuses on two well-preserved and distinct tephra layers; a light coloured, rhyolitic tephra 

from the Öræfajökull eruption in 1362 CE and a black, basaltic Veiðivötn tephra from 1477 

CE (Thorarinsson, 1958; Larsen, 1984). Both tephra layers form an important parent material 
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in the study area. As hydrological conditions are likely to impact the weathering processes 

and mineral alteration, both wetland (Histosols, Paper 1) and dryland (Andosols, Paper 2) 

soils were examined. This allows for the comparison of soil formation under aerobic and 

anaerobic conditions. Additionally, a highly degraded and disturbed profile, a common 

feature in Iceland, was investigated (Paper 3).  

 

Clay minerals are useful indicators providing information on weathering and the quality of 

soil development (e.g. Griffin et al., 1968; Rateev et al., 1969; Jacobs and Hays, 1972; 

Środoń, 2013; 2002). However, clay mineralogy in Icelandic soils is not well studied and 

available data are thus still scarce. By extensive investigation of bulk and clay mineralogy 

in different soil environments and soil types, this study built a large novel dataset on the 

mineralogy in Icelandic soils. Through a combination of physical, chemical, and 

mineralogical analyses, an extensive investigation of physical and chemical soil properties 

and clay mineralogy in various soil types and different soil environments, is presented to 

improve the understanding of changes in soil properties, mineral formation, and alteration 

in different types of Icelandic soils following tephra deposition. 
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2. Study sites 

The study sites are located in Austur-Skaftafellsýsla (in Suðursveit and Öræfi district), 

Southeast Iceland (Fig. 2.1). They are situated in a lowland area close to the sea in close 

proximity to the Öræfajökull volcano. The investigated soils are formed under both dryland 

and wetland conditions but often appear highly degraded. Soil erosion is a problem in parts 

of the area due to steep slopes and interactions between glaciers and glacial rivers, 

volcanism, strong winds and land use. The area in which the study sites are situated are 

highly affected by soil erosion. 

 

 

Figure 2.1 Location of the study sites and weather station Kvísker south of Vatnajökull 

glacier, SE Iceland. (Map produced by Benjamin D. Hennig) 

The two investigated wetland sites are located in Reynivellir (64°07.731′N, 16°03.245′W) 

and Kálfafell (64°10.749′N, 15°53.236′W) (Paper 1) at the foot of Öræfajökull volcano. The 

vegetation cover in the research area is mainly comprised of modified grassland and heath 

utilised for pastoral agriculture. A small conifer plantation is located nearby but has no direct 

influence upon the sampling area (Fig. 2.2 and 2.3).  
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Figure 2.2. The study site at Kálfafell (KF; left), soil profile on the right.  

(Photos taken by Theresa Bonatotzky) 

     

Figure 2.3. The study site at Reynivellir (RV; left), soil profile on the right.  

(Photos taken by Theresa Bonatotzky) 

Kvísker (63°59.443’N, 16°26.029’W) lies within Öræfi district. Steinadalur (64°09.760’N, 

16°0.293’W) is further east in the Suðursveit district (Paper 2). Both are dryland sites with 

vegetation communities consisting of birch (Betula) woodland, grassland, herbs and mosses 

(Fig. 2.4 and 2.5). 
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Figure 2.4. The study site at Kvísker (KV; left), schematic soil profile on the right.  

(Photos taken by Theresa Bonatotzky, soil profile produced by Benedict Rois) 

 

Figure 2.5. The study site at Steinadalur (SD; left), schematic soil profile on the right.  

(Photo taken by Friðþór S. Sigurmundsson, soil profile produced by Benedict Rois) 

Kvíármýrarkambur (63°56.129’N, 16°26.515’W) is a strongly disturbed site situated within 

Öræfi district close to a moraine representing the location of the outlet glacier Kvíarjökull 

by the end of the 19th century (Paper 3). Both soil and tephra layers appeared to be disturbed. 

The sampling site (Fig. 2.6) is situated in a drained wetland, but features different 
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hydrological conditions compared to the surrounding, i.e. drier and less oxidized, indicated 

by a less reddish soil colour. The vegetation cover is comprised of grassland, heathland and 

Salix shrubs. 

 

    

Figure 2.6. The study site at Kvíármýrarkambur (KMK, (left), soil profile on the right. 

(Photos taken by Theresa Bonatotzky) 

The geology of the research area is primarily composed of basaltic lava, hyaloclastite and 

fluvial and glaciofluvial sediments (Jóhannesson and Sæmundsson, 2009; Thorarinsson, 

1958). Even though situated outside the active volcanic zone, the study area is strongly 

affected by the active central volcanoes of Grímsvötn, Bárðarbunga and Öræfajökull to the 

North and Katla to the West. All of these systems have erupted on multiple occasions and 

have produced the majority of the tephra deposits preserved in soils in the region (Óladóttir 

et al., 2008). Two distinct tephra layers, the light-coloured rhyolitic tephra from the 1362 

CE Öræfajökull eruption (Ö1362) and a dark basaltic tephra from the 1477 CE Veiðivötn 

fissure eruption (V1477), are well preserved at all investigated research sites. After their 

formation, both tephra were immediately deposited on vegetated land and are thus preserved 

as important tephra marker layers in the research area. With the aid of the known source 

volcanic systems, ages obtained from written documents (Höskuldsson, 2019; Óladóttir et 

al., 2011a; 2011b; Sæmundsson and Larsen, 2019; Þorbjarnarson, 2016) and known 

geochemical composition (Larsen, 1984; Sharma et al., 2008; Sæmundsson and Larsen, 

2019) these tephra layers form an important soil parent material in the study area. 

 

The climate regime in the region is maritime, dominated by cool, moist summers and mild 

winters with high precipitation and strong winds (Einarsson, 1980), strongly affected by the 

mountainous landscape (Ólafsson et al., 2007). Mean annual temperature at Kvísker (30 m 

a.s.l.), the weather station, which is closest to the sampling sites, is 5.9 °C (2009–2016) and 

annual precipitation (1962–2011) is 3500 mm on average (based on unpublished data from 

the Icelandic Meteorological Office).  
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3. Methods 

3.1 Sampling and profile description 

The sampling sites were selected according to the presence of the two desired tephra layers 

(detected by test coring with a JMC Backsaver), and to include the main types of developed 

Icelandic soils (Andosols, Histosols) formed in different environments (wetland, dryland, 

disturbed). None of the profiles showed a clear horizonation, thus soil samples were taken 

at 10 cm depth intervals, and at 5 cm intervals to capture the chemical weathering and clay 

formation for better resolution immediately above and below the two main tephra layers. 

Where field conditions inhibited the application of this strategy, sampling was adapted 

slightly. Tephra layers, easily distinguishable from the soil, were sampled separately. 

Soil profiles at KF and RV (Paper 1) were described according to the Troels-Smith system 

(Aaby and Berglund, 1986; Troels-Smith, 1955). The Andosols at SD and KV (Paper 2) 

were described in the field according to Schoeneberger et al. (2002). Soil colour was assessed 

on field-moist soil using a Munsell colour chart (Paper 1 and 2). Soil accumulation rates 

(SAR) (mm yr−1) were calculated by measuring soil thickness between tephra layers of 

known age (Gísladóttir et al., 2010; Óladóttir et al., 2011a). 

3.2 Soil and tephra mineralogy analyses 

Soil mineralogy was determined by using X-ray diffraction (XRD), Differential scanning 

calorimetry (DSC) and Thermogravimetry (TG). XRD of bulk soil samples and the clay 

fraction were conducted using a PANalytical X’Pert Pro diffractometer with automatic 

divergent slit, Cu LFF tube 45 kV, 40 mA, with an X'Celerator detector (Malvern 

Panalytical, Malvern, UK). Bulk soil samples were grinded to analytical fineness and 

prepared according to the "backloading" procedure (Bish and Post, 1989). Preferential 

orientation of the clay minerals was obtained by suction through a porous ceramic tile, 

similar to the method described by Kinter and Diamond (1956). The exchange complex of 

each sample was saturated with K+ and Mg2+. Expansion tests using ethylene glycol and 

dimethyl sulfoxide (DMSO), as well as contraction tests by heating of the clay size fraction 

up to 550 ◦C were done. Analogous to the bulk mineral analysis, the clay minerals were 

determined by XRD. Bulk samples were X-rayed from 2 to 70◦ 2θ, after each step, clay 

fraction samples were X-rayed from 2 to 40◦ 2θ. Resultant diffractograms were evaluated by 

using the software X'Pert HighScorePlus and identified according to Moore and Reynolds 

(1997), Brindley and Brown (1980) and Wilson (1987). Thermal analyses, consisting of DSC 

and TG were carried out using a Netzsch STA 409 PC Luxx® Simultaneous Thermal 

Analyzer (Netzsch GmbH, Germany). Thermal flux and changes in weight were measured 

simultaneously. Resultant endothermic and exothermic reactions were ascribed according to 

Smykatz-Kloss (1974) and Barros et al. (2007). 
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3.3 Physical and chemical soil and tephra 

analyses 

Particle size analyses were carried out in combination with the clay size analysis. Following 

pre-treatment with H2O2, coarse fractions were separated by wet sieving using mesh-sizes 

ranging from 2000 to 20 µm. The fine particles were analysed by means of sedimentation 

analysis using a Sedigraph III 5120 (Micromeritics, Georgia, USA). Dry bulk density (DBD) 

was measured on soil monoliths in the lab as described in Vilmundardóttir et al. (2014). 

DBD was calculated by dividing the dry weight of a sample by the volume of the undisturbed 

sample (Brady and Weil, 1996). 

 

Representative bulk soil and tephra samples were air-dried, gently crushed to pass through 

a 2 mm sieve, ball-milled to pass through a 150 µm sieve, and used for the analyses of 

physical and chemical properties.  

Soil organic matter (SOM) was estimated by loss on ignition (LOI) according to Bengtsson 

and Enell (1986). Soil pH (H2O) was obtained in 1:5 water-soil suspension. Andic properties 

of soil and tephra were estimated by the indirect method of determining soil pH in 1M NaF 

solution. Phosphate retention (P-ret) was analysed using the method outlined in Blakemore 

et al. (1987). Concentrations of soil organic carbon (SOC) and total nitrogen (total N) were 

obtained by the dry combustion method at high temperature (900°C) using a Flash 1112 

Elementar Analyzer (Thermo-Scientific, Italy). Since the studied soils did not contain 

carbonate minerals (determined by HCl test), the values thus obtained were assumed to 

correspond to organic carbon (OC). 

 

Selective dissolutions were carried out to determine poorly crystalline and amorphous 

constituents as well as those associated with humus in the soils and tephra samples. Iron 

(Fe), aluminium (Al) and silica (Si) associated with amorphous constituents (Feo, Alo, Sio) 

were extracted with ammonium oxalate in the dark by the shaking method at pH 3.0. Fe and 

Al associated with OM (Fep, Alp) were extracted with sodium pyrophosphate at pH 10.0 and 

shaking for 16 h. Both ammonium oxalate and sodium pyrophosphate extraction were 

carried out according to USDA Soil Survey Laboratory Manual (Burt, 2004). Fe in 

crystalline and non-crystalline oxides (Fed) was extracted by citrate-bicarbonate-dithionite 

(CBD) as outlined in Sparks et al. (1996). The resultant extracts were analysed by 

inductively coupled plasma optical emission spectroscopy (ICP-OES). 

 

Values obtained were used to estimate the allophane content (%) (Mizota and van Reeuwijk, 

1989; Parfitt and Henmi, 1982; Parfitt and Wilson, 1985), and ferrihydrite content (%) 

according to Childs (1985). Contents of non-crystalline secondary phases of the clay size 

fraction, hereafter referred to as amorphous secondary clay, were estimated as the total 

amount of allophane and ferrihydrite (Shang et al., 2008). The molar Al/Si ratios were 

calculated from (Alo-Alp)/Sio according to Wada (1989). Alo+0.5Feo was used as a taxonomy 

criterion for andic soil properties (Soil Survey Staff, 2014). Alp/Alo ratio was used to 

differentiate between aluandic and silandic soil properties (IUSS Working group WRB, 

2015) and to estimate the presence of allophanic material (Shoji et al., 1993). The molar ratio 

of metal-humus complexes was estimated by (Alp+Fep)/OC (e.g. Inoue and Higashi, 1988; 

Takahashi and Dahlgren, 2016). Contents of amorphous Al and Fe were calculated by the 

formula Alo−Alp and Feo−Fep respectively (e.g. Mizota and van Reeuwijk,1989). 
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The effective cation exchange capacity (ECEC) was determined according to USDA Soil 

Survey Laboratory Manual (Burt, 2004). Exchangeable base cations (Ca2+, Mg2+, Na+ and 

K+) were extracted by 1 N pH 7 NH4OAc, exchangeable Al3+ was extracted by 1 N KCl and 

ECEC was calculated as the sum of these ions. The ion content of the extracts was 

determined by inductively coupled plasma atomic emission spectrophotometer (ICP-AES).  
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4. Results 

4.1 Selected soil and tephra properties, 

developed in different soil environments 

All investigated soils developed in the lowlands south of Vatnajökull and are representative 

of the most important soil types and soil environments (Histosols, Andosols, disturbed soils) 

found in Iceland.  

 

Tephra layers were well preserved at all sites, although at different depths. The basaltic 

V1477 tephra was found within 35 and 59 cm depth, the rhyolitic tephra (Ö1362) within 48 

and 86 cm depth. The thickness of the two distinct tephra layers differed between the sites. 

In general, V1477 was between 4 cm (KF) and 10 cm (KV) and Ö1362 between 1.5 cm (SD) 

and 7 cm (KMK) thick. Both, V1477 and Ö1362 were found to be thickest closest to the 

Öræfajökull volcano, the westernmost part of the research area. Other tephra layers, mainly 

of basaltic composition, were found in all soil profiles, but were not allocated to a specific 

volcanic system. 

 

The calculation of the SARs showed differences between the soils formed after the 

deposition of V1477 tephra to the time of sampling and those formed in 115 years of soil 

development between Ö1362 and V1477 deposition. Above the basaltic V1477 layer the 

SAR was between 0.63 mm/yr (SD) and 0.93 mm/yr (KF). At four out of the five 

investigated sites, the SAR were significantly higher between Ö1362 and V1477 (between 

1.48 mm/yr at KF and 2.11 mm/yr at SD). The opposite pattern was only found at site RV, 

where the rates throughout the profile were generally low, being 0.61 mm/yr between the 

two tephra layers, but it was slightly higher (0.67 mm/yr) above V1477.  

 

The SOM content was high in the wetland soils, close to 70% in some layers. The content 

of SOM (expressed by the LOI%) was significantly lower in the Andosols, with a mean 

content of 8.5%. Soils at site KMK varied in their SOM content between 2.5 and 20%. SOC 

content ranged between 9 and 38% in the Histosols and between 0.5 and 9% in the soils at 

site SD, KV and KMK. The soils were acidic, with pH (H2O) between 3.7 at site KF and 6.7 

at site SD.  

 

The particle size distribution was determined for soils and tephra at sites SD, KV and KMK. 

The soils were dominated by sand and silt. Only the sediment layer in 10 - 30 cm depth at 

KMK showed a considerable high portion of gravel size constituents (22.3%). Clay contents 

were between 4.3 - 36.6% in the Andosols and ranged between 2.6% (in the sediment layer) 

and 33.4% at site KMK. Noticeably high contents were generally found in the soils below 

both tephra layers.  

 

Both types of tephra were dominated by sand. In V1477 the clay content was similar, around 

5% at all sites, whereas it showed differences in Ö1362. While it was 4.2% and 4.8% at KV 

and KMK, respectively, it was nearly double (7.9%) at site SD.  
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4.2 Weathering and the amorphous nature of 

soil and tephra 

The ammonium oxalate extractable Al, Fe, and Si, pyrophosphate extractable Al and Fe and 

Fed, varied between the sites. Feo and Alo were higher than those extracted by pyrophosphate 

(Fep, Alp). Si contents (Sio) were generally low in the Histosols (mean Sio 2.6 g/kg), medium 

(average of 6.2 g/kg) in the soils at site KMK and 16 g/kg in the investigated Andosols (sites 

SD and KV). In all but one profile the highest Sio was found in the V1477 and the lowest in 

Ö1362. The trend was opposite at site KV. Compared to Feo values, the content of Fe in 

crystalline and non-crystalline constituents (Fed) were significantly lower in all investigated 

soils. 

 

The pH values measured in sodium fluoride pH (NaF) were below the limit of 9.5 in the 

Histosols in all soil layers, while the mean pH (NaF) was 10.9 at sites SD and KV. At site 

KMK the values for pH in NaF solution were well above the limit of 9.5 in the soils 

developed from the rhyolitic tephra, while soils above V1477 did not reach the limit.  

 

Al/Si ratios in the Histosols ranged between 0.1 and 2.0, being higher at KF than RV where 

the ratio was as low as 0.1. The highest Al/Si in the soils were found above the tephra layers. 

Similar Al/Si ratios, all above 1, were found in the soils at sites SD, KV and KMK. The 

Alp/Alo ratios in the Histosols ranged between 0.3 and 1.0. Low Alp/Alo ratios were found at 

the surface at both sites and in the soils right above the tephra layers. Compared to the 

remaining layers, the soil just below the tephra showed slightly lower ratios. Except for the 

top layer at SD and KV, the Alp/Alo ratios in all investigated soil layers were 0.1, but even 

in the uppermost 10 cm, the ratios were close to zero (0.3). The soils at site KMK were all 

showing Alp/Alo ratios below 0.5. The percentage Alo+0.5Feo, a criterion for Andosol 

classification, ranged between 0.1 and 1.9 in the Histosols, between 2.7 and 7.1 at sites SD 

and KV and between 1.1 and 4.5 in the soils at site KMK, reaching lowest levels in Ö1362 

at all sites except for site KV. The Feo/Fed ratios in the investigated soils rank high, being 

1.1 – 2.9 in the Histosols, in a similar range in the soils at site KMK and between 1.3 and 

even 3.4 at the SD and KV. Increased ratios were often found above Ö1362. 

 

The estimated content of amorphous and poorly crystalline constituents (allophane and 

ferrihydrite) was 10 - 26% in the Andosols at sites SD and KV, but significantly lower (7 - 

9%) at site KMK. A low content of amorphous secondary clay size constituents was found 

in the investigated Histosols, ranging from 1.5 to 5.0%. The allophane content in the 

Histosols (KF and RV) was low (0.4 – 2.4%), as well as the estimated content of ferrihydrite 

(0.9 – 3.2%). Significantly higher contents were found in the Andosols (SD and KV) ranging 

between 5.5% and 17.4% allophane and between 3.7% and 9.9% ferrihydrite. Allophane 

(1.9 – 5.5%) and ferrihydrite (1.5 – 4.3%) contents in the soils at site KMK ranged between 

those from the Histosols and Andosols.  

 

At both wetland sites, the estimated content of non-crystalline constituents in the basaltic 

V1477 was around 6.0%, but significantly lower in Ö1362 (0.5% at KF and 0.2% at RV). 

There was a wide range in the amount of amorphous clay size constituents in both types of 

tephra at sites SD, KV and KMK (4.3 – 14.2% in V1477 and 2.1 – 7.7% in Ö1362). The 

allophane content in V1477 ranged between 2.6% and 9.4%, in Ö1362 it was 0.2 – 4.8%. 

Contents of ferrihydrite were found to be lower (0.3 – 4.8% in V1477 and 0.1 – 2.9% in 

Ö1362). The lowest contents were found in the rhyolitic tephra, irrespective the site. 
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4.3 Mineralogical composition of soil and tephra 

The bulk soil mineralogy was dominated by plagioclase and pyroxene. Additionally, 

appreciable amounts of quartz and various types of zeolite were found. Volcanic glass was 

abundant in all samples. A distinct 14 Å reflection was detected in small and trace amounts 

at SD, KV and KMK, respectively. The bulk mineral composition of the two different tephra 

was comparable at all sites. Similar to the soils, both types of tephra were dominated by 

plagioclase, pyroxene and volcanic glass. The rhyolitic Ö1362 was strongly characterized 

by its amorphous nature. 

 

Investigations of the clay fraction of the soils discerned the presence of layer silicates in the 

samples. Hydroxy interlayered (HI) minerals were verified at RV but were absent at KF, 

where smectite was found instead. The latter was also found at site KMK, especially in the 

soils above the basaltic tephra V1477, but only in traces in some layers below. The 

investigations of the clay size fraction discerned secondary chlorite as the only type of layer 

silicates at the dryland sites SD and KV. Traces of plagioclase and zeolite were found even 

in the clay size fraction in some samples at all sites. According to the clay mineralogy of the 

soils, the tephra samples showed traces of smectite at KF and small amounts of HI minerals 

at RV in the basaltic V1477 tephra. Phyllosilicates were not found in Ö1362. 

 

Thermal analyses were performed on soils and tephra from both wetland sites (KF and RV) 

as well as site KMK. TG curves of the subsoils showed the main average thermogravimetric 

mass loss of 15% at KMK and even as high as 45% in the Histosols in the temperature range 

between 200 and 600°C. At low temperatures (< 200°C) the mean mass loss was 6.5%, while 

it was only marginal at temperatures above 600°C. DSC curves showed a distinct exothermic 

peak in the temperature around 300°C (occurring at slightly different temperatures) in all 

samples. A distinct endothermic reaction in the temperature range below 150°C was found 

in all samples. Dehydration, characterized by a distinct endothermic peak generally occurred 

at very low temperatures (≤ 74°C) in the wetland soils, but at slightly higher temperatures 

(133 – 152°C) in the soils at site KMK. Compared to the thermogravimetric mass losses and 

DSC curves in the subsoils, the surface layers showed differences. Similar trends were 

visible in the tephra samples, but considerably weaker reactions than those in the soils. 
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5. Discussion 

5.1 Soil development 

Irrespective of soil type, Icelandic soils develop from volcanic parent material rich in 

volcanic glass and receive large amounts of amorphous and inorganic influx (tephra and 

aeolian material). Even though highly organic soils form from organic plant material they 

exhibit andic soil properties derived from volcanic material. 

 

The soils in the research area south of Vatnajökull develop in a very dynamic environment. 

Abundant precipitation, basaltic igneous bedrock and a large amount of volcanic glass 

present in the soils provide an environment beneficial for chemical weathering in spite of 

the cool climate (Gislason et al., 2009). Icelandic soils are exposed to a recurrent cycle of 

tephra addition, incipient soil development and the soil covered by the next tephra deposit 

and left in its initial state of pedogenesis. The soil surface is constantly recharged with 

pristine material (tephra and aeolian material), while subsoils are preserved and continue to 

develop after burial. None of the investigated profiles presented a well-developed pedon but 

comprised of sequences of buried soils. This process is well known in Iceland (e.g. 

Bonatotzky et al., 2021; 2019), and similar processes have been found in other volcanic 

regions on Earth (Takahashi and Dahlgren, 2016).  

 

With an age <650 years, the investigated soils are “young” and reflect an early stage of 

weathering and soil development (Paper 1, 2 and 3). Despite the abundance of weathering-

beneficial constituents (basaltic and rhyolitic glass) in the soils, the initial state of weathering 

does not enable pedogenic minerals to form, i.e. the active Fe is mainly present in form of 

poorly crystalline ferrihydrite.  

 

The main iron (Fe) source in Icelandic soils is from amorphous basaltic glass, only small 

amounts originate from crystalline material (e.g. Arnalds et al., 2016; 2014). Compared to 

Fe in crystalline and non-crystalline constituents (Fed), the values for Fe associated with 

amorphous constituents (Feo) in Icelandic soils are high, resulting in a Feo/Fed ratio > 1 

(Arnalds et al., 1995; Bonatotzky et al., 2019; Wada et al., 1992). Feo/Fed ratios, widely used 

to indicate the degree of soil development, were generally found quite high, indicating a low 

degree of pedogenesis in all investigated soils, irrespective of soil type. The ratio ranged 

between 1.1 and 2.9 in the Histosols and between 1.3 and 3.4 in the Andosols.  

 

A strong influence of Fe in the investigated soils especially above the V1477 tephra, is likely 

to derive from numerous basaltic tephra layers over a period of about 530 yrs since the 

Veiðivötn eruption in 1477 CE. During approximately 100 yrs of soil development, between 

the deposition of Ö1362 and V1477, hardly any tephra addition occurred. 

 

OM was the determining factor for soil development and the major factor inhibiting 

weathering in the investigated Histosols at site Kálfafell and Reynivellir (Paper 1). Plant 

residues were protected from decomposition by the prevailing anaerobic conditions and a 
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low soil pH (H2O) (3.7 – 5.1). Most Alp/Alo ratios were in the typical range for non-

allophanic soils (Nanzyo et al., 1993), exceeding the critical level of 0.5 indicating the 

dominance of aluminous metal-organic complexes (Kleber et al., 2004). Through thick 

tephra layers, inorganic material was added to the highly organic soils, leading to lower SOC 

content (36–54% C averages) in our soils, compared with Loisel et al. (2014) for northern 

peat soils purely dominated by plant residues. Thus, they can be seen as an outcome of both, 

organic and volcanic material (Arnalds, 2008; Arnalds and Óskarsson, 2009). According to 

World Reference Base, both Histosols meet the requirements for histic and andic soil 

characteristics (IUSS Working Group WRB, 2015). Alo+0.5Feo < 2% and pH (NaF) below 

the limit of 9.5 suggest a preferred formation of metal-humus complexes. The intermittent 

deposition of inorganic material as well as the fact that SOM is protected by a build-up of 

metal-humus complexes, leads to a preservation and further increase of the OM content in 

the soils. The generally low clay content in the Histosols is driven by the prevailing acidic 

soil conditions and a high SOM content that limit the weathering process and inhibit 

formation of pedogenic minerals. The greatest influence of andic material accompanied by 

low SOM content was found in the layer just above V1477 at Kálfafell. 

 

The influx of aeolian material of unknown origin and the particular site conditions are the 

driving factors in the development of the investigated Andosols and the alteration of minerals 

at sites Steinadalur and Kvísker (Paper 2). In addition, the high volcanic activity in Iceland 

constantly adds new tephra to the soils. Parent material, availability of Al and soil pH (H2O) 

are important factors contributing to the formation of amorphous SRO minerals and poorly 

crystalline Fe oxides and hydroxides. A correlation between Alp/Alo ratio and SOC and pH 

(H2O) above 5 in all but one sample affirmed our assumption that the investigated Andosols 

are dominated by poorly- and non-crystalline constituents. A high portion of clay size 

particles, even in the tephra, mainly derives from amorphous constituents (e.g. allophane 

and ferrihydrite). 

 

Despite the soil type, we observed that particular site conditions (e.g. moisture, SOM), rather 

than the primary composition of the parent material play an important role in soil 

development and the formation of different clay minerals (Paper 1 and 2). Even though the 

environmental conditions at the two sites in each environment (wetland and dryland) seemed 

to be similar, the investigated soils are hardly comparable and have to be considered 

separately. In the Histosols (Paper 1) we demonstrated smectite and hydroxy interlayered 

minerals as an alteration product in the soils. Secondary chlorite is the only type of layer 

silicates that could be verified in the Andosols (Paper 2) and is supposedly attributed to 

aeolian influx of material from older, more weathered, more developed eroded surfaces of 

unknown origin and chemical composition, maybe from sources outside Iceland (Baldo et 

al., 2020; Bullard et al., 2016). We suppose that with increasing age the chemical 

composition of the parent material becomes more important in the soil development process. 

 

Higher SARs in the soils originating from Ö1362, compared to those above the basaltic 

V1477 tephra, reflect a stronger impact of erosion and aeolian activity during 115 yrs of soil 

development between 1362 and 1477 CE, than in the soils above V1477, in both wetland 

and dryland soils (Paper 1, 2 and 3). 

 

The volcanically active Vatnajökull area has received numerous tephra deposits of varying 

thickness during the Holocene (Óladóttir et al., 2011a). Beside the chemical composition, 

the thickness of the tephra layer seems to be a crucial factor in tephra weathering as shown 
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by Dahlgren (2005). Thick tephra layers are usually more compacted, and thus show lower 

weathering rates than thinner layers. Thinner layers have greater pore volume and are thus 

more prone to weathering. While intermittent tephra falls may have a beneficial role in 

sustaining the productivity of terrestrial ecosystems through soil renewal, large tephra falls 

can destroy vegetation and separate the underlying strata from the atmosphere, affecting 

pedogenic processes (e.g. Eddudóttir et al., 2017; 2016; Þorbjarnarson, 2016). Thus, it is a 

fact that thick tephra deposits may have a significant and lasting effect on ecosystems.  

 

At the time of the Plinian Öræfajökull eruption in 1362 CE, the rhyolitic tephra was 

deposited as a distinctive layer of up to several tens of centimetres (Thorarinsson, 1958). 

Even though a large quantity of tephra has been removed by erosion processes subsequent 

to the eruption event, the initial deposition strongly impacted the terrestrial environment. 

Based on our results we detected a change in soil properties (e.g. decreased SOM and SOC 

contents, modified weathering patterns) following the deposition of Ö1362 in all 

investigated soil profiles, but most notably at site KMK (Paper 3). 

 

The results of thermal analysis (Paper 1 and 3) led us to the conclusion that mass losses and 

thermal reactions in our soils are mainly due to the loss of SOM, and possibly hiding changes 

in the mineral compounds. Decomposition and combustion reactions of organic fractions 

with slightly different thermal stabilities occurred at all investigated sites.  

5.2 Tephra chemistry, weathering processes and 

pedogenesis 

Icelandic soils are characterized by frequent tephra deposition and a steady flux of aeolian 

material of multiple origins (Arnalds, 2008). While tephra compositions range from basaltic 

to rhyolitic, up to 80% of the windblown dust is amorphous basaltic volcanic glass (Arnalds 

et al., 2016).  

 

The fine particle size, glassy nature, high porosity and high permeability of tephra enhance 

weathering and interaction in the soil environment (Dahlgren et al., 1997; Lowe, 1986). 

Chemical alteration or even complete dissolution of volcanic glass is controlled by the 

chemical composition of the parent volcanic material (Pollard et al., 2003; Wolff-Boenisch 

et al., 2006; 2004). Dissolution rates of “coloured glass” of basaltic andesitic composition 

are higher than those of rhyolitic “non-coloured glass” (Nanzyo et al., 1993). Temperature 

and various soil properties, i.e. pH and Al availability have an important impact (Declercq 

et al., 2013; Gislason and Oelkers, 2003; Wolff-Boenisch et al., 2006; 2004) as well as the 

thickness of the tephra layer (Dahlgren, 2005) which seems to be a crucial factor in tephra 

weathering.  

 

Basaltic glass dissolution is one of the main processes in the geochemical weathering of 

Icelandic soils. At low soil pH conditions, the amorphous basaltic glass dissolves rapidly 

(Oelkers and Gislason, 2001). The oxalate extracted Fe and Al (Feo, Alo) represented by far 

the main portion of extractable Fe and Al, verifying the amorphous nature of the tephra (e.g. 

Oelkers and Gislason, 2001). A difference between the two tephra types is affirmed by a 

high amount of amorphous Fe and Al in V1477, while their quantity is very low in Ö1362. 

The average contents of Fe and Al in the tephra showed small differences between the sites. 
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Under both wetland or dryland conditions, the weathering rates were generally very low in 

the tephra. According to previous studies on the dissolution rates of volcanic glasses (e.g. 

Gíslason, 2005; Kirkman and McHardy, 1980; Wolff-Boenisch et al., 2004) the results of 

our investigations revealed a different state of weathering between the basaltic V1477 and 

the rhyolitic Ö1362 (Bonatotzky et al., 2021; 2019).  

 

The bulk mineralogy of V1477 mainly consisted of pyroxene and plagioclase, two minerals 

with a shorter lifetime compared to quartz and thereby, indicative of weathering processes. 

We found considerably higher contents of clay size material (as high as 36.6% in the 

Andosols, Paper 2) and traces of layer silicates in the basaltic V1477 tephra.  

 

In contrast, the rhyolitic Ö1362 tephra consists of hard and brittle particles and is 

characterised by a high SiO2 content (above 70%), but proportionally little Al2O3 (e.g. 

Sharma et al., 2008). Even though the rhyolitic tephra is older, it (especially in the wetland 

soils) consists almost exclusively of pure volcanic glass and has hardly been altered since its 

deposition in 1362 CE. In the Andosols we found a slightly more diverse mineralogy in the 

rhyolitic tephra, suggesting higher weathering in dryland conditions. 

 

While at least traces of layer silicates were found in the basaltic V1477 tephra, we did not 

find any pedogenic minerals in the rhyolitic tephra in the wetland soils, suggesting that it 

was hardly altered since its deposition in 1362 CE. In the Andosols we found traces of 

secondary chlorite in both, V1477 and Ö1362, indicating a slightly higher degree of 

weathering under dryland conditions. 

 

Our investigations showed that both types of tephra were dominated by inorganic material, 

rich in amorphous and poorly crystalline SRO minerals and volcanic glass (Paper 1, 2 and 

3). The OM contents in the tephra layers were low, even in the Histosols, and result in a 

higher pH (H2O and NaF) compared to the soils. The majority of the clay size fraction was 

comprised of poorly crystalline and amorphous constituents (e.g. allophane and ferrihydrite). 

The predominance of short-range order (SRO) minerals is also confirmed by the Alp/Alo 

ratio, which is close to zero in all tephra samples, but generally slightly higher in Ö1362. 

The weathering of V1477 is reflected in the lowest Alp/Alo value in the layer just above this 

tephra at KF, suggesting an increase of allophanic properties in the soils due to the 

precipitation of the basaltic tephra. A similar pattern was visible at site SD (Paper 2), but 

with a significantly lower ratio, reflecting the dominance of inorganic constituents in the 

Andosol (compared to the Histosols). 

 

At KV the soils formed above the basaltic V1477 tephra show higher ferrihydrite contents 

than those originated from the rhyolitic Ö1362 tephra. The ferrihydrite content increased 

suddenly in 20–30 cm depth, presumably due to the presence of a distinct basaltic tephra 

layer of unknown origin (Paper 2). 

 

There is no doubt that tephra has impacted the weathering and properties of the investigated 

soils, especially at site KMK (Paper 3). According to the different weathering state between 

the tephra layers, the progress of weathering in the soils above V1477 is high, while they 

tend to be lower between Ö1362 and V1477. 
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5.3 The source of pedogenic minerals in young 

Icelandic soils 

As would be expected for soils derived from volcanic ejecta of mainly basaltic origin, the 

examination of the bulk mineralogy revealed a predominance of plagioclase, pyroxene and 

a large quantity of volcanic glass in all samples. Various types of zeolite (e.g. stilbite, 

phillipsite, faujasite) were identified. Even though the conditions in volcanic soils are 

beneficial for layer silicate formation, phyllosilicates are rare in Icelandic soils (e.g. 

Bonatotzky et al., 2021; 2019). In contrast to previous studies, showing that layer silicates 

are not present or are just minor components of the clay fraction of Icelandic soils (e.g. 

Arnalds, 1993; Wada et al., 1992), layer silicates were found to be present in the soils 

investigated in the study, but only to a limited degree (Paper 1, 2 and 3). The major portion 

of the clay size particles in Icelandic soils mainly derives from amorphous and poorly 

crystalline constituents (e.g. allophane and ferrihydrite). Therefore, it was generally difficult 

to identify these crystalline minerals. 

 

The investigations of the Andosols (Paper 2) revealed so-called 1.4 nm minerals, a peak 

showing a 1.4 nm spacing on the bulk XRD pattern. The presence of 1.4 nm minerals 

provides evidence of clay minerals and is common in Andosols (Kawasaki and Aomine, 

1966). In the Histosols we did not find such evidence of clay minerals in the bulk XRD data, 

and only the investigations of the clay size fraction discerned the presence of layer silicates, 

with different types found at each location (Paper 1). 

 

The clear evidence of smectite in the soils at KF and hydroxy interlayered (HI) minerals at 

RV were one of the mineralogical characteristics we found in the studied Histosols. Under 

acid soil conditions, soil vermiculites and smectites act as sinks for Al released to solution 

by weathering (Chesworth et al., 2008). Al hydroxides incorporate into the interlayer of the 

2:1 layer silicates, which leads to the formation of Al-hydroxy interlayered minerals, such 

as hydroxy interlayered vermiculite (HIV) and smectite (HIS) (Barnhisel and Bertsch, 1989). 

Smectite was also the most distinct clay mineral found in the soils at KMK (Paper 3). It 

mainly appeared to be abundant in the soils above V1477. Below this basaltic tephra layer, 

smectite was only found in traces in some of the soil layers. Our findings from the XRD 

were confirmed by the results from thermal analysis. An endothermic reaction in the low 

temperature range around 170°C resulted from the dehydration of water in the interlayers 

and indicates smectite to be present. The results clearly confirmed that smectite “developed” 

from basaltic tephra, furthermore, indicating an alteration of volcanic glass to smectite. 

Investigations of the clay size fraction of the soils at both dryland sites discerned secondary 

chlorite as the only type of layer silicates (Paper 2). 

 

Investigations of the soil properties as well as the mineralogy confirm that the investigated 

soils are young; in their initial state of pedogenesis (Paper 1, 2 and 3). It usually takes more 

time under given environmental conditions for clay minerals to form and alter. For this 

reason, the question arose, from where do the pedogenic minerals derive? 

 

The chemical and structural characteristics of the parent material (Lowe, 1986), climate and 

time since the tephra deposition (e.g. Ugolini and Dahlgren, 2002; Vilmundardóttir et al., 

2014) as well as the effective time of weathering are the main factors controlling soil 

development and composition, type and morphology of the resultant tephra-derived 

pedogenic clay minerals (Jenny, 1941). Our investigations indicated only a minor influence 
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of the chemical composition of the inorganic parent material (basaltic and rhyolitic tephra) 

on these processes. We rather revealed a strong dependence on the local environmental 

conditions (e.g. moisture, SOM content) for the formation of clay minerals (Paper 1 and 2). 

 

Volcanic activity, glacier variations and erosion processes highly impacted and formed the 

Icelandic environment (Björnsson and Pálsson, 2008; Hannesdóttir et al., 2015; Ingólfsson 

et al., 2010; Vilmundardóttir et al., 2015). Frequent tephra addition and a steady influx of 

aeolian material provides an input of more developed and weathered constituents to the (on 

the whole) young soils. A high amount of allophane and ferrihydrite, both amorphous SRO 

secondary minerals and Fe-hydroxides respectively, are X-ray amorphous and confirm our 

assumption of an especially high aeolian input. The layer silicates that were found can 

probably be attributed to aeolian influx of material from older, more weathered and more 

developed eroded surfaces of unknown origin, maybe from sources outside Iceland (Paper 

2 and 3).  
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6. Conclusion 

The development of the investigated soils is an outcome of both organic and volcanic (tephra 

and aeolian) material. Despite the abundance of a weathering-beneficial constituent (basaltic 

glass) in the soils, they can be seen to be in their early stage of chemical weathering and 

development (Fig. 6.1).  

 

 

Figure 6.1 Correlation between Feo/Fed ratio and Sio (distinguish the soils between “old” 

and “young”). 

 

The main findings of the study are: 

 

1. Both types of tephra were dominated by inorganic material, rich in non- and poorly 

crystalline SRO minerals and Fe-hydroxides (allophane and ferrihydrite) and volcanic 

glass. The OM contents were low, even in the Histosols, and result in a higher pH 

(H2O and NaF) in the tephra compared to the soils. Irrespective of being exposed to 

wetland or dryland conditions, the weathering rates were generally very low in the 

tephra. Nevertheless, a different state of weathering between the basaltic V1477 and 

the rhyolitic Ö1362 tephra was found. In the Histosols (Paper 1), traces of layer 

silicates were found in the basaltic V1477, while we did not find any pedogenic 

minerals in the rhyolitic tephra, suggesting that it had hardly been altered since its 

deposition in 1362 CE. In the Andosols (Paper 2) we found traces of secondary 

chlorite in both, V1477 and Ö1362, indicating a slightly higher degree of weathering 

in the dryland conditions. 
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2. The parent material (basaltic and rhyolitic tephra) displayed little influence on 

pedogenesis and the formation of pedogenic minerals in the Histosols. Instead, the 

OM was the determining driver for soil development and the major factor inhibiting 

weathering processes. The soils are the result of altered plant residues and volcanic 

material (tephra and aeolian material). Plant residues, as well as the soil itself, were 

protected from decomposition by the prevailing anaerobic conditions, a low soil pH 

and the repeated addition of inorganic matter. Clay formation was low, while metal-

humus complexes were predominant. The soils at sites SD, KV and KMK were 

dominated by SRO minerals. The frequent tephra addition and the influx of aeolian 

material of unknown origin are the major factors in the Andosol development and the 

alteration of minerals. A change in soil properties after the deposition of Ö1362 was 

visible in all investigated profiles, but to varying degrees. In this context, the thickness 

of the tephra deposition seems to be a crucial factor. Regardless of soil type, we 

observed that particular site conditions (e.g. moisture, SOM) play an important role 

in soil development and the formation of different clay minerals. In 115 years of soil 

development between 1362 CE and 1477 CE, significantly higher SAR’s reflect a 

stronger impact of erosion and aeolian processes on soil development, than in the soils 

above V1477 at all sites. 

 

3. Icelandic soils develop in a very dynamic environment and signs of external 

influences were found in the investigated soils. Harsh climate, extensive unstable 

sandy surfaces which are subject to frequent high-velocity winds, glacier variations, 

volcanic activity, and not least human occupation over the last centuries, highly 

impacted and formed the Icelandic environment. Aeolian transport of tephra of 

basaltic and rhyolitic composition over long distances and re-deposition is very 

common and characterizes the investigated soils. None of the profiles appeared to be 

a well-developed pedon but comprised of sequences of buried soils. Furthermore, it 

is not only the soils that were disturbed over time as disturbance may also have 

occurred during the deposition of the two tephra layers, especially at site KMK (Fig. 

6.2).  

 

     

Figure 6.2 Visible disturbances at site KMK (detail: Ö1362 tephra layer on the right). 

(Photos taken by Theresa Bonatotzky) 

Tephra deposition impacted and changed soil properties as was observed in the 

Andosols in general, but most notably at site KMK (Paper 3). There, compared to the 

layers above, soils below Ö1362 showed a finer particle size composition (more clay 
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and silt than in the layers above), a higher SOM and SOC content, lower pH (H2O) 

and in general, a quite low Feo/Fed ratio, suggesting a more developed soil below 

Ö1362. Investigations of the mineralogy confirm that the soils are very young, thus 

in their initial state of soil development. Usually, it takes more time under given 

environmental conditions for clay minerals to form and alter. Thus, the layer silicates 

we found are probably attributable to aeolian influx of material from older, more 

weathered and more developed eroded surfaces of unknown origin, maybe from 

sources outside Iceland. The distinct sediment layer at site KMK (10 - 30 cm depth) 

appeared to be very different from the remaining soil layers in the profile. The layer 

is characterized by a significantly coarser particle size composition, low SOM and 

SOC content and a more diverse bulk and clay mineralogy. Considering all factors, it 

is suggested, that the disturbance at 10 - 30 cm depth originated from a landslide 

coming from the slope of the Kvíármýrarkambur moraine to the north of the site, 

reflecting the diverse composition of glaciofluvial material. 

 

4. Driven by the prevailing acidic soil conditions and the high SOM content in the 

Histosols, the weathering processes were limited, resulting in a low clay content and 

inhibited formation of pedogenic minerals. In contrast, a high portion of clay size 

particles, even in the tephra, in the investigated profiles at site SD, KV and KMK 

mainly derives from amorphous constituents (e.g. allophane and ferrihydrite). Even 

though Icelandic soils are known for their lack of layer silicates, we demonstrate 

smectite, hydroxy interlayered minerals and secondary chlorite as an alteration 

product in the soils. Differences in the alteration and formation of pedogenic minerals 

in the young Icelandic soils investigated in the present study are mainly related to the 

influx of aeolian material of unknown origin and chemical composition and particular 

local environmental conditions, rather than the primary composition of the parent 

material. It is supposed that with increasing age the chemical composition of the 

parent material becomes more important in the soil development process. 

 

The aim of the research was to improve understanding on how the processes of weathering 

and transformation of minerals in tephra and volcanic soils take place in different soil 

environments following the deposition of basaltic and rhyolitic tephra. By extensive 

investigations of bulk and clay mineralogy in different soil environments and soil types, this 

study built a comprehensive and novel dataset on the mineralogy in Icelandic soils. The 

knowledge garnered within this thesis form a basis for further investigations concerning the 

importance of soil mineralogy in Icelandic soils. 
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ABSTRACT 

Icelandic soils develop in a dynamic environment affected by both natural processes and 

anthropogenic impacts. We present an extensive investigation of soil mineralogy and 

pedogenesis in a disturbed (i.e. by solifluction) pedon under such conditions. The study 

focuses on two distinct tephra layers; a rhyolitic tephra from the Öræfajökull eruption in 

1362 CE (Ö1362) and a basaltic Veiðivötn tephra from 1477 CE (V1477). Both tephra layers 

form an important parent material in the study area south of Vatnajökull, Iceland. 

The Andosol developed from tephra and aeolian material, rich in volcanic glass. The pH 

(H2O) values were between 5.5 and 6.6 and clay mineralogy displayed a predominance of 

allophanic material in both soil and tephra. The pedon can be seen in its early stage of 

chemical weathering and soil development. Despite the overall predominance of non- and 

poorly-crystalline SRO secondary materials and Fe (hydr)oxides in the clay-size fraction, 

we found indication of smectite. 

High exchangeable Ca2+ and Mg2+ concentrations reflect enhanced aeolian input of volcanic 

material, while elevated exchangeable Na+ concentrations are most likely caused by the 

oceanic composition of precipitation. The impact of erosion and aeolian processes on 

pedogenesis seemed to be higher between the deposition of Ö1362 and V1477, than in the 

soils above.  

Both, soil and tephra layers appeared disturbed by erosion/deposition processes over time. 

Characterized by a significantly coarser particle size composition, low SOC content, and a 

more diverse mineralogy, a distinct fluvial sediment layer at 10 – 30 cm depth appeared 

sharply contrasting to the other soil layers in the profile. This possibly reflects the diverse 

composition of glaciofluvial material from a landslide originating from a Kvíárjökull 

moraine in the North. Changed weathering patterns and properties in the soils above the 

Ö1362 tephra indicated soil degradation following the deposition of the rhyolitic tephra. 

 

Keywords: Aeolian influx, erosion, Iceland, pedogenic minerals, soil development, tephra, 

volcanic soil 
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1. INTRODUCTION 

1.1. Soil development within a naturally dynamic environment 

Iceland is characterized by a harsh, subpolar oceanic climate and frequent volcanic 

eruptions. Its location in the middle of the North Atlantic Ocean, near both oceanic and 

atmospheric fronts, makes it highly sensitive to climate changes (e.g. Hannesdóttir et al., 

2015). All Icelandic soils are of Holocene age (Arnalds et al., 2001) and develop in this 

dynamic environment. The majority of them can be classified as Andosols (Arnalds and 

Óskarsson, 2009), rich in volcanic glass. The soils are strongly affected by frequent tephra 

deposition and influx of aeolian material from proximal and distal sources, even from outside 

Iceland. Soil surfaces are constantly recharged with pristine material (dust, tephra and lava 

flows), while subsoils are preserved and continue to develop after burial (e.g. Bonatotzky et 

al., 2019; Gísladottir et al., 2010).  

The fine particle size, glassy nature, high porosity and high permeability of tephra enhance 

weathering and interaction in the soil environment (Dahlgren et al., 1997; Lowe, 1986). 

Attributed to the parent material, Icelandic soils exhibit high weathering rates despite a 

prevalent cool climate (Gislason et al., 2009; 1996) but in general, a young weathering state 

is characteristic for all Icelandic soils (e.g. Bonatotzky et al., 2021). The formation of non-

crystalline materials in soils formed from volcanic parent material is connected to the 

properties of tephra (Shoji et al., 1993). The rate of weathering and the formation, type and 

morphology of tephra-derived pedogenic clay minerals are said to be determined by the 

chemical and structural characteristics (such as the amount, size, porosity and chemical and 

mineralogical composition) of the parent material (Lowe, 1986; Shoji et al., 1993; Van Ranst 

et al., 1993), climate and time (Ugolini and Dahlgren, 2002; Vilmundardóttir et al., 2014), 

and local environmental conditions (Bonatotzky et al., 2021; 2019). Studying the dissolution 

of natural glasses, Wolff-Boenisch et al. (2004) showed that the lifetime of “coloured glass” 

of basaltic andesitic composition can be nine times lower than those of rhyolitic “non-

coloured glass“. Despite the overall rapid weathering of tephra, volcanic material of rhyolitic 

composition weathers much more slowly than basaltic (Bonatotzky et al., 2021; Gíslason, 

2005; Nanzyo et al., 1993a).  

Clay minerals hold a major role in many pedons, but are rare in Icelandic soils (Bonatotzky 

et al., 2021; 2019). Because of their distinctive characteristics (i.e. small particle size, high 

surface area) they influence both chemical and physical soil properties (Schulze, 1989). They 

are sensitive to changes in the soil environment and are useful indicators that provide 

abundant information on weathering and the degree of soil development (e.g. Griffin et al., 

1968; Jacobs and Hays, 1972; Rateev et al., 1969; Środoń, 2013; 2002). In Icelandic soils, 

clay minerals develop from volcanic ejecta and are formed in subsurface horizons in situ 

rather than by translocation or leaching and precipitation (Arnalds, 2008; Dahlgren et al., 

2004). Allophane, a group of short-range order (SRO) materials (Parfitt, 1990) and poorly 

crystalline ferrihydrite are generally abundant in the clay-size fraction (e.g. Bonatotzky et 
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al., 2021; 2019; Stefánsson and Gíslason, 2001). With increasing soil age, the crystalline 

weathering phases become more abundant (Crovisier et al., 1992). 

1.2 Anthropogenic influence on soil development 

In Iceland, prior to human settlement in the late 9th century, climate was the main driver of 

ecosystem change (Gísladóttir et al., 2011). Human occupation and associated pastoral 

farming facilitated a crucial change of the Icelandic terrestrial environment. Based on written 

documents (Íslendingabók and Landnámabók, Benediktsson, 1986a; Benediktsson, 1986b) 

and studies simulating the vegetation cover over the Holocene (e.g. Eddudóttir et al., 2020; 

Erlendsson and Edwards, 2010; Erlendsson et al., 2014; Haraldsson and Ólafsdóttir, 2003; 

Ólafsdóttir et al., 2001), it is suggested that Iceland was covered by dense and widespread 

birch woodlands until the time of settlement. 

With the decline of vegetation cover due to land-use, soil exposure proceeded. Large areas 

became prone to wind and water erosion processes, forming vast areas of dust and sandy 

deserts. Severe increased soil erosion/deposition further facilitated by the harsh climate and 

frequent volcanic eruptions resulted in drastically decreased soil quality and depletion of soil 

organic carbon (Dugmore et al., 2009; Gísladóttir et al., 2010; Kardjilov et al., 2006; Lal, 

2004; Óskarsson et al., 2004), reflected by e.g. increased soil accumulation and bulk density, 

changed particle size composition (becoming coarser) and altered mineralogy. Up to 80% of 

the aeolian dust has a volcanic origin of basalt composition, the remainder being of 

intermediate to silicic composition originating from sources in- and outside of Iceland 

(Arnalds et al., 2016; Gíslason, 2008). The main source areas for dust in Iceland nowadays 

are the Highlands in central Iceland and the sandur plains along the South coast, where the 

surface is made up of loose sediment (Arnalds et al., 2016). 

Given the dynamic environmental context arising from both climatological and 

anthropological drivers, it is important to investigate how soils develop under such 

conditions. In this paper we present the results from an extensive study on soil mineralogy 

and pedogenesis in a disturbed soil profile in the lowlands south of Vatnajökull, SE Iceland 

(Fig. 1). Environmental factors that are taken for consideration are erosional processes such 

as solifluction, slope instability and aeolian soil/tephra reworking and deposition, as well as 

influence by seawater precipitation and tephra deposition. 
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Our research questions addressed two major factors: 

Soil development and mineral alteration 

How is the mineral parent material of volcanic origin (tephra) reflected in variations in soil 

properties (i.e. andic/vitric properties) and in the formation and alteration of minerals?  

Erosion 

How do the investigated soils reflect external environmental processes as factors in soil 

development?  

By investigating selected physical, chemical and mineralogical properties of soil and tephra, 

the primary objectives of this study were to examine the genesis of soils derived from 

basaltic and rhyolitic (tephra) parent material under the prevailing environmental conditions 

of Iceland. Further we investigated the clay mineral composition under given conditions to 

provide a better understanding of weathering processes, pedogenesis and the formation of 

pedogenic minerals in young soils, under a cool climate and influenced by frequent external 

environmental disturbances and influx of pristine material. 

 

2. MATERIAL and METHODS 

2.1. Study site and material 

The area south of Vatnajökull is characterized by maritime climate with cool, moist summers 

and relatively warm winters. Mean annual temperature at Kvísker weather station 

(63°57.576’N, 16°25.465’W, 30 m a.s.l.), the weather station closest (about 3 km) to the 

sampling site, is 5.9 °C (2009–2016) and annual precipitation (1962–2011) is 3500 mm on 

average (unpublished data from the Icelandic Meteorological Office). Precipitation values 

in the region are among the highest observed in Iceland (Einarsson, 1980). Soils in the 

research area developed under frigid and udic conditions (Soil Survey Staff, 2014). 

 

The sampling site Kvíármýrarkambur (63°56.129’N, 16°26.515’W; Fig. 1) is situated within 

Öræfi district, located in the lowland at the foot of Öræfajökull volcano, and is strongly 

influenced by glacial and volcanic activity. It is also affected by its close proximity to the 

North Atlantic Ocean to the south, and the steep and high mountain range beneath the 

Vatnajökull glacier to the north (Olafsson et al., 2007; Sigurmundsson et al., 2020). Soil 

erosion is a problem in the area due to morphology and interactions between glaciers and 

glacial rivers, volcanism, land use and the influence of the sea. Even though the area is 

glacier-free nowadays, it has been highly influenced by advance and retreat of several 

Vatnajökull outlet glaciers during the Holocene (Hannesdóttir, 2014). The end moraine of 

Kvíárjökull, the largest of its kind in front of Vatnajökull, is located just a short distance 

north of the sampling site.  
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Figure 1. The research area south of Vatnajökull glacier, SE Iceland. Set within the 

Öræfajökull massif, the triangle marks Hvannadalshnjúkur at 2110 m a.s.l., the highest peak 

of Iceland. The diamond shows the position of the sampling site Kvíármýrarkambur at the 

foot of Öræfajökull. The location of the weather station Kvísker is shown as circle. (Map 

produced by Benjamin D. Hennig) 

Both, soil and tephra layers show signs of disturbance (i.e. by erosion/deposition processes). 

The sampling site is situated in a for decades drained wetland (Fig. 2), used for sheep 

grazing. The vegetation cover is comprised of grass- and heathland with Salix spp. shrubs.  

    

Figure 2. The study site at Kvíármýrarkambur (KMK) on the left, soil profile on the right. 

V1477 tephra was found at 50 - 59 cm depth, Ö1362 at 79 - 86 cm depth. 

The geology of the research area is primarily composed of basaltic lava and hyaloclastite 

(glassy rocks) (Jóhannesson and Sæmundsson, 2009; Thorarinsson, 1958). Although 

situated outside the active volcanic zone, the study area is strongly affected by active central 

volcanoes nearby. Two distinct tephra layers, the light colored rhyolitic tephra from the 1362 
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CE Öræfajökull eruption (Ö1362) and a dark basaltic tephra from the 1477 CE Veiðivötn 

fissure eruption (V1477), are well preserved in the soil (Fig. 2).  

 

The eruption of the Öræfajökull central volcano in 1362 CE was the most voluminous 

explosive silicic eruption to have occurred in Iceland in historical times. It produced at least 

10 km³ of acidic, uncompacted, light grey tephra (Gudmundsson et al., 2008; Larsen et al., 

1999), mainly dispersed to the southeast (Thorarinsson, 1958). The Ö1362 is characterized 

by a high content of Na2O (average 4.95%) and low CaO content (< 1.2%) (e.g. Larsen et 

al., 1999; Wolff-Boenisch et al., 2004). The range in SiO2 (average 72.71%) is similar to 

some historical Hekla tephra layers, but a higher FeO (average 3.30%) and a very low MgO 

content (close to zero) enable the Ö1362 to be distinguished from other rhyolithic tephra 

deposits (Larsen et al., 1999).  

 

In 1477 CE an eruption in the Veiðivötn fissure swarm, which belongs to the Bárðarbunga 

volcanic system, produced more than 10 km³ of basaltic tephra that was dispersed towards 

east, northeast and north (Larsen, 1984). The eruption is thought to be the largest explosive 

basaltic eruption in Iceland during the last 1200 years. Compared to the rhyolitic Ö1362 

tephra, V1477 has a lower SiO2 content of c. 50%, about half of Na2O (approx. 2.5%), but a 

multiple of the MgO (6 – 7%) and FeO (approx. 13%) content (e.g. Lawson et al., 2007; 

Streeter and Dugmore, 2014). 

 

During both eruptions, the tephra was deposited on vegetated land. Thus, they are preserved 

as important tephra marker layers in the research area. Other tephra layers of basaltic 

composition were found in the soil profile but not distinguished as a specific volcanic system 

or eruption event. 

2.2. Sampling and preparation 

The sampling site was selected according to the occurrence of the two distinctive tephra 

layers which were detected by test coring with a JMC Backsaver. The pedon stratigraphy 

did not allow for a distinction between soil horizons. Thus, we followed a sampling strategy 

appropriate to our research questions. Soil samples were taken at a 10-cm depth interval and 

at 5-cm intervals immediately above and below the two main tephra layers. We slightly 

adapted the strategy (see sediment layer from 10 to 30 cm depth) where field conditions 

inhibited the pre-defined strategy. Tephra layers, easily distinguishable from the soil, were 

sampled separately. Both, V1477 and Ö1362 did not appear as single layer, but were split 

into two and three sublayers respectively within the particular tephra deposit (hereafter 

referred to as V1477, A and B and Ö1362, A, B and C). Each sublayer was sampled 

separately. Additionally, a soil monolith was taken. After collection, all samples were kept 

in sealed plastic bags and stored at 4°C pending analyses. Prior to the analyses of physical 

and chemical properties, representative bulk soil and tephra samples were air-dried and 

gently crushed to pass through a 2-mm sieve.  
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2.3. Soil and tephra sample analyses 

2.3.1. Mineralogical soil and tephra analyses 

Representative samples for bulk mineral analyses were oven-dried at 70 °C and ground to 

analytical fineness. To obtain the clay fraction (< 2 μm), the OM of the samples was removed 

by 10% hydrogen peroxide (H2O2) treatment. After this pre-treatment, clay was separated 

from the soil by a combination of wet-sieving (mesh: 2000 to 20 µm) and centrifugation 

(after initial dispersion with ultrasonic vibration). Similar to the method described by Kinter 

and Diamond (1956), the preferential orientation of the clay minerals was obtained by 

suction through a porous ceramic tile.  

X-ray diffraction (XRD) analyses were performed using a PANalytical X’Pert Pro 

diffractometer with automatic divergent slit, Cu LFF tube 45 kV, 40 mA, with an X'Celerator 

detector. The measuring time was 250 s per step, with a stepsize of 0.017°. Bulk powder 

samples were X-rayed from 2 to 70° 2θ. The exchange complex of each sample was saturated 

with K+ and Mg2+. Expansion tests on the clay-size fraction samples, using ethylene glycol 

(EG), dimethyl sulfoxide (DMSO) as well as contraction tests heating of the < 2 µm fraction 

up to 550 °C were performed. After each treatment, the samples were X-rayed from 2 to 40° 

2θ. Resultant diffractograms were evaluated using X'Pert HighScorePlus software and 

identified according to Moore and Reynolds (1997), Brindley and Brown (1980) and Wilson 

(1987). A semiquantitative mineral composition of the clay-size fraction was estimated from 

the resultant diffractograms according to Riedmüller (1978). 

Differential scanning calorimetry (DSC) and thermogravimetry (TG) were conducted on 50 

mg of clay-size fraction powder sample (pre-dried at 65°C) using a Netzsch STA 409 PC 

Luxx® Simultaneous thermal analyzer. While heating the sample from 25 to 1000 °C at a 

rate of 10 °C min−1 in a reaction atmosphere of synthetic air (flow rate: 50 ml min−1), the 

heat flow to or from the sample as a function of energy was monitored. Thermal flux and 

weight changes were measured simultaneously. The resulting endothermic and exothermic 

reactions were ascribed according to Smykatz-Kloss (1974) and Barros et al. (2007). 

2.3.2. Physicochemical soil and tephra analyses 

Particle-size analyses were carried out in combination with the clay-size analysis. The fine 

particles (< 20 µm) were obtained by means of sedimentation using a Sedigraph III 5120 

(Micromeritics, Georgia, USA). Dry bulk density (DBD) was measured on a soil monolith 

in the lab. For this purpose, we used small cubical cores of known volume (7.9 cm3) as 

described in Vilmundardóttir et al. (2014). Due to the small size of cores, three replicates (n) 

for each DBD sample were collected to obtain an average value. According to Bengtsson 

and Enell (1986), the SOM was measured by the loss on ignition (LOI) by combusting 1.2 

cm³ of soil/tephra at 550°C for 5 hours. Soil pH (H2O) was obtained in soil:water (1:5) 

suspension according to ÖNORM L1083 (Austrian Standard Institute, 2006), pH determined 

in 1M NaF solution for estimation of the andic properties of the soil was determined 
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following the method of Fieldes and Perrott (1966) as outlined in Blakemore et al. (1987). 

Concentrations of soil organic carbon (SOC) and total nitrogen (total N) were determined 

by dry combustion at 900°C using a Flash 1112 Elementar Analyzer (Thermo-Scientific, 

Italy) with ball-milled soil and tephra samples passed through a 150-µm sieve and dried at 

50°C. Since the studied soils did not contain carbonate minerals (determined by HCl test and 

XRD), the values thus obtained were assumed to correspond to organic carbon (OC). 

Phosphate retention (P-retention or P-ret) was analysed using the method outlined in 

Blakemore et al. (1987). 

Non-sequential, selective dissolutions were carried out to determine poorly crystalline and 

amorphous constituents as well as those associated with humus in the soil and tephra 

samples. In preparation for analyses, samples were air-dried, ball-milled and passed through 

a 150-µm sieve. Iron (Fe), aluminium (Al) and silica (Si) associated with amorphous 

constituents (Feo, Alo, Sio) were extracted with ammonium oxalate (pH 3.0) in the dark using 

a mechanical extractor (SampleTek mechanical vacuum, Mavco Industries). Fe and Al 

associated with OM (Fep, Alp) were extracted with sodium pyrophosphate at pH 10.0 and 

shaking for 16 h. Both ammonium oxalate and sodium pyrophosphate extraction were 

carried out according to USDA Soil Survey Laboratory Manual (Burt, 2004). Fe in 

crystalline and non-crystalline (hydr)oxides (Fed) was extracted by citrate-bicarbonate-

dithionite (CBD) as outlined in Sparks et al. (1996). The resultant extracts were stored at 

4°C until analysed by inductively coupled plasma atomic emission spectrophotometer (ICP-

AES). 

The effective cation exchange capacity (ECEC) was determined according to USDA Soil 

Survey Laboratory Manual (Burt, 2004). Exchangeable Ca2+, Mg2+, Na+ and K+ were 

extracted by 1 M pH 7 NH4OAc, exchangeable Al3+ was extracted by 1 M KCl and ECEC 

was calculated as the sum of these ions. The ion content of the extracts was determined by 

ICP-AES.  

Soil accumulation rates (SAR) (mm/yr) were calculated by measuring soil thickness between 

the tephra layers of known age (Gísladóttir et al., 2010; Óladóttir et al., 2011). 

2.4. Calculation of relevant geochemical indices 

Allophane content (%) was estimated by the formula 100x%Sio/[23.4-5.1x] with x=(Alo-

Alp)/Sio (e.g. Mizota and van Reeuwijk, 1989; Parfitt and Henmi, 1982; Parfitt and Wilson, 

1985). Ferrihydrite content (%) was estimated by multiplying the %Feo by a factor of 1.7 

(Childs, 1985). Contents of non-crystalline secondary phases of the clay size fraction, 

hereafter referred to as amorphous secondary clay, were estimated as the total amount of 

allophane and ferrihydrite (Shang et al., 2008). The molar Al/Si ratios of allophane in the 

soil and tephra were calculated from (Alo-Alp)/Sio according to e.g. Wada (1989). Alo+0.5Feo 

was used as a taxonomy criterion for andic soil properties (Soil Survey Staff, 2014). To 

differentiate between aluandic and silandic soil properties (IUSS Working Group WRB, 
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2015) and to estimate the presence of allophanic material (Shoji et al., 1993), the Alp/Alo 

ratio was used.  

 

3. RESULTS 

3.1. Selected soil and tephra properties 

A summary of selected soil properties is presented in Table 1. The basaltic V1477 tephra 

was found at 50 - 59 cm depth and the rhyolitic Ö1362 was found at 79 - 86 cm depth. Instead 

of a single, distinct tephra layer, both V1477 and Ö1362 appeared disturbed and split into 

two and three sublayers respectively within the particular tephra.  

Table 1. Selected morphological, physical and chemical characteristics of the studied pedon 

at Kvíármýrarkambur (KMK). 

  

The pH (H2O) was found to be slightly acidic (5.5 - 6.6) in the soils. The mean pH (H2O) in 

V1477 was 6.0, but higher (7.9) in Ö1362. Soil and tephra pH measured in sodium fluoride 

(pH (NaF)) ranged between 7.9 (in the rhyolitic Ö1362 tephra) and 10.5 (in the soil below 

the basaltic V1477 tephra layer). The SOM in the soils ranged between 20% in the surface 

layer and 2.5% in the sediment layer at 10 - 30 cm depth. SOC ranged between 0.6% and 

9.0%, being highest in the surface layer and rather high below Ö1362 tephra, while low 

between the two tephra layers. The mean DBD in the soils was 0.8 g/cm³. P-retention was 

between 61% and 93%, except in the sediment layer (10 - 30 cm depth) where P-retention 

decreased below 50%. Highest values were found immediately below both tephra layers. 

SAR in the soils after the deposition of the basaltic V1477 to the time of sampling (2012) 

was 0.89 mm/yr, much lower than the 1.74 mm/yr measured between Ö1362 and V1477. 

The soils were dominated by sand and silt (Table 2). While the sand fraction in soil layers 

above V1477 (except the sediment layer) exceeded the silt portion, the opposite was found 

in the soils between Ö1362 and V1477 tephra layer. Only the sediment layer at 10 - 30 cm 

depth showed a considerably high portion of gravel-sized constituents (22.3%). 

Sample Depth pH(H2O) pH(NaF) SOM total N SOC Ca
 2+

Mg 
2+

Na
 +

K 
+

Al 
3+ ECEC P-ret DBD

* SAR

cm % g/cm³ mm/yr

KMK1 0-10 5.8 8.4 20.0 0.66 9.05 1.05 0.40 0.44 0.05 0.02 2.0 90 0.287 0.89

KMK2 10-30 6.4 8.8 2.5 0.04 0.60 0.40 0.18 0.54 0.06 0.05 1.2 49 0.997

KMK3 30-40 5.8 8.9 14.3 0.45 6.29 1.01 0.36 0.63 0.09 0.39 2.5 78 0.651

KMK4 40-45 6.0 8.9 8.9 0.21 3.07 0.72 0.29 0.85 0.10 0.38 2.3 64 0.862

KMK5 45-50 5.8 9.3 10.4 0.28 3.87 0.36 0.07 0.31 0.05 0.30 1.1 82 0.813

V1477,A 50-52 6.3 10.2 4.8 0.13 2.08 - - - - - - - -

V1477,B 52-59 5.7 9.6 1.6 0.12 4.83 - - - - - - - -

KMK6 59-64 6.2 10.5 9.5 0.27 3.74 0.63 0.28 0.33 0.05 0.15 1.4 93 0.916 1.74

KMK7 64-69 6.3 10.5 6.8 0.16 2.29 0.41 0.16 0.31 0.04 0.13 1.0 82 0.783

KMK8 69-74 6.6 10.1 3.6 0.06 1.00 0.24 0.10 0.28 0.03 0.11 0.8 54 0.983

KMK9 74-79 6.1 10.1 3.5 0.07 1.04 0.28 0.10 0.25 0.03 0.18 0.8 61 0.955

Ö1362,A 79-84 6.6 7.9 2.0 0.01 0.13 - - - - - - - -

Ö1362,B 84-85 8.6 8.7 1.8 0.02 0.30 - - - - - - - -

Ö1362,C 85-86 8.6 8.2 2.1 0.01 0.22 - - - - - - - -

KMK10 86-91 5.5 9.7 18.7 0.49 8.72 1.11 0.47 0.39 0.05 0.33 2.3 93 0.567 -

KMK11 91-96 5.6 9.6 14.3 0.33 6.07 0.68 0.34 0.30 0.05 0.35 1.7 81 0.647 -

* DBD: standard deviation ± 0.216 g/cm³

cmolc/kg%
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Table 2. Particle size distribution and estimated content of the amorphous constituents in 

the studied pedon and tephra at Kvíármýrarkambur (KMK). 

 

Above the basaltic V1477 tephra layers, the availability of exchangeable cations varied over 

time (Table 1). The development of selected exchangeable cations along the profile KMK is 

presented in Fig. 3. Between Ö1362 and V1477 they followed a declining trend with depth, 

with the exception of Al3+. Both, Ca2+ and Mg2+ presented the highest contents below the 

Ö1362 layer, while highest Na+ contents were found above V1477. K+ contents were close 

to zero in all but one layer. A similar trend, varying above V1477, but decreasing with depth 

between V1477 and Ö1362, was present in ECEC. The ECEC was lowest (mean 1.0) in the 

soils above the rhyolitic Ö1362. 

 
Figure 3. Profile development of selected base cations Na+, Mg2+ and Ca2+. 

Sample Depth Gravel Sand Silt Clay Ferrihydrite Allophane

Amorphous

secondary

clay-size material

cm

KMK1 0-10 0.6 21.4 44.5 33.4 13.19 3.31 16.5

KMK2 10-30 22.3 62.3 12.8 2.6 2.73 2.07 4.8

KMK3 30-40 0.7 37.3 46.2 15.8 3.01 2.97 6.0

KMK4 40-45 0.6 36.0 55.3 8.1 1.59 1.85 3.4

KMK5 45-50 0.1 35.2 56.1 8.7 1.91 2.48 4.4

V1477,A 50-52 0.4 64.9 27.5 7.3 2.03 3.47 5.5

V1477,B 52-59 0.0 79.4 17.1 3.5 3.23 6.30 9.5

KMK6 59-64 2.1 48.7 34.2 15.0 2.42 4.85 7.3

KMK7 64-69 1.8 55.7 34.1 8.4 1.52 4.10 5.6

KMK8 69-74 3.3 75.3 16.6 4.7 1.87 3.84 5.7

KMK9 74-79 1.5 72.8 21.1 4.6 2.71 5.45 8.2

Ö1362,A 79-84 6.9 60.6 31.0 1.4 0.16 0.29 0.5

Ö1362,B 84-85 6.7 79.7 10.1 3.5 1.58 2.46 4.0

Ö1362,C 85-86 2.7 38.9 48.9 9.5 0.91 0.83 1.7

KMK10 86-91 0.5 25.9 46.6 27.0 4.33 4.57 8.9

KMK11 91-96 2.1 47.1 34.2 16.6 3.59 3.88 7.5

%%
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3.2. Mineralogy of the clay-size fraction 

The clay-size content in the soil samples ranged between 2.6% in the sediment layer (10 - 

30 cm depth) and 33.4% in the surface layer. Noticeably high contents of clay-size material 

were found in the soils below both tephra layers. The allophane content in the soils ranged 

between 1.85 and 3.31% above the basaltic V1477, but 3.84 – 5.45% in the soils below. 

Ferrihydrite contents were found in the range 1.51 – 4.33% (except 13.19% in surface layer). 

The content in V1477 fits into this range, but in the Ö1362 tephra the ferrihydrite content 

was lower.  

The investigation of the bulk mineral composition (Table 3) revealed a dominance of 

plagioclase and pyroxene and the occurrence of quartz in all samples, both soils and tephra. 

Table 3. Bulk mineralogy of the studied pedon and tephra samples at Kvíármýrarkambur 

(KMK). 

 
tr = trace amounts, * = low, ** = medium, *** = high, - = not detected. 

Volcanic glass was abundant in all samples, both tephra and soil. A distinct 14Å peak was 

visible especially in the soils above the basaltic V1477 tephra and some traces below (Table 

4). Volcanic glass was abundant in all investigated samples and zeolites were found in all 

soil samples (Table 3). The three zeolite types detected were phillipsite, stilbite and 

analcime. Phillipsite was only found in traces in the soils above V1477, while traces of 

stilbite were found in most soil layers along the profile and in the lowest Ö1362 sublayer. 

Analcime was found in traces in some soil layers and in the V1477 tephra, but in higher 

quantity right above said tephra layer. Similar to the soils, both types of tephra were 

dominated by plagioclase, pyroxene and volcanic glass. When comparing the two tephra 

deposits, the pyroxene content was found to be higher in the basaltic V1477 tephra. The 

rhyolitic Ö1362,B layer showed a higher quantity of mineral, but lesser amount of volcanic 

glass than in the other sublayers of Ö1362. The identification of the XRD patterns for the 

clay-size fraction is presented in Table 4. A distinct reflection at 6.2° 2Θ (1.4 nm) appeared 

Depth

cm 14Å Quartz Plagioclase Pyroxene Phillipsite Stilbite Analcime Olivine

KMK1 0-10 - tr * * - tr - ** -

KMK2 10-30 * * ** ** - tr tr ** tr

KMK3 30-40 * * ** ** tr tr tr ** -

KMK4 40-45 * * ** ** tr tr * ** -

KMK5 45-50 * * ** ** tr tr * ** -

V1477,A 50-52 - tr * ** - - tr ** -

V1477,B 52-59 - tr * ** - - - ** -

KMK6 59-64 tr * ** ** - tr - ** -

KMK7 64-69 tr * ** ** - tr - ** -

KMK8 69-74 - * ** ** - - - ** -

KMK9 74-79 - * ** ** - tr tr ** -

Ö1362,A 79-84 - tr * tr - - - *** -

Ö1362,B 84-85 - * ** * - - - ** -

Ö1362,C 85-86 tr tr * tr - tr - *** -

KMK10 86-91 tr tr * ** - tr - ** -

KMK11 91-96 tr tr * ** - tr - ** -

Zeolite Volcanic 

glassSample
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in the Mg and K treated sample but shifted after further treatment to 1.7 and 1.9 nm with 

ethylene glycol and DMSO, respectively. After heating the samples to 550 °C the distinct 

reflection contracted to 1.0 nm. This pattern is consistent with the presence of smectite (Fig. 

4). 

Table 4. Mineral composition of the clay size fraction of the studied pedon and tephra 

samples at Kvíármýrarkambur (KMK). 

 
tr = trace amounts, * = low, - = not detected. 

 

 
Figure 4. X-ray diffraction pattern of sample KMK5; 45 - 50 cm depth, clay-size fraction K-

saturated (left) and Mg-saturated (right), showing evidence of smectite. 

  

Depth

cm Smectite Goethite Zeolite

KMK1 0-10 - * tr

KMK2 10-30 * - *

KMK3 30-40 * - *

KMK4 40-45 * - *

KMK5 45-50 * - *

V1477,A 50-52 - - tr

V1477,B 52-59 tr tr tr

KMK6 59-64 tr tr tr

KMK7 64-69 tr - *

KMK8 69-74 - - tr

KMK9 74-79 - - tr

Ö1362,A 79-84 - - -

Ö1362,B 84-85 - - -

Ö1362,C 85-86 tr - tr

KMK10 86-91 - - *

KMK11 91-96 tr tr tr

Sample
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TG curves of the subsoils showed the main average thermogravimetric mass loss of 15% in 

the temperature range between 200 and 600°C. At low temperatures (< 200°C) the mean 

mass loss was 7.3%, while only marginal at temperatures above 600°C. Compared to the 

thermogravimetric mass losses in the subsoils, the surface layer (0 – 10 cm) showed 

differences. As presented in Fig. 5a and b, DSC curves showed a distinct exothermic peak 

around 300°C. A distinct endothermic reaction in the temperature range between 133 and 

152°C was found in all samples. 

  

 

Figure 5a and b. Differential scanning calorimetry V1477 tephra layers (grey) and soils 

(black) above (a) and Ö1362 tephra layers (grey) and soils (black) above; one increment on 

the y-axis corresponds to a heat flow of 0.2 W g−1. 
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3.3. Weathering and amorphous nature of soils and tephra  

Data of selective dissolution analysis are given in Table 5.  

Table 5. Selected non-sequential, selective dissolution analyses and properties related to 

the amorphous material in the studied pedon and tephra at Kvíármýrarkambur (KMK). 

 

Compared to Feo values, the content of Fe in crystalline and non-crystalline constituents 

(Fed) were significantly lower. Si contents (Sio) were 6.2 g/kg on average. The highest Sio 

was found in the V1477 and the lowest in Ö1362.  

Estimated contents of amorphous and poorly crystalline clay size constituents were 7 - 9%. 

The amount of allophane content ranged between 1.9 and 5.5%, the ferrihydrite content 

ranged between 1.5 and 4.3%. The lowest contents were found in the rhyolitic Ö1362 tephra. 

There was a significant difference in the amount of amorphous clay size constituents in both 

tephra layers at KMK (mean 7.5% in V1477 and mean 2.1% in Ö1362). The mean allophane 

content in V1477 was 4.9%, in Ö1362 it was 1.2%. Contents of ferrihydrite were 2.63% in 

V1477 and 0.9% in Ö1362 on average.  

The amorphous Al (Alo-Alp) ranged between 0.5 and 12.1 g/kg, being lowest in the Ö1362 

tephra. The contents of amorphous Fe (Feo-Fep) were found in a wide range between 0.7 and 

63.8 g/kg. Similar to amorphous Al, the lowest content was found in the Ö1362 tephra, the 

highest in the surface layer. The pH values measured in sodium fluoride (pH (NaF)) were 

well above the limit of 9.5 in the soils developed after the deposition of Ö1362, while soils 

above V1477 did not reach the limit. All soils at site KMK showed Alp/Alo ratios below 0.5, 

and (Alo-Alp)/Sio ratios above 1 (except for the surface layer). The percentage Alo+0.5Feo 

ranged between 1.1 and 4.5 in the profile, with lowest values in Ö1362. The Feo/Fed ratios 

ranked high, between 0.7 (in the surface layer and below the two tephra layers) and 2.7. 

Increased ratios were found above Ö1362.  

  

Sample Depth Alo Feo Sio Fed Alp Fep Feo/Fed (Alo-Alp)/Sio Alp/Alo Alo+0.5Feo Amorphous Al Amorphous Fe

cm ratio ratio ratio % g/kg g/kg

KMK1 0-10 6.6 77.6 8.3 95.4 2.3 13.8 0.8 0.5 0.35 4.5 4.32 63.78

KMK2 10-30 5.4 16.0 3.8 8.7 0.9 1.3 1.9 1.2 0.16 1.3 4.57 14.70

KMK3 30-40 9.7 17.7 5.2 14.2 2.8 4.3 1.2 1.3 0.29 1.9 6.92 13.37

KMK4 40-45 6.1 9.4 3.0 8.9 1.5 2.0 1.1 1.5 0.24 1.1 4.59 7.39

KMK5 45-50 8.1 11.2 4.3 8.9 2.2 2.5 1.3 1.4 0.27 1.4 5.92 8.71

V1477,A 50-52 9.9 12.0 6.7 7.5 2.6 2.7 - 1.1 0.27 1.6 7.31 9.24

V1477,B 52-59 14.1 19.0 12.7 4.5 1.7 1.6 - 1.0 0.12 2.4 12.43 17.38

KMK6 59-64 16.0 14.3 7.9 17.0 3.9 3.2 0.8 1.5 0.24 2.3 12.13 11.03

KMK7 64-69 12.5 9.0 7.3 7.1 3.1 1.5 1.3 1.3 0.24 1.7 9.48 7.48

KMK8 69-74 10.1 11.0 7.3 5.6 1.9 1.1 2.0 1.1 0.18 1.6 8.24 9.95

KMK9 74-79 14.1 15.9 10.2 6.0 2.2 1.4 2.7 1.2 0.16 2.2 11.89 14.58

Ö1362,A 79-84 0.9 0.9 0.6 0.7 0.3 0.2 - 0.9 0.38 0.1 0.53 0.70

Ö1362,B 84-85 5.6 9.3 5.0 4.3 0.9 0.7 - 0.9 0.16 1.0 4.74 8.57

Ö1362,C 85-86 2.5 5.4 1.4 3.7 0.4 0.6 - 1.5 0.17 0.5 2.04 4.75

KMK10 86-91 15.0 25.5 7.8 35.3 4.0 5.0 0.7 1.4 0.27 2.8 10.99 20.49

KMK11 91-96 12.1 21.1 7.0 20.1 3.3 4.5 1.0 1.3 0.27 2.3 8.84 16.66

g/kg
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4. DISCUSSION 

4.1. Tephra composition reflected in soil properties and mineral alteration 

Öræfajökull volcano is known for rhyolitic volcanism. These kinds of eruptions are rare but 

extremely violent. Nevertheless, the main volcanic ejecta in Iceland is of basaltic 

composition and basaltic glass dissolution is one of the main processes in the weathering of 

Icelandic soils. Under low pH (H2O) conditions, the amorphous basaltic glass dissolves 

rapidly (Oelkers and Gislason, 2001), leading to high Feo values. The oxalate extracted Fe 

and Al (Feo, Alo) represented by far the greatest portion of extractable Fe and Al (Table 5), 

verifying the amorphous nature of the tephra (e.g. Oelkers and Gislason, 2001). 

A higher pH (H2O) in the rhyolitic tephra was reflected in the soils developed from Ö1362. 

Values for pH (NaF), well above the limit of 9.5 in the soils developed above the rhyolitic 

tephra, pointed to a dominance of amorphous and poorly crystalline constituents. Soils above 

V1477 did not reach the 9.5 limit.  

Studies on volcanic soils in other parts of the world (e.g. Parfitt et al., 1983; Shoji and 

Fujiwara, 1984; Vacca et al., 2003) reported that Al-humus complexes, as well as allophanes 

are competing for Al released by the weathering of volcanic ejecta. The crucial factor to 

determine between the formation of Al-humus complexes and allophane is the soil pH (H2O) 

(Shoji and Fujiwara, 1984; Shoji et al., 1982). Nearly all varieties of volcanic ash (whole 

range from basaltic to rhyolitic) weather to allophane (Wada and Harward, 1974). The major 

portion of the clay size particles of the investigated soils was mainly derived from allophane 

and ferrihydrite, both X-ray amorphous SRO secondary materials and Fe (hydr)oxides. 

Nevertheless, we provided evidence of crystalline pedogenic minerals. The most distinct 

clay mineral found was smectite. The evidence of zeolites was proved in all samples, except 

for two sublayers of the rhyolitic Ö1362 tephra. Investigations of the soil properties, as well 

as the mineralogy, confirmed that the investigated pedon is in the initial state of pedogenesis. 

The presence of smectite and zeolite is widespread in soils developed from volcanic parent 

materials and possibly formed during an early stage of hydrothermal weathering (De Rosa 

et al., 2016; Mirabella et al., 2005; Wada, 1989). At KMK, smectite mainly appeared to be 

abundant in the soils above V1477 (Tab. 4). Below this tephra deposit, it was only found in 

traces in some of the soil layers. Our findings from the XRD were confirmed by the results 

from thermal analysis (Fig. 5a and b). An endothermic reaction in the low temperature range 

around 170°C resulted from the dehydration of water in the interlayers and indicates smectite 

to be present. In situ formation of smectite in the investigated soils, possibly as an alteration 

product of volcanic glass, cannot be ruled out. Considering the high aeolian activity in 

Iceland and the location of the sampling site just outside a geothermal area and active 

volcanic zone, we rather suggest that smectite, as well as zeolites, originate from 

hydrothermal alteration of volcanic material (e.g. tephra), inherited from glacial out-wash 

plains within the country, or sources even from outside Iceland by aeolian transport. 

According to the origin of the clay minerals, quartz may also have derived from aeolian 

transport from Icelandic and/or external sources.  
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The distinct endothermic reaction around 140°C in DSC patterns (Fig. 5a and b) of all 

samples can be linked to dehydration of water associated with allophane. This reaction 

occurred at slightly higher temperatures in the soils above the rhyolitic tephra layer, 

indicating a degradation of more stable compounds of OM and accompanied by higher 

allophane content in the soils above Ö1362 than those above the basaltic V1477. The 

reaction occurred at a higher temperature, suggesting the OM being more stable close to the 

tephra layer, getting looser bound further up the profile. 

4.2 Pedogenesis in unstable conditions 

4.2.1 Soil development in a dynamic environment 

The soils at KMK developed from tephra and aeolian material. A distinct sediment layer was 

found in 10 - 30 cm depth, while aeolian material was mixed throughout the whole profile. 

Volcanic glass was abundant in both tephra and soil. According to the World Reference Base 

(IUSS Working Group WRB, 2015) the investigated pedon meet the requirements for andic 

and vitric soil properties in all layers and can be classified as Andosol.  

Physical and chemical properties of volcanic soils are largely regulated by the amount of 

active Al and Fe present (Nanzyo et al., 1993a), the least mobile elements released during 

chemical weathering of basalt (Gíslason, 2008). In contrast with the general understanding, 

the acid oxalate extractable (amorphous) Feo values in Icelandic soils are usually high 

compared to Fe in crystalline and amorphous constituents (Fed), which is said to result from 

the influence of amorphous basaltic glass (e.g. Arnalds et al., 2016). Thus, Feo/Fed ratios, 

reflecting the crystallinity or “age” of Fe (hydr)oxides (e.g. Malucelli et al., 1999), in 

Icelandic soils often exceed 1 (Arnalds et al., 1995; Bonatotzky et al., 2019; Wada et al., 

1992). The ratios in the investigated soils rank very high, even as high as 2.7, indicating a 

dominance by amorphous and poorly-crystalline Fe compounds (Tab. 5). Nevertheless, the 

reason for Feo exceeding Fed and consequentially Feo/Fed ratio > 1 in the present study may 

be attributed to an over-estimation of acid oxalate extractable Fe (hydr)oxides. According to 

previous studies (e.g. Algoe et al., 2012; Borggard, 1982; Fine and Singer, 1989; Rennert, 

2019), ammonium oxalate solution not only extracts Fe (hydr)oxides from the amorphous 

and poorly-crystalline material, it may also dissolve crystalline Fe compounds (esp. 

magnetite/maghemite, lepidocrocite). The process of basaltic glass dissolution is very 

sensitive to the pH (H2O). Oelkers and Gislason (2001) found the lowest dissolution rates at 

(approximately) pH 6. The prevailing (low) pH and the influence of the ammonium oxalate, 

which is known to affect the process in the range around between pH 2 and pH 7, may also 

contribute to the high Feo values in the investigated soils. On the other hand, several studies 

(e.g. Rennert, 2019; Varadachari et al., 2006;) reported that magnetite/maghemite may not 

completely be dissolved by dithionite-citrate-bicarbonate solution, leading to an under-

estimation of Fed. 

The predominance of SRO constituents is confirmed by the Alp/Alo ratio, which is widely 

used to separate allophanic (< 0.5) from non-allophanic (≥ 0.5) Andosols (Saigusa et al., 
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1991). In the present study all samples were showing Alp/Alo ratios below 0.5 indicating that 

both soils and tephra are allophanic (Tab. 5). The predominance of allophane was also 

indicated by (Alo-Alp)/Sio ratios above 1. Overall, the pH (H2O) in the investigated soils were 

slightly acidic (Tab. 1), but well above the described threshold of 5 and indicate the 

preferential formation of allophane rather than Al-humus complexes (Shoji and Fujiwara, 

1984; Shoji et al., 1982). 

Thermal analysis showed that the main mass losses and thermal reactions in the investigated 

soils occurred due to the loss of OM (Fig. 5a and b). With increasing depth, decomposition 

and combustion reactions of organic fractions with slightly different thermal stabilities took 

place. A distinct exothermic reaction around 300°C indicated the thermal degradation of less 

condensed organic compounds (e.g. Grisi et al., 1998; Guo et al., 2016; Yang et al., 2007). 

The highest SOM content in the surface layer is also reflected by DSC pattern. The sharp 

exothermic peak at 313°C indicates the presence of thermally labile OM. Compared to the 

soils below, the peak occurs at a slightly higher temperature at the surface. With increasing 

depth, the “organic” reaction shifted to the right (occurring at higher temperature), 

suggesting the content of more thermally stable compounds of the OM closer to the tephra 

layer and at the surface. 

Our investigations revealed elevated exchangeable-Na+ contents, especially in the soils 

above V1477 (Tab. 1, Fig. 3). These relatively high Na+ concentrations presumably do not 

originate from the parent material but are most likely caused by the sea salt composition of 

precipitation, reflecting the study sites’ proximity to the sea (Damman, 1988; Gíslason, 

1993; Möckel et al., 2017; Nanzyo et al., 1993b). Similar to studies by Tomita et al. (1993) 

on volcanic glass in Japan, we found a correlation between elevated Na+ contents and 

smectite occurrence, suggesting a reaction of volcanic material (ash, glass) with seawater to 

form smectite minerals.  

4.2.2 Erosion reflected in soil properties 

Human occupation, introduced grazing livestock and other land-use practices induced a 

significant change in the terrestrial environment of Iceland from the late 9th century. With 

the decline of vegetation cover, much of the previously pristine, well vegetated land is now 

deforested and barren and subject to frequent high-velocity winds. As a result, intense wind 

erosion events with aeolian transport of tephra and loose sediment over long distances and 

re-deposition are very common. Up to 80% of the windblown dust is amorphous basaltic 

glass which dissolves rapidly (Arnalds et al., 2016). Despite the abundance of weathering-

beneficial constituent (basaltic glass) in the soils, they can be seen to be in their early stage 

of chemical weathering and soil development (Bonatotzky et al., 2021; 2019; Gíslason et al., 

1996). Older, more weathered, more developed material may be sourced by aeolian transport 

from easily erodible areas in Iceland (these include extensive unstable sandy surfaces in the 

Highlands and glacial out-wash plains on the south coast), or even further afar, such as 

Mongolia or Sahara.  
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The investigation of the bulk mineralogy, mainly comprised of plagioclase and pyroxene 

(Tab. 3), reflected the mainly basaltic composition of the Icelandic bedrock, which contains 

relatively high concentrations of CaO and MgO (Jakobsson et al., 2008). High exchangeable 

Ca2+ and Mg2+ concentrations close to the surface and in the soils below Ö1362, however, 

reflect enhanced aeolian input of material of volcanic origin. The calculation of the SAR 

showed differences between the soils formed after the deposition of V1477 tephra and those 

formed over 115 years of soil development between Ö1362 and V1477 deposition. 

According to Gísladóttir et al. (2011), a consistent SAR through a soil profile implies a stable 

environment, while SAR is altered by erosion phases. Hence, as suggested by SARs (Tab. 

1), the impact of erosion and aeolian processes was higher in 115 yrs of soil development 

between the deposition of Ö1362 and V1477 (1.74 mm/yr), than in 540 yrs of pedogenesis 

since the deposition of the basaltic tephra V1477 (0.89 mm/yr). Similar results were found 

in a study by Bonatotzky et al. (2021) on Andosols south of Vatnajökull. The trend of SOM 

between tephra layers confirmed signs of unstable environmental conditions as indicated by 

the high SARs. Below the basaltic V1477, it decreased from 9.5 % SOM closest to the 

basaltic tephra down to 3.5 % SOM right above the rhyolitic Ö1362. Likewise, total SOC 

and ECEC are conspicuously low between tephra layers, while BD is comparatively high, 

as is the pH (NaF) (e.g. Gísladóttir et al., 2011; 2010; Möckel et al., 2017; Óskarsson et al., 

2004). All these factors are an indication of enhanced aeolian impact between the deposition 

of Ö1362 and V1477 (e.g. Axford et al., 2009; Blakemore et al., 1987; Vilmundardóttir et 

al., 2015; 2014). 

When deposited on vegetated land, tephra and loose aeolian material will be (at least partly) 

sheltered from the wind (e.g. Óladóttir, 2009). Thick tephra deposits can destroy vegetation 

and detach the underlying strata from the atmosphere, affecting pedogenic processes (e.g. 

Eddudóttir et al., 2017; 2016; Þorbjarnarson, 2016). Thus, thick tephra deposits may have a 

significant and lasting effect on ecosystem. A change in weathering patterns and soil 

properties can be seen after the Öræfajökull eruption in 1362 CE. The deposition of the 

rhyolitic Ö1362 tephra layer impacted soil formation and soil weathering processes. 

Compared to the layers above, soils below Ö1362 showed a finer particle size composition, 

a higher SOM and lower pH (H2O) (Tab. 1 , 2 and 5). The SOC content below Ö1362 was 

comparable to the surface layer and to the soil right below the sediment layer, but 

significantly higher (a multiple) than the soils above. Alo+0.5Feo > 2 in the soils below 

Ö1362 were clearly reflecting andic soil properties, while the soils above Ö1362 display 

mainly vitric soil properties. Overall, our results reflect a change in soil properties following 

the deposition of Ö1362. 

We saw an irregular pattern in SOM content in the soils above V1477, which may be caused 

by erosion/deposition disturbances during pedogenesis. Such disturbances are further 

confirmed by a conspicuous sediment layer at 10 - 30 cm depth. Particle size composition in 

this layer was significantly coarser with considerable gravel content, while the SOM was 

very low and SOC content below 1%. Bulk mineralogy was more diverse than in the surface 
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layer above, suggesting that external material became deposited. A similar pattern was found 

with respect to the clay mineralogy.  

KMK is named after a large frontal moraine, originating from Kvíárjökull, a southern outlet 

glacier of the Öræfajökull icecap. The Kvíármýrarkambur moraine on the western side of 

the Kvíárjökull was formed during the Holocene (Gudmundsson, 1997; Spedding and Evans, 

2002; Thórarinsson, 1956). It extends for a distance of approximately 3 km south of the 

glacier, reaching a height of up to 150 m a.s.l., and is characterized by steep slopes. Glacier 

variations of Kvíárjökull over the last few centuries have had a significant impact on the 

geomorphological development of the region (Hannesdóttir, 2014; Iturrizaga, 2008). As a 

consequence of deglaciation, the valley flanks became unstable and collapsed, spreading 

glaciofluvial material at the side of the Kvíárjökull (Iturrizaga, 2008). Considering said 

factors, we suggested that the disturbance at 10 - 30 cm depth originated from a landslide 

coming from the slope of the Kvíármýrarkambur moraine in the North, reflecting the diverse 

composition of glaciofluvial material. 

Not just the soils appeared disturbed over time, disturbance may also have occurred during 

the deposition of the two tephra layers. Both, V1477 and Ö1362 did not appear as single 

layers but were split. While the V1477 tephra layer was split into two sublayers with a thin 

peat layer in between, the Ö1362 was split into three layers of different particle size 

composition and colour. From previous research (e.g. Sharma et al., 2008) we know that the 

main phreatomagmatic and Plinian phase of the 1362 Öræfajökull eruption occurred in three 

phases, each phase producing slightly different material. Based on our results we observed 

that the middle layer of Ö1362 seems to be more related to the soils above the tephra layer, 

than to the tephra itself. Not only was its mineralogy composition similar to the soils, it also 

harboured considerably higher oxalate and dithionite extractable Al, Fe and Si values. Thus, 

we suggest that the disturbances observed within the Ö1362 tephra layer are attributed to 

disturbances (i.e. solifluction) during soil formation, rather than linked to the nature of the 

Öræfajökull eruption in 1362 CE. 
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CONCLUSION 

The investigated Andosol developed from tephra and aeolian material, rich in volcanic glass. 

Despite the abundance of weathering-beneficial constituents in the soils, they can be seen in 

their early stage of chemical weathering and soil development. The overall predominance of 

non- and poorly crystalline SRO secondary materials and Fe (hydr)oxides (allophane and 

ferrihydrite) was higher in the soils developed from the rhyolitic tephra than those above 

basaltic V1477. Based on our results we found evidence of smectite, most likely inherited 

from glacial out-wash plains within the country, or sources even from outside Iceland by 

aeolian transport.  

Evidence of external environmental processes that may have impacted the soil development 

were found throughout the profile: 

• Elevated exchangeable-Na+ concentrations are most likely caused by the oceanic 

composition of precipitation and reflect the close proximity to the sea, while high Ca2+ 

and Mg2+ concentrations close to the surface and in the soils below Ö1362 are linked to 

enhanced aeolian input of volcanic material. Over 115 years of soil development, 

between 1362 CE and 1477 CE, significantly higher SARs reflect a stronger impact of 

erosion and aeolian processes on pedogenesis, than in the soils above V1477. 

Disturbances may also have occurred during the deposition of the two tephra layers.  

 

• Tephra deposition impacted and changed soil properties, as it was visible after the 

deposition of Ö1362. A finer particle size composition, higher SOM and SOC content, 

lower pH (H2O) and in general, a low Feo/Fed ratio in the soils below Ö1362 suggested 

soil degradation (erosion) following the deposition of Ö1362.  

 

• A distinct fluvial sediment layer in 10 - 30 cm depth appeared to be sharply contrasting 

with the surrounding soil layers in the profile. Characterized by a significantly coarser 

particle size composition including gravels, low SOC content and a more diverse bulk 

and clay mineralogy, the sediment layer reflects the diverse composition of glaciofluvial 

material from a landslide coming from a Kvíárjökull moraine in the North. 
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