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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. 

 

 

 

 

 

 





 

Đtdr§ttur 

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 Ăgewachsener Boden", 

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

Tephraschichten betrachtet werden.  
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1.  Introduction 

1.1 The dynamic Icelandic environment 

Iceland is situated between latitudes 63Á23ô and 66Á32ô North and longitudes 13Á30ô and 

24Á32ô 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 2ï5 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 60ï65 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 (6ï7%) 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; środoŒ, 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 peopleôs 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; 

środoŒ, 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





7 

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 (64Á07.731ǋN, 16Á03.245ǋW) 

and K§lfafell (64Á10.749ǋN, 15Á53.236ǋW) (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) 

Kv²sker (63Á59.443ôN, 16Á26.029ôW) lies within ¥rÞfi district. Steinadalur (64Á09.760ôN, 

16Á0.293ôW) is further east in the SuĦursveit 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) 

Kv²§rmĨrarkambur (63Á56.129ôN, 16Á26.515ôW) 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 (2009ï2016) and 

annual precipitation (1962ï2011) 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 yrī1) 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 XôPert 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 ǓC were done. Analogous to the bulk mineral analysis, the clay minerals were 

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

fraction samples were X-rayed from 2 to 40Ǔ 2ɗ. 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-Al p)/Sio according to Wada (1989). Alo+0.5Feo was used as a taxonomy 

criterion for andic soil properties (Soil Survey Staff, 2014). Alp/Al o 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 AloīAlp and FeoīFep 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 

Al p/Alo ratios in the Histosols ranged between 0.3 and 1.0. Low Alp/Al o 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/Al o 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/Al o 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 ï 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 ï 2.4%), as well as the estimated content of ferrihydrite 

(0.9 ï 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 ï 5.5%) and ferrihydrite (1.5 ï 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 ï 14.2% in V1477 and 2.1 ï 7.7% in Ö1362). The 

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

Contents of ferrihydrite were found to be lower (0.3 ï 4.8% in V1477 and 0.1 ï 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 (Ò 74ÁC) in the wetland soils, but at slightly higher temperatures 

(133 ï 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 ñyoungò 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 ï 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 (36ï54% 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/Al o 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 ñcoloured glassò of basaltic andesitic composition 

are higher than those of rhyolitic ñnon-coloured glassò (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 Al p/Al o 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 20ï30 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 ñdevelopedò 

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 ñoldò 

and ñyoungò). 

 

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 SARôs 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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