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Abstract 

Soil formation along the southeast coast of Iceland, between Vatnajökull glacier and the 

south-eastern shoreline is highly influenced by the area´s proximity to major eolian source 

regions. The purpose of the study is to investigate soil formation south of Vatnajökull and 

the effects of the tephra from eruptions in Öræfajökull central volcano in AD 1362 and 

Vatnaöldur in AD 1477, thereon. We investigated soils in five areas (Skaftafellsheiði, 

Sandfell, Gröf, Nestangi and Steinadalur, listed from west to east), in a total of 58 soil 

horizons. Physical and chemical properties of the soils were measured. The thickness of 

the AD 1362 tephra ranged from 10 to 47 cm. The AD 1477 Vatnaöldur tephra was only 

measured at two sites, Gröf (6 cm) and Steinadalur (8 cm). The effects of the AD 1362 

eruption in Öræfajökull are not uniform across the research area. Prior to the AD 1362 

eruption all sites, except Sandfell, had well developed andosols with A-B-C horizons. 

Similar horizons are found above AD 1362 but the texture became sandier. Allophanic clay 

minerals and ferrihydrite were significantly more abundant below the AD 1362 tephra in 

all profiles except Steinadalur. The soils at Sandfell, which is closest to the Öræfajökull 

volcano and where the tephra was thickest, probably never recovered from the intensified 

soil erosion following the eruption. Prior to AD 1362 the soils in Steinadalur classify as 

aquand, but convert to cryand soils following the tephra deposits of AD 1362 and AD 

1477, probably as a consequence of increased soil drainage. In Gröf soil formation was 

seriously affected after AD 1362 with limited accumulation of soil organic matter and soil 

organic carbon as well as little clay formation but after AD 1477 a recovery is observed. In 

Skaftafellsheiði and Nestangi effects are less pronounced, but instability at Nestangi is 

represented by soil accumulation rate of 1.7 mm yr
-1

, the greatest found at all sites since 

AD 1362, indicating its function as important sink area for eroded material. Deteriorating 

climate (the Little Ice Age) and continued human utilization of the area might have further 

exacerbated the impacts of the eruptions on soils and the environment.  
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Útdráttur 

Jarðvegsmyndun á suðausturlandi, við rætur Vatnajökuls ber merki þess að í nágrenninu 

séu meirháttar uppsprettur fokefna. Markmið þessarar rannsóknar er að kanna 

jarðvegsmyndun sunnan Vatnajökuls og áhrif fokefna þar á. Sérstaklega er rannsakað hver 

áhrif gjósku úr Öræfajökli 1362 e. Kr. og frá Vatnaöldum 1477 e. Kr. voru á 

jarðvegsþróun. Efna- og eðliseiginleikar jarðvegs voru greindir á fimm stöðum 

(Skaftafellsheiði, Sandfelli, Gröf, Nestanga og Steinadal, talið frá vestri til austurs), í 

samtals 58 jarðvegslögum. Þykkt gjóskunnar frá 1362 var frá 10 – 47 sm, en gjóskan frá 

1477 mældist einungis á tveimur stöðum, í Gröf (6 sm) og Steinadal (8 sm). Áhrif gossins 

1362 eru ekki einsleit á rannsóknarsvæðinu. Fyrir gosið 1362 var vel þróuð eldfjallajörð 

með A-B-C jarðvegslög alls staðar nema í Sandfelli þar sem vantaði A lag. Svipuð 

jarðvegslög eru að finna eftir 1362, en jarðvegur er þó sendnari. Á öllum stöðum utan 

Steinadals var marktækt hærra hlutfall leirsteinda neðan gjóskunnar frá 1362. Við Sandfell, 

sem er næst eldstöðinni í Öræfajökli og gjóskan var þykkust, hefur vistkerfið sennilega 

aldrei náð sér eftir gosið 1362. Í Steinadal þar sem votjörð var til staðar fyrir 1362 olli 

gjóskufallið 1362 og 1477 því að þar þróaðist brúnjörð eftir gosið. Í Gröf hafði gosið 1362 

neikvæð áhrif á jarðvegsþróun með lítilli uppsöfnun lífræns efnis, lífræns kolefnis og 

leirsteinda en eftir gosið 1477 breyttist þróunin til hins betra að nýju. Í Skaftafellsheiði og 

við Nestanga voru áhrifin ekki eins augljós. Við Nestanga eru þó merki um óstöðugleika 

jarðvegs enda er jarðvegsuppsöfnun þar meiri en á nokkrum öðrum stað í rannsókninni eða 

1,7 mm ár
-1

 frá 1362. Þessi mikla uppsöfnun bendir til þess að staðurinn sé ákomusvæði 

fokefnis. Versnandi loftslag tengt litlu ísöldinni og áframhaldandi nýting mannsins á 

svæðinu gæti hafa aukið enn á neikvæð áhrif eldgosanna.  
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1 Introduction. The dynamic soil 
environment of Iceland 

 

1.1 Soils 

Soil is a resource of critical importance to life on earth. It is the foundation for the growth 

of vegetation and therefore food production and our existence. Soil also regulates and 

distributes nutrients and water. Soils store more carbon than both vegetation and the 

atmosphere combined and are therefore a fundamental feature in the earth's carbon cycle. 

As the human population constantly increases in number, we demand more and more from 

our soils (Brady and Weil, 2010). Research into this phenomenon, so often overlooked, is 

therefore critical and worthy of our full attention. 

 

Soils are formed by a complex interaction between the biosphere, lithosphere and the 

atmosphere. These interactions are dependent on five factors; Parent material, climate, 

landscape, living organisms and time as outlined by Jenny (1941). Soil is formed from 

particles and chemicals embedded in the rocks at the top of earth´s crust. The physical and 

chemical composition of the minerals plays a major role in what soil order forms. The 

climate of a particular region is important in both chemical and physical weathering of the 

minerals that form the soil. Running water constantly erodes rocks, contributing material to 

the soil-forming processes. In areas where temperature fluctuates above and below the 

freezing point of water, rock particles are continuously broken into smaller and smaller 

fractions by the expansion of ice. In warm and moist environments chemical weathering is 

especially pronounced where water and other chemicals delivered by rainwater dissolve 

minerals, releasing nutrients as well as other chemicals into the soil solution. The 

landscape of particular region plays an important role in soil formation. Vertical cliffs, for 

example, do not sustain much soil formation while gently sloping flood plain under the 

same climatic condition might be covered by thick soils that might trace their origin from 

erosion upstream. Soil is often described as a living thing and that is what differentiates 

soils from sediments. The vegetation living on the soil, as well as the organisms living in 

the soil, get their nutrients partly from the soil and return those nutrients back into the soils 

where one layer of organisms after another recycles those nutrients and delivers them to 

the next generation of organisms. Soil formation is generally slow process measured in 

millimetres or even fraction of a millimetre of soil per year where the four factors listed 

above work together to slowly build up this thin and delicate skin covering the earth. Soil 

can therefore be considered to be not, or at best marginally, a renewable resource in the 

context of human lifespan. Soil can, however, be destroyed in much shorter time than it 

takes to form (Brady and Weil, 2010; Jenny 1941). 

These factors are common to soil formation all over the world. The proportion each of the 

above mentioned factors has in different areas around the globe varies however. The soil 

environment in Iceland is a highly dynamic system that has experienced significant 

disturbance and change throughout its existence, both from natural causes and as a result of 
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human activity. Research on Icelandic soils has only been carried out for a relatively short 

period but in that time much has been learned and discovered by the pioneers of the 

discipline. There are many questions still unanswered however, hence soil research in 

Iceland is a highly important subject worthy of further pursuit. The following chapters deal 

with factors that are of direct relevance for soil, soil formation, its maintenance, 

reclamation and protection in Iceland. 

 

 

1.2 Geology of Iceland 

Iceland is a volcanic island in the North Atlantic Ocean, situated between approximately 

63°N - 67°N and 13°W – 24°W. Its land surface is close to 103.000 km
2
 in area. The island 

is one of the youngest land surfaces on earth with no rocks older than approximately 16 

million years (Hardarson et al., 1997; Moorbath et al., 1968). Iceland is one of the few 

places on earth where a mid ocean ridge actually rises above sea level but that is the case 

with the mid Atlantic ridge that transects Iceland from the south-west to north-east, 

separating the Eurasian and North American tectonic plates (Einarsson, 1991). The plates 

drift on average around 1 cm in each direction annually (2 cm total) to the east and west 

(Einarsson, 2008; Hreinsdóttir et al., 2001). Other parts of the mid Atlantic ridge are 

submerged so other forces had to come into play to form the Icelandic landmass. A mantle 

plume, or a hot spot, is believed to underlie the centre of Iceland and it feeds the necessary 

quantity of magma to the surface to maintain the landmass (Bjarnason, 2008; Vink, 1984).  

Iceland is traditionally divided into three main volcanic zones (Figure 1), the eastern 

volcanic zone (EVZ), the western volcanic zone (WVZ) and the northern volcanic zone 

(NVZ), flanked by smaller volcanic zones (Jóhannesson and Sæmundsson, 1998). The 

youngest rocks are found in the volcanic zones, both palagonite formations from the 

Pleistocene and basaltic lavas of Holocene age. Andesitic and rhyolitic lavas are also found 

in the vicinity of some of the central volcanoes. Further from the active volcanic zones 

progressively older rock formation are observed with the oldest rocks found furthest to the 

east and in the Vestfirðir peninsula. The older formations are known as the tertiary 

formation (Einarsson, 1991). Volcanism occurs in Iceland both in central volcanos as well 

as on fissure swarms extending along the length of the active volcanic zones. Eruptions in 

the fissure swarms usually produce relatively primitive mafic basalts while complex 

interactions between fresh magma and older magma and rocks in the central volcanoes can 

produce variety of eruptive materials, from basalts to rhyolites (Thordarson and 

Höskuldsson, 2008; Thordarson and Larsen, 2007). Many of the central volcanoes as well 

as fissure swarms in Iceland are overlain by glaciers. The interaction between the molten 

hot magma and glacial ice and meltwater can result in significant tephra production 

(Thorarinsson, 1944; Zimanowski, 1998; Zimanowski and Büttner, 2003). This is unique 

in the world today as production of large quantity of fine basaltic tephra is uncommon. For 

this reason it is common to see numerus layers of dark tephra in Icelandic soil profiles 

(Thorarinsson, 1944).  
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Figure 1. Volcanic zones of Iceland, main rock formations and central volcanoes. The large open circle 

indicates the approximate centre of the Iceland mantle plume/anomaly as depicted by Wolfe et al, 

(1997). Abbreviations are as follows: RR, Reykjanes Ridge; RVB, Reykjanes Volcanic Belt; SISZ, 

South Iceland Seismic Zone; WVZ, West Volcanic Zone; MIB, Mid-Iceland Belt; EVZ, East Volcanic 

Zone; NVZ, North Volcanic Zone; TFZ, Tjörnes Fracture Zone; KR, Kolbeinsey Ridge; ÖVB, Öræfi 

Volcanic Belt; and SVB, Snæfellsnes Volcanic Belt (Jóhannesson and Sæmundsson, 1998; Taken from 

Thordarson and Höskuldsson, 2008). 

1.3 Soils of Iceland 

1.3.1 Volcanic soils, properties and genesis 

Soils of Iceland are in many respects special; they are relatively young and have only been 

forming since the end of the Pleistocene when glaciers retreated from the land (Arnalds, 

2004). New soil is continuously forming on land where glaciers are retreating or where 

new land is formed due to volcanic activity (Arnalds, 2015; Vilmundardóttir et al., 2014). 

Volcanic soils (andosol/andisol) generated from airborne volcanic ejecta (tephra) are the 

most common form of soils in Iceland. Windblown material also contributes to their 

formation (Arnalds, 2004). Rapid chemical weathering of the tephra then hastens soil 

genesis (Gíslason, 2008). On the global scale andosols are rare, estimated to make up less 

than 1% of soils in the world (Arnalds, 2015). These soils are important beyond their 

global extent, however, as andosols are often very fertile and can therefore support dense 

populations. Andosols are usually young soils as they are transformed into other soil orders 
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given enough time and lack of fresh volcanic material (Shoji et al., 1993). Formation of 

andosols begins as soon as the volcanic ejecta comes into contact with the atmosphere 

(Óskarsson et al., 2012).  

Andosols have several special properties that differentiate them from other soil orders. 

These properties include low bulk density, high water retention, exceptional capacity for 

carbon sequestration and high fertility (Arnalds, 2004). Andosols form when the volcanic 

parent material, most often tephra, is weathered and ions such as Al, Si and Fe enter soil 

solution and secondary minerals are formed as well as Al-humus complexes (Dahlgren et 

al., 2004; Shoji et al., 1993). The secondary minerals, allophane, imogalite and ferrihydrite, 

commonly known as short range order minerals (SRO), are frequently determined by Al, 

Si and Fe extracted with ammonium oxalate (Alox, Siox and Feox), which dissolves 

allophane, allophane-like materials, organic Al and Fe complexes as well as non-

crystalline Al and Fe oxides and ferrihydrite (Wada, 1989). Dissolution with 

pyrophosphate (Alp, Fep, Sip) does dissolve organo-metal complexes but not the crystalline 

phases (Soil Survey Staff, 2010). 

 

Weathering rates of volcanic material varies with the chemical and mineral composition of 

the erupted material, but are also heavily dependent on climatic condition, vegetation and 

time (Jenny, 1941). Basaltic material, especially rich in glass weathers much more rapidly 

than rhyolitic material (Gislason and Arnórsson, 1993; Gíslason et al., 1996) and generally 

includes loss of non-hydrolysing cations (Ca
2+

, Mg
2+

, Na
+
) and retention of Si

4+
, Al

3+
 and 

Fe
3+

 (Chadwick et al., 2003; Shoji et al., 1993). In low-temperature environments, 

formation of clay minerals is dominated by SRO secondary minerals as well as organo-

metal complexes and their relative abundance increases with increased precipitation and 

cooler temperatures (Chadwick et al., 2003; Dahlgren et al., 2004; Parfitt and Wilson, 

1985; Pokrovsky et al., 2005; Rasmussen et al., 2010; Shoji et al., 1993).  

 

Since majority of eruptions in Iceland produce basaltic material, dissolution rates tend to 

be high, especially in areas with high precipitation. Translocation of Al
3+

 and Fe
3+

 ions are 

thought to be minimal, leading to the conclusion that the poorly crystalline minerals in sub-

surface horizons are formed in situ (Gíslason, 2008; Ugolini et al., 1988). Andosols have 

been divided into two categories based on mineralogical composition of the A horizon, 

allophanic and non-allophanic (Dahlgren et al., 2004). Availability of Al
3+

 and its 

influence on pH of the soil seems to be the major factor with allophanic soils forming if the 

pH is above ~5. Another indicator of allophanic/non-allophanic soil properties is the ratio 

of pyrophosphate-extractable Al
3+

 to acid oxalate extractable Al (Alp/Alox), with 0.1 to 0.4 

indicating allophanic soils and 0.8 to 1.0 indicating non-allophanic soils (Nanzyo et al., 

1993). Rhyolithic parent material tends to lead to more abundant Al
3+

 ions and lower pH in 

soil solution which inhibits allophanic clay mineral formation (Dahlgren et al., 2004). With 

the majority of soil parent material in Iceland being basaltic, allophanic soils tend to 

dominate, especially close to the active volcanic zones. Histic soils and histosols can 

however have relatively low pH and little formation of allophanic materials (Arnalds and 

Óskarsson, 2009). Soil pH in sodium fluoride solution (NaF) indicates andic properties as 

it is normally associated with allophane content (Soil Survey Staff, 2010).  
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1.3.2 The Icelandic soil classification system 

According to international classification systems Icelandic soils are almost exclusively 

classified into two groups, andosol and histosol. However, on closer inspection, greater soil 

diversity becomes apparent. For this reason a Icelandic classification scheme has been 

introduced (Arnalds and Óskarsson, 2009). In this system soil is classified based on 

drainage, carbon content, clay content and aeolian input. The system differentiates clearly 

between the desert soils, which are common in Iceland, and the more fertile soils of 

vegetated areas (Table 1, Figure 2 and Figure 3).  

 

Table 1. The Icelandic soil classification system(1; Soil Taxonomy, 2; World Reference Base for soil 

resources). Adapted from Arnalds and Óskarssson (2009) and Arnalds (2008). 

Icelandic name Soil Type Symbol Diagn.pr. S.T
1
. WRB

2
. 

Mójörð Histosol H >20% C Histosol Histosol 

Svartjörð Histic andosol HA 12–20% C Aquand Gleyic/Histic andosol 

Votjörð Gleyic andosol GA <12% C; gley 

and/or mottles 

Aquand Gleyic andosol 

Brúnjörð Brown andosol BA <12% C, dry; 

>6% allophane 

Cryand Haplic/Mollic andosol 

Malarjörð Cambic vitrisol MV <1.5% C 

<6% allophane 

Cryand Vitric andosol 

Regosol/Leptosol 

Melajörð Gravelly 

vitrisol 

GV <1.5% C 

< 6% allophane 

Gravel 

Cryand Vitric andosol 

Arenosol/Leptosol 

Sandjörð Sandy vitrisol SV < 1.5% C 

Sand 

Cryand Vitric andosol/ 

Arenosol/Leptosol 

Vikurjörð Pumice vitrisol PV Pummice > 2 mm Cryand 

Entisol 

Arenosol/Regosol 

Vitric andosol 

Bergjörð Leptosol L Rock/Scree Entisol Leptosol 

Frerajörð Cryosol C Permafrost Gelisol Cryosol 
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Figure 2. The relationship between aeolian input, drainage and carbon in the Icelandic soil 

classification system (Taken from Arnalds and Óskarsson, 2009) 

 

 

Figure 3. Soil map of Iceland (Taken from Arnalds and Óskarsson, 2009) 
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1.4 Climate of Iceland 

1.4.1 Overview 

Climate in Iceland is dominated by the surrounding North Atlantic Ocean. Of particular 

importance is a branch of the warm Gulf Stream, the Irminger Current, which originates in 

the Gulf of Mexico and reaches the island from the south. This feature provides the island 

with much warmer climate than expected for its latitudinal position, by delivering warm 

and moist air to Iceland. The climate is classified as maritime with cool summers and mild 

winters. Parts of the island, the far north and the highlands, have arctic climate (Einarsson, 

1980).  

1.4.2 Average temperatures  

Average temperatures (Figures 4, 5 and 6) in the Icelandic lowland are generally close to 

0°C in the winter but close to 10°C in summer (Ólafsson et al., 2007). The mean annual 

temperature in Reykjavík was 4.2°C in 1961 to 1990 and 3.2°C in Akureyri in the north 

(Icelandic Meteorological Office, 2007b). There are important spatial variations in average 

temperatures in Iceland. The lowlands are considerably warmer than the central highlands, 

as is northern Iceland slightly colder than the southern part on annual basis (Bjornsson et 

al., 2007). The difference in average temperature during summer and winter is relatively 

small.  

 

Figure 4. Annual average temperature in Iceland 1961 – 1990 (Bjornsson et al., 2007) 
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Figure 5. Mean temperature for the month of January 1961 – 1990 (Bjornsson et al., 2007) 

 

 

Figure 6. Mean temperature for the month of July 1961 – 1990 (Bjornsson et al., 2007) 

 

1.4.3 Average precipitation 

Average precipitation in southern Iceland is typically around 1000 mm yr
-1

 where 

orographic influences are not pronounced (Ólafsson et al., 2007), but there is a high degree 

of spatial variation in the precipitation patterns (Figure 7). Since the Iceland is in the path 

of the North Atlantic low pressure systems, warm and moist air reaches its shores on a 

regular basis. Especially during winter the southern part receives much more precipitation 

than most other parts of the country. This is particularly the case for areas south of 
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Vatnajökull and Mýrdalsjökull glaciers where the greatest precipitation is observed. 

Precipitation in these areas can surpass 4600 mm yr
-1

. Northern Iceland and particularly the 

highland areas north of Vatnajökull are the driest areas of Iceland, sometimes receiving 

precipitation of less than 400 mm yr
-1

 (Ólafsson et al., 2007). 

 

Figure 7. Distribution of annual precipitation in Iceland 1961 – 1990 (Icelandic Meteorological Office, 

2007a) 

 

1.4.4 Winds 

Winds are often strong in Iceland and are in many cases amplified by the mountainous 

topography. Because the island is frequently swept by powerful low pressure systems 

winds also tend to be highly variable, both in magnitude and in direction (Einarsson, 1980; 

Ólafsson et al., 2007).  

1.4.5 Considering mountains 

Iceland’s mountainous topography exerts strong influence on the weather patterns around 

the country. The mountains tend to amplify weather extremes. Temperature, precipitation 

and wind are all affected by the ruggedness with high precipitation patterns on the side of 

mountains facing winds that carry moist air, often accompanied by higher and more stable 

temperatures while areas on the lee side of mountains receive less precipitation and have 

more fluctuating temperature regimes (Crochet et al., 2007; Einarsson, 1980; Ólafsson et 

al., 2007).  
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1.4.6 Climate in the past 

Instrumental meteorological records extend back to the middle of the 18th century in 

Iceland but are sparse and incomplete until the early 19th century (Einarsson, 1980). Other 

methods have been used to discern the climate of the past in Iceland, for which climate 

proxies in both terrestrial and marine sediments are among the most important. Written 

descriptions of past climate are also important to build a more complete picture of climate 

change and fluctuations, especially records of sea ice presence at or close to the shores as 

sea ice has profound effects on temperature (Einarsson, 1980). The transition from the last 

ice age to the current warm period started in Iceland around 15 ka BP when the ice sheet 

covering the land collapsed due to milder climatic conditions and consequent relative sea 

level rise (Andrews et al., 2000; Ingólfsson and Norddahl, 2001; Jennings et al., 2000; 

Syvitski et al., 1999). The collapse of the ice sheet was relatively rapid but continued for 

the next millennia although interrupted by cooling events such as the Younger Dryas 

period (Norðdahl and Pétursson, 2005). By the time the Saksunarvatn tephra was deposited 

ca 10.2 ka BP the ice sheet had retreated from most areas (Caseldine et al., 2003; Stötter et 

al., 1999). After the deposition of the Saksunarvatn tephra the climate remained relatively 

mild but was interrupted by significant cooling and unstable conditions at ca 8.7 to 7.9 ka 

BP, concentrated around 8.2 ka BP (Geirsdóttir et al., 2013). After 7.9 ka BP the climate 

reached its mildest conditions during the Holocene to date, with temperatures estimated 

approximately 3.5°C warmer than those measured for the period 1961 to 1990 (Flowers et 

al., 2007). This time period is known as the Holocene Thermal Maximum (HTM) and 

lasted with relatively stable conditions until the onset of Neoglaciation at ca 5.5 ka BP 

(Geirsdóttir et al., 2013). A cooling trend followed, punctuated by relatively milder 

conditions during the Roman thermal optimum and the medieval thermal optimum. After 

ca AD 1200 climate began to cool with the onset of the little ice age (LIA; (Axford et al., 

2008; Eiríksson et al., 2006; Geirsdóttir et al., 2013; Larsen et al., 2011). Although the 

concept of the LIA is debated (Ogilvie and Jónsson, 2001) it has been suggested that this 

period has seen the lowest sustained temperatures during the Holocene with temperatures 

ca 1°C lower on average than during 1961 – 1990 (Flowers et al., 2007). After ca AD 1900 

temperatures have risen, a process linked to climate change brought about by human 

activity (Björnsson et al., 2008).  

1.4.7 Recent climate change 

Temperatures have been rising in Iceland as in other parts of the world (Björnsson et al., 

2008) over recent decades. This trend is considered to be caused by climate forcing 

imposed by CO2 and other so-called greenhouse gasses emitted to the atmosphere by the 

burning of fossil fuels and other human activities (IPCC, 2007). Figure 8 shows the mean 

annual temperature 1798 – 2007 for the weather station in Stykkishólmur in west Iceland, 

which provides the longest continuous weather information for Iceland. Based on the 

Stykkishólmur record, temperatures have been rising by 0.71°C per century and a sharp 

increase, around 1.5 - 2°C, is observed from 1979 to 2007 (Björnsson et al., 2008). 
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Figure 8. Annual average temperature in Stykkishólmur, west Iceland from 1798 to 2008. The red line 

shows linear trend with 0.71°C increase in temperature per century (Björnsson et al., 2008). 

1.5 Vegetation in Iceland  

1.5.1 Overview 

The current vegetation in Iceland can be divided into two categories: a lowland area where 

climate is relatively mild and sub-alpine vegetation is most prominent. Those areas are 

generally situated below 300 m a.s.l. In highland areas and on peripheral coastal areas such 

as in the northern and the westernmost parts of Iceland, arctic-alpine vegetation dominates 

(Hallsdóttir and Caseldine, 2005). One of the most striking features of the current 

vegetation regime in Iceland is the near total absence of woodland. Only about 1.5% of the 

land area sustains continuous woodland, most of which consists of Betula pubescens 

(downy birch) shrubs or forests (Icelandic forestry service, 2015). Imported tree and shrub 

species have been planted since the turn of the 20th century and are gradually expanding 

(Blöndal and Gunnarsson, 1999). Vegetation cover (Figure 9) in general is also poor in 

Iceland. Only 45% of the land has continuous vegetation cover (defined as land where 

vegetation cover is greater than 50%). The remaining 55% are barren or poorly vegetated, 

of which approximately 13% are glaciers, rivers and lakes. The most extensive plant 

community in areas with >50% plant cover is poor heathland with ~24% cover, where 

grazing has shaped the ecosystem. Poor heathland often has high percentage of mosses and 

plant species not palatable to grazing animals. Other common plant communities are rich 

heathland with 6.6% cover and land covered by moss (3.4%) (Arnalds, 2015).  

 

Year 
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Figure 9. Simplified vegetation map of Iceland (Taken from Arnalds, 2015) 

 

1.5.2 The Holocene vegetation history of Iceland 

When the Weischelian ice sheet retreated it left in its wake polished bedrock and glacial till 

more or less void of any life. Plants and other organisms soon started to colonise the land 

although the origin is still debated (Kristinsson, 2015; Vickers and Buckland, 2015). Two 

main hypotheses have been put forward. One suggests that a relatively large part of the 

plant community survived the ice age on ice free areas that resemble for example Esjufjöll 

(nunataks in present day Vatnajökull) and spread from there as soon as permanently ice 

free areas became available and suitable (Rundgren and Ingólfsson, 1999; Steindórsson, 

1962). The other hypothesis suggests that all life was vanquished by the ice age glacier and 

if there were ice free areas, the climate was so harsh that nothing of significance survived 

there. This hypothesis is known as Tabula rasa or "clean slate". If the latter holds true it 

must be assumed that all plants and other organisms arrived by air or sea (Buckland et al., 

1986; Buckland and Dugmore, 1991). 

1.5.3 Earliest signs of life – the pre-boreal 

Pollen and fossil records from the last stages of the ice age and the earliest part of the 

Holocene are rare or absent. Some of the oldest records come from north Iceland and start 

at ca 12 ka BP. Pollen influx suggests that in the beginning hardy tundra vegetation settled 

in the unstable environment (Eddudóttir et al., 2015; Rundgren, 1995; Rundgren, 1998). 

Later, with steady amelioration in climate from ca 10.7 ka BP low shrub vegetation such as 

Salix (cf. herbacea; dwarf willow) and Empetrum nigrum (crowberry) contribute to 
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increasingly layered vegetation. Pollen concentrations also increase, suggesting that the 

vegetation cover was becoming denser (Rundgren, 1998). At ca 10.2 ka BP a major 

eruption occurred and deposited what is now known as the Saksunarvatn tephra, taking its 

name from a lake in the Faeroe Islands (Andrews et al., 2002; Birks et al., 1996; Björck et 

al., 1992). This tephra layer forms an important marker layer for palaeoecological research 

in Iceland as it marks the boundary the between the pre-boreal and boreal (Holocene) 

periods (Hallsdóttir and Caseldine, 2005).  

1.5.4 Onwards and upwards, and down again – vegetation from the preboreal to 

AD 870 

The deposition of the Saksunarvatn tephra had in impact on the vegetation progression in 

Iceland, but to what degree is still a matter of active research. A recent pollen and 

lithological record from Kagaðarhóll in northern Iceland suggests increased instability for 

around a century after the eruption, after which the environment gradually stabilised 

(Eddudóttir et al., 2015). The unstable conditions favoured hardier taxa, best suited to 

withstand serious disturbances like tephra deposition, such as Salix (willows). Following 

the instability caused by the Saksunarvatn tephra, Juniperus communis (juniper) emerges 

as an important species around 10.0 ka BP and along with Betula nana (dwarf birch) starts 

to overtake Salix in pollen records from northern Iceland (Eddudóttir et al., 2015; 

Rundgren, 1998) . Juniperus communis remains an important species until about 9.5 – 8.9 

ka BP when it becomes succeeded by Betula pubescens. The expansion of Betula 

pubescens continued and culminated between ca 8.2 and 6.5 ka BP (Eddudóttir et al., 2015; 

Hallsdóttir, 1995; Hallsdóttir and Caseldine, 2005) in association with the proposed 

Holocene thermal maximum (Caseldine et al., 2006; Geirsdóttir et al., 2013). During this 

period the birch woodlands reached their maximum extent and altitudes (Eddudóttir et al., 

2016; Wastl et al., 2001). After ca 6.5 ka BP wetlands or heath started to expand. This 

process facilitated the retreat of Betula pubescens from less favourable habitats, such as 

high altitudes and wetlands. Subsequent expansion of wetland taxa such as Cyperaceae and 

exposure-loving taxa such as Poaceae is depicted in many pollen records (Eddudóttir et al., 

2015; Hallsdóttir, 1995; Hallsdóttir and Caseldine, 2005). Although the overall trend 

between ca 6.5 and 1.2 ka BP and is one of declining woodland, reversals from the trend 

are evident in the pollen record. The last of these reversals took place between ca 1.4 and 

1.2 ka BP (Erlendsson and Edwards, 2009).  

1.5.5 Vegetation after after the Norse colonisation 

The settlement of Iceland is traditionally dated to ca AD 874 on the basis of historical 

sources such as Íslendingabók and Landnámabók (the Book of Icelanders and the Book of 

settlement) (Benediktsson, 1986). Until then Iceland was free from influence of people and 

herbivorous land mammals; natural processes proceeded unhindered. The settlers brought 

with them an agricultural package dominated by decentralised pastoral methods, 

supplemented by cereal production and hay making (Karlsson, 2000). How fast the 

colonisation process was and how many people inhabited the island during the first 

centuries of occupation is a matter of debate (Edwards, 2012; Sveinbjarnardóttir, 2012; 

Vésteinsson and McGovern, 2012). It is a long-held belief in Iceland that at settlement the 

lowland areas were covered by birch forest or shrubs, from coast to mountains, as stated in 

the Book of Icelanders (Benediktsson, 1986). More recent estimates of the woodland cover 

vary, but most suggest that around 25% of the island sustained continuous woodland 

(Arnalds, 1988; Einarsson, 1962; Steindórsson, 1994). A more conservative figure of 
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around 7% has also been argued for (Ólafsdóttir et al., 2001). Continuous vegetation cover 

is also believed to have been much greater, with deserts only covering 5000 – 15000 km
2
 

(Arnalds, 2000) as opposed to ca 40% desert cover today (Arnalds et al., 2001). 

 As soon as people settled they began to clear woodlands from around farms to improve 

pastures and create space for cereal cultivation and haymaking. The woodland was used as 

fuel and charcoal for domestic heating, and charcoal was produced at industrial quantities 

for iron production (Smith, 1995). The pattern of vegetation change following settlement is 

not uniform, however, but depends on factors like proximity to farms and the plant 

assemblages in each area (Andrews et al., 2001; Buckland et al., 1995; Einarsson, 1962; 

Erlendsson, 2007; Hallsdóttir, 1984; Hallsdóttir, 1987). The most pronounced changes took 

place where woodland was well established before the settlement. In many lowland areas 

that were settled early, woodlands all but disappeared between the time of the deposition of 

the Landnám tephra in ca 871 AD and the deposition of the Katla 920 AD tephra 

(Hallsdóttir, 1987). Plants that are more palatable to domestic animals were also adversely 

affected and gracing-tolerant taxa expanded in their place (Gísladóttir, 2001; Þórhallsdóttir, 

1996). In areas where woodlands were absent or sparse before the settlement changes in 

vegetation were more muted (Erlendsson et al., 2009). It is also highly likely that several 

species were introduced to the Icelandic flora by the settlers, either intentionally or by 

accident (Edwards et al., 2009; Schofield et al., 2013; Þórhallsdóttir, 1996). In the 

centuries following the settlement woodland continued to retreat. In the 20th century only 

scattered remains survived, covering little more than one percent of the land area (Aradottir 

and Arnalds, 2001; Gathorne-Hardy et al., 2009; Pétursdóttir, 2014; Sigurdsson, 1977; 

Sigurmundsson et al., 2014). 

1.5.6 Vegetation and soils  

Without vegetation and other life soils cannot form, only sediments. Vegetation provides 

the biological activity that turns the sediments into living environment where complex 

chemical reactions take place and nutrients are recycled for the next generation of plants 

and microbes (Brady and Weil, 2010). Plants draw carbon dioxide from the atmosphere 

and transform via photosynthesis into organic substances (mainly carbon), both above 

ground and in the root system. When plants die or shed their leaves, carbon and other 

nutrients are delivered to the soil where this is consumed by other organisms and 

incorporated into the soil or returned to the atmosphere as carbon dioxide. Plants and other 

organisms get most of their essential nutrients from the soil. Minerals are broken down by 

chemical activity initiated by biological acids secrete by the plants and soil organisms and 

nutrients taken up by roots of the plants. Together the plants and soil organisms initiate and 

maintain the carbon and nutrient cycle in the soil (Brady and Weil, 2010). The activity of 

plants and microbes reduces the pH level. Icelandic soils generally sustain pH of around 7 

to 8 when freshly exposed or where vegetation cover is lacking (Vilmundardóttir et al., 

2014). The pH level often drops to around pH 5 – 5.5 in well-developed soils. This 

lowering of pH is often one of the first diagnostic signs of soil development in Iceland 

(Arnalds et al., 2013; Vilmundardóttir et al., 2014). In areas such as Iceland where freeze-

thaw cycles are prominent, vegetation that blankets the surface during wintertime regulates 

temperature changes, thereby preventing needle ice formation and frost lifting. In this way 

vegetation is also important to prevent erosion (Arnalds, 2010; Orradottir et al., 2008).  
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1.6 Soil degradation and erosion in Iceland 

1.6.1 Soil susceptibility to erosion 

Volcanic soils are susceptible to soil erosion because of their low bulk density and little 

cohesion. They are also thixotropic, i.e. although they have high water holding capacity 

they transform from being solid to liquid over a relatively narrow range of saturation 

(Dahlgren et al., 2004). This process can lead to erosion, especially on slopes and is further 

enhanced when binding effect of roots is compromised, for example by removal of 

vegetation (Arnalds, 2000; Arnalds et al., 2001). The geographical location of Iceland, in 

the path of the North Atlantic low pressure storm track, makes the situation for the soil 

even more precarious as this provides high winds, frequent freeze-thaw cycles and the 

possibility of severe flooding and runoff events during snow melt and precipitation events 

in wintertime (Einarsson, 1980; Orradottir et al., 2008).  

1.6.2 Erosion before settlement 

The ecosystem in Iceland has always been dynamic. Vegetation composition and coverage 

has changed (Hallsdóttir and Caseldine, 2005) and with it the soil forming processes. As 

with all land, erosional processes are continually working towards the levelling of high 

ground and filling in the low by transportation of sediment through kinetic energy. Before 

the settlement of Iceland episodes of instability did occur, usually in conjunction with 

large-scale volcanic eruptions or climate change. Instability is for example observed 

following the deposition of the Saksunarvatn tephra and the Hekla-4 tephra (dated ca. 4.2 

ka BP by Dugmore et al., 1995), lasting over decades to centuries (Eddudóttir et al., 2015; 

Eddudóttir et al., 2016). Following the deposition of the Hekla-3 tephra around 3.0 ka BP 

(Dugmore et al., 1995), possibly the largest tephra fall in the Holocene history of Iceland, 

instability persisted for at least a century afterwards (Larsen et al., 2011).  

1.6.3 Erosion after settlement 

The arrival of Norse settlers to Iceland in the 9th century had huge consequences for the 

environment in Iceland, although the extent of which is still debated (Ólafsdóttir et al., 

2001). Multiple evidence suggests that the settlement initiated large-scale decline of the 

environment, resulting in serious desertification. Soil accumulation rates grow by an order 

of magnitude in many areas where soil was exposed through decline of vegetation cover, 

transported by wind and water and finally deposited elsewhere (Dugmore et al., 2009; 

Gísladóttir et al., 2010; Þórarinsson, 1961). The reasons for this environmental degradation 

are thought to be primarily anthropogenic. Woodland was cut for fuel and charcoal and 

grazing prevented regeneration of the woodland (Bjarnason, 1942). With diminishing plant 

cover to protect the soil underneath, erosion followed (Aradóttir et al., 1992). The timing 

and speed of erosion and degradation was not uniform over the whole country, being more 

abrupt and rapid in the south than in the North (Streeter et al., 2015). In some areas erosion 

and land degradation were gradually increasing over several millennia prior to settlement 

due to deteriorating climate with later human involvement only precipitating the process 

(Ólafsdóttir et al., 2001). In southern Iceland, the onset and temporal pattern of large scale 

erosion can be chronologically constrained by tephra layers from AD 871, 920 and 935 

(Dugmore et al., 2005; Dugmore et al., 2000). Close to Eyjafjallajökull in southern Iceland, 

erosion had begun in AD 920 in areas at altitudes above the treeline (Figure 10) but 

became apparent in lowland areas later or around AD 1341, with large scale erosion in 
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lowland areas after AD 1510 (Dugmore et al., 2009). Another effect of the reworking of 

the soil is diminished organic content of the soils as carbon is oxidised and tephra is mixed 

into the soil matrix (Gísladóttir et al., 2010).  

 

Figure 10. Conceptual model of soil erosion processes in the Eyjafjöll region, south Iceland (Taken 

from Dugmore et al., 2009) 

 

1.6.4 Situation today 

Today soil erosion continues to pose a severe threat to the Icelandic ecosystem although 

erosion rates have slowed in most of Iceland. Erosion was mapped extensively from 1991 

to 1997 and comprehensive overview of condition of land produced for the whole country 

(Arnalds et al., 2001). It was found that ca 40% of the surface consists of barren deserts 

which is a massive expansion from pre-settlement times (Arnalds, 2000). Various forms of 

erosion were identified and their extent and severity mapped on an erosion scale from 0 to 

5 with 5 indicating the most severe erosion (Table 2). Only ~4% of the land were found to 

have no erosion or category 0 (excluding glaciers, lakes and rivers and inaccessible 

mountaintops). The most prominent categories were 2 (slight erosion) and 3 (considerable 

erosion) covering ~26% and ~23% respectively. Around 18% of land fall under categories 

4 (severe erosion) and 5 (extremely severe erosion) combined (Arnalds et al., 2001). The 

detrimental effects of soil erosion have long since been known to Icelanders and efforts 

have been made to combat this since the 18th century (Crofts, 2011). During the 19th 

century extremely severe erosion devastated many farms in the south of Iceland and 

advancing sand fronts threatened many more (Crofts, 2011; Árnason, 1958). This situation 

led to the formation of the Icelandic Soil Conservation Service in 1907, one of the first 
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organisations of its kind in the world (Crofts, 2011). The soil conservation service has 

since worked tirelessly towards halting erosion and reclaiming devastated areas. Today it is 

estimated that the Soil Conservation Service has reclaimed over 5700 km
2
 by various 

methods, including by limiting grazing, sowing seeds and by fertilization (Crofts, 2011; 

Halldórsson et al., 2011).  

Table 2. Division of land according to erosion classes (Arnalds et al., 2001) 

Erosion class  km
2
 % of whole 

0 - No erosion 4,148 4.0 

1 - Little erosion 7,466 7.3 

2 - Slight erosion 26,698 26.0 

3 - Considerable erosion 23,106 22.5 

4 - Severe erosion 11,322 11.0 

5 - Extremely severe erosion 6,375 6.2 

Mountains 9,794 9.5 

Glaciers 11,361 11.1 

Rivers and lakes 1,436 1.4 

Unmapped 1,010 1.0 

Total 102,721 100 

 

 

1.7 The importance of soil in land degradation, and land 

restoration and recovery 

As shown above, significant soil erosion and desertification has impacted Iceland over the 

last 1200 years. This has severely impacted the environmental services provided by the 

Icelandic ecosystem. Degradation of an ecosystem is rarely a linear process and it can take 

long time, but it can also happen within a surprisingly short space of time. Aradóttir et al. 

(1992) proposed a classification scheme where land is divided into six stages based on 

condition from pristine ecosystem to desert. The first stage is characterised by robust 

vegetation and soil carbon levels of 6 – 12%, more than 10,000 kg/ha nitrogen stocks and 

15 – 30% clay content. In subsequent stages the vegetation becomes poorer and erosion 

sets in. The end result is a desert where the erosion processes reign free. When this final 

stage is reached, the carbon content of the soil is as low as 0 – 0.5%, nitrogen stocks are 

less than 250 kg ha
-1

 and clay content minimal, between 1 and 5%. They point out that 

costs and efforts involved in restoration rises considerably with each stage and are greatest 

at the final stages of degradation, emphasising the importance of land management and 

conservation to prevent the degradation of the land (Aradóttir et al., 1992; Arnalds, 2015). 

The unique properties of andosols are important and beneficial when it comes to soil 

reclamation, asthey can accumulate organic matter stocks fast when appropriate methods 

are used. In an experimental reclamation project in the south of Iceland significant increase 

in carbon stocks were reported after only eight years with carbon accretion rates up to 65 g 

C m
−2

 yr
−1

 for the top 10 cm of the soil (Arnalds et al., 2013). The plot was seeded with 

grass and fertilizer was applied and birch (Betula pubescens) and Sitka spruce (Picea 

sitchensis) were planted. The C/N ratio had risen slightly and pH had lowered slightly as 

well. Clay content had not changed significantly, as would be expected for such a short 

time. Because of the large amount of carbon that andosols can accumulate, especially in 
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high latitudes, it was estimated that high carbon accumulation rates can be maintained for 

centuries (Arnalds et al., 2013).  

Soil formation is slower in areas where only natural processes are at work. On glacial 

moraines and proglacial plains in front of Skaftafellsjökull, south Iceland, with known time 

of exposure, carbon accumulation was considerably slower than in the reclamation plots in 

the south of Iceland (Vilmundardóttir et al., 2014). On moraines exposed for only eight 

years the carbon accumulation rate was 5 g C m
−2

 yr
−1

. After 65 years of exposure the 

accumulation rate was actually slower at 4.2 g C m
−2

 yr
−1

 for the uppermost 10 cm of the 

soil. On moraines exposed for 120 years accumulation rate had risen to 9.2 g C m
−2

 yr
−1

. 

The carbon accumulation correlated with vegetation cover, as expected. Other soil 

parameters also changed. The pH level dropped significantly from moraines exposed for 

eight years to moraines exposed for 120 years and clay content increased, especially on 

moraines exposed for more than 65 years. The authors concluded that the soils on the 

moraines might reach a mature stage, comparable with soil in old growth birch forest 

nearby, in two to three centuries (Vilmundardóttir et al., 2014).  

1.8 Conclusion  

The preceding chapters clearly show that the environment in Iceland is highly dynamic and 

has been subjected to great changes and disturbances throughout history. From the 

proposed total devastation of all vegetation during the last ice-age to the drastic 

consequences of volcanism and the settlement of people with accompanying land use. It is 

interesting to note that all these events have occurred over relatively short periods of time 

with the geological timescale in mind. This makes Iceland extremely interesting an 

important environmental research. A great deal has been accomplished by many pioneers 

but the history of environmental research in Iceland is relatively short and sparse. It is 

important to continue environmental research and broaden every field as much as possible 

to gain greater insight into environmental processes in Iceland, past and present, for better 

preparation for the future. 
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2.1 Abstract 

Soil formation along the southeast coast of Iceland, between Vatnajökull glacier and the 

south-eastern shoreline is highly influenced by the area´s proximity to major eolian source 

regions. The purpose of the study is to investigate soil formation south of Vatnajökull and 

the effects of the tephra from eruptions in Öræfajökull central volcano in AD 1362 and 

Vatnaöldur in AD 1477, thereon. We investigated soils in five areas (Skaftafellsheiði, 

Sandfell, Gröf, Nestangi and Steinadalur, listed from west to east), in a total of 58 soil 

horizons. Physical and chemical properties of the soils were measured. The thickness of 

the AD 1362 tephra ranged from 10 to 47 cm. The AD 1477 Vatnaöldur tephra was only 

measured at two sites, Gröf (6 cm) and Steinadalur (8 cm). The effects of the AD 1362 

eruption in Öræfajökull are not uniform across the research area. Prior to the AD 1362 

eruption all sites, except Sandfell, had well developed andosols with A-B-C horizons. 

Similar horizons are found above AD 1362 but the texture became sandier. Allophanic clay 

minerals and ferrihydrite were significantly more abundant below the AD 1362 tephra in 

all profiles except Steinadalur. The soils at Sandfell, which is closest to the Öræfajökull 

volcano and where the tephra was thickest, probably never recovered from the intensified 

soil erosion following the eruption. Prior to AD 1362 the soils in Steinadalur classify as 

aquand, but convert to cryand soils following the tephra deposits of AD 1362 and AD 

1477, probably as a consequence of increased soil drainage. In Gröf soil formation was 

seriously affected after AD 1362 with limited accumulation of organic matter and soil 

organic carbon (Bw 82 – 87 cm 3.9% OM and 1.04% SOC ) as well as little clay formation 

but after AD 1477 a recovery is observed. In Skaftafellsheiði and Nestangi effects are less 

pronounced, but instability at Nestangi is represented by soil accumulation rate of 1.7 mm 

yr
-1

, the greatest found at all sites since AD 1362, indicating its function as important sink 

area for eroded material. Deteriorating climate (the Little Ice Age) and continued human 

utilization of the area might have further exacerbated the impacts of the eruptions on soils 

and the environment.  
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2.2 Introduction 

Iceland is a volcanic island (approximately 103.000 km
2
)
 
located in the North Atlantic 

Ocean, between Greenland and Norway, with volcanic eruption occurring every fifth year 

on average (Thorarinsson and Sæmundsson, 1979; Thordarson and Höskuldsson, 2008). 

Approximately 10% of the island is permanently glaciated, and many of the island’s active 

volcanoes are located beneath those glaciers. When magma reaches surface overlain by 

glaciers, violent explosive activity occurs in the magma-water interface (Zimanowski, 

1998; Zimanowski and Büttner, 2003). The resulting rapid fragmentation of the magma 

leads to the production of tephra (airborne volcanic material) (Thorarinsson, 1944) which 

is carried aloft by the eruption column. Winds then disperse the tephra across land and sea 

(Thordarson and Larsen, 2007). The vast quantities of ice melted can also lead to glacial 

outburst floods, jökulhlaups. These floods carry with them extensive amounts of debris 

deposited onto outwash planes in front of the flood outlets. Extensive outwash plains are 

especially prominent along the south coast of Iceland and provide a large source of aeolian 

material that is widely dispersed (Arnalds et al., 2012; Arnalds, 2010). Outlet glaciers and 

glacial rivers also play a role in physical breakdown and transportation of minerals.  

 

The aforementioned forces supply majority of the parent material in which soil formation 

takes place in Iceland (Arnalds, 2004). Almost all soils in Iceland originate from volcanic 

material and are therefore considered andosols or a precursor to that soil order. 

Considerable areas are covered by histosols, especially areas afar from the most active 

volcanic areas (Arnalds and Óskarsson, 2009). The formation of andosols is controlled by 

the same factors as other soils as outlined by Jenny (1941): parent material, climate, living 

organisms, landscape and time. Andosols have some special properties, often referred to as 

andic properties, such as low bulk density, high water retention and conductivity and the 

possibility of large carbon accumulation (Dahlgren et al., 2004). Another special feture of 

andosols is the formation of clay minerals uncommon to other soil orders as well as metal-

humus complexes. These clay minerals are often referred to as short range order (SRO) 

minerals or poorly christaline minerals. The most common of these are allophane, 

imogolite and ferrihydrite. Allophane minerals and ferehydrite are formed by dissolution of 

the parent minerals such as plagioclase. Al, Si and Fe enter soil solution and recombine to 

form the secondary clay minerals. Formation of allophane minerals can be inhibited by 

large quantities of organic mater in the soils as well as low pH (<5) with soils refered to as 

allophanic/non-allophanic depending on wich soil formation regemes prevails (Dahlgren et 

al., 2004; Shoji et al., 1993). Translocation of Al and Fe ions are thought to be minimal, 

leading to the conclusion that the poorly crystalline minerals in sub-surface horizons are 

formed in situ (Gíslason, 2008; Ugolini et al., 1988). 

 

With frequent inundation of fresh tephra, andosols can be maintained for extended periods 

of time (Dahlgren et al., 2004). Such soils can undergo rapid build-up of soil organic 

carbon (SOC) and can therefore be important sink of atmospheric CO2 (Dahlgren et al., 

2004; Gísladóttir et al., 2010; Óskarsson et al., 2004) The mechanism for this large SOC 

accretion by andosols has been suggested to be protection of SOC by allophane (Mizota 

and Van Reeuvijk, 1989). In non-allophanc soils the organic matter is considered to have 

anti allophanic effect by forming organo-metallic complexes and thereby consuming Al 

ions that would otherwise bind with Si ions to form SRO minerals (Nanzyo et al., 1993).  
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Soil formation rate of Icelandic andosols is highly variable and dependent on external 

factors. Soil formation in proglacial areas can give an important insight into the initial soil 

formation phases. Vilmundardóttir et al. (2014) demonstrated that in approximately 120 

years soils in front of the retreating Skaftafellsjökull had matured considerably but were 

still juvenile compared to soils in old birch forest nearby. Very young soil showed signs of 

weathering but contained insignificant SOC and nitrogen (N) whereas 60 and 120 years old 

soils had weathered more and had begun to accumulate SOC and N. They concluded that it 

would take the moraine soils approximately three centuries to reach the same stage as a 

reference soil in the nearby birch forest Increased vegetation coverage and time of 

exposure on the proglacial area proved to enhance the soil formation (Vilmundardóttir et 

al., 2014; Vilmundardóttir et al., 2015). In considerably older soils on the southern 

highland fringe, in areas not covered by glaciers in modern times,  where climate is colder 

and drier, the chemical and physical weathering states were similar to those in front of 

Skaftafellsjökull (Gísladóttir et al., 2015), indicating the importance of climate on soil 

formation. Óskarson et al. (2012) compared soils from multiple locations around Iceland 

and found evidence of climate-dependant weathering patterns. Soil profiles of similar age 

and thickness showed stronger signs of weathering in warmer areas with higher 

precipitation than those with cold and dry climate. Furthermore, they considered the 

possibility of stronger weathering patterns in proximity of the active volcanic zone of 

Iceland where effects of acid-forming volcanic gases are more pronounced. 

 

Although andosol formation in Iceland is fairly well understood (Arnalds, 2015) the impact 

of thick volcanic tephra blanketing the ground on soil formation is less well understood. 

While intermittent tephra falls can be beneficial, rejuvenating soils with rapidly weathering 

volcanic glass rich in soluble ions, large tephra falls like accompanied the AD 1362 ryolitic 

Öræfajökkull central volcano (Thorarinsson, 1958) could suffocate vegetation and disturb 

soil forming processes. The chemical properties might also have an impact since the Ö-

1362 tephra is of rhyolithic composition and does not show strong weathering signs while 

the V-1477 tephra layer shows stronger signs of weatering, yet being more than a century 

younger (Bonatotzky, unpublished data). Although little research has been done regarding 

the effects of thick tephra layers on soils in Iceland, some insight can be gained by looking 

at the effects thick tephra layers have on vegetation. In wetland soils in Kvíamýrarkambur, 

pollen research has revealed significant change in vegetation following the Ö-1362 tephra 

deposition (Erlendsson, unpublished data). At Ketilsstaðir in south Iceland, an area that 

experiences high precipitation and relatively warm mean annual temperature, a Katla 

eruption in 1357 deposited a substantial tephra layer. The effects were that plants usually 

associated with wet environments were displaced by plants that favour drier environments. 

This was probably caused by increased draining of surface layers in the wetland 

(Erlendsson et al., 2009). Furthermore, abrasion by wind erosion as well as burial by 

aeolian material may cause severe damage to vegetation (Gisladottir et al., 2005; 

Vilmundardóttir et al., 2009). Tephra can by the action of rainfall be compacted soon after 

deposition. This can lead to a 1/3 reduction in thickness from when the tephra initially fell. 

The resulting crust can be detrimental to plant growth (Antos and Zobel, 2005).The fact 

that considerable changes in vegetation occur with thick tephra deposition might indicate 

that soil formation processes can be altered. We therefore hypothesise that thick tephra 

deposits can have significant and lasting effects on ecosystems and even set soil formation 

processes to a new starting point. In addition we set out to investigate the general soil 

formation processes and soil stability in the area. 
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2.3 Research area 

 

2.3.1 General description 

This research focuses on five soil profiles (Figure 11, Table 3), four of which (Sandfell, 

Nestangi, Skaftafellsheiði and Gröf) are situated in close proximity to the ice-capped 

Öræfajökull central volcano. The fifth profile (Steinadalur) is further to the east in 

Suðursveit district. On the top of the volcano lies a 4 to 5 km wide caldera of unknown 

origin and age (Thorarinsson, 1958). Several peaks and nunataks rise above the ice and 

mark the margins of the caldera, highest of which is Hvannadalshnjúkur, the highest peak 

of Iceland, rising 2110 meters above sea level (Sharma et al., 2008).  

Table 3. Research site location and characteristic 

Profile Site name Coordinates Slope (%) Aspect (deg°) Vegetation type 

1 Sandfell 63° 56.848'N, 16° 47.502'W 27 270 Dwarf shrub heath 

2 Nestangi 63° 52.806'N, 16° 41.353'W 6 290 Grassland 

3 Skaftafellsheiði 64° 1.8750'N, 16° 57.380'W 27 210 Dwarf shrub heath 

4 Steinadalur 64° 9.4990'N, 15° 59.959'W 1 140 Birch woodland 

6 Gröf 63° 54.783'N, 16° 43.455'W 4 200 Grassland/dwarf shrub heath 

 

  

Figure 11. The research area. Profiles are marked 1 through 6 and weather stations are marked V1 

through V5 

 



32 

The area around Öræfajökull central volcano is known as Öræfi district. The district is 

approximately 1300 km
2
, encompassing large areas of mountains and sandy plains. Around 

300 km
2
 are covered by glaciers (NLSI, 2012). The district is believed to have been settled 

around the same time as the rest of Iceland, during the last quarter of the 9
th

 century AD.  

(Benediktsson, 1986). Soon after settlement the district had risen to prominence and in 

1343, 26 estates are registered in the church inventory (Diplomatarium Islandicum, 1896). 

A dramatic change occurred with the 1362 Öræfajökull eruption, with only six estates 

registered in the 1387 church inventory (Diplomatarium Islandicum, 1899 - 1902). Today 

nine farms or farm clusters are in the district. Animal husbandry has been the mainstay of 

these farms throughout habitation. Apart from grazing and hay making, utilization of 

available natural resources has been ongoing from the time of settlement, for example 

woodcutting for firewood and charcoal making (Ives, 2007; Thorarinsson, 1958). Many of 

the forest patches still persist (Sigurmundsson, unpublished data). Steinadalur, where one 

profile was examined, is in the Suðursveit district which lies to the east of Öræfi district 

with Breiðarerkurjökull in between. The whole area is at the foothills of the Vatnajökull 

glacier. The profile in Steinadalur is located in old, well established birch woodland. Soil 

erosion is a problem in parts of the area due to steep slopes and interactions between 

glaciers and glacial rivers, volcanism and land use. The sites investigated in this research 

are all affected by erosion but to a varying degree. The area around Sandfell (profile 1) is 

rather barren with evidence of extensive erosion and unstable environment. Sandfell is also 

closest to the proposed eruption location in Öræfajökull, both in AD 1362 and AD 1727 

with extensive glacial outburst floods depositing wast amount of material close by as well 

as thick tephra (Roberts and Guðmundsson, 2015; Thorarinsson, 1958). Despite a fairly 

good vegetation coverage around Gröf (profile 6) there is clear evidence of erosion with 

most of the soil cover removed. At Nestangi (profile 2) there is less evidence of erosion 

although the site is affected by unstable surroundings and aeolian sources from further 

afield. Skaftafellsheiði (profile 3) is well vegetated (wetlands, birch woodland and 

heathland) and shielded from aeoloian sources. There is an extensive brich woodland cover 

in Steinadalur (profile 4), limited aeolian sources, and the site situated further afield from 

the Öræfajökull volcano.  

2.3.2 Volcanism in the area 

The whole research area lies in the vicinity of active central volcanoes that frequently 

inundate the area with tephra, most prominent of which are Grímsvötn and Bárðarbunga 

volcanic systems to the north. The Katla central volcano lies to the west, buried under 

Mýrdalsjökull glacier. All of these systems have erupted on multiple occasions in recent 

times as evidenced by tephra layers in soil profiles around Vatnajökull glacier. Besides the 

Ö-1362 tephra, 345 tephra layers of Holocene age have been identified around Vatnajökull 

glacier, of which 45 are of historical age. In a soil profile in Núpsstaðaskógur, west of the 

research area, 129 tephra layers have been identified, of which 25 have been identified 

from historical times and in Steinadalur, at the eastern edge of the research area 50 tephra 

layers have been identified, 17 of which are of historical age. The high eruption frequency 

provides vast quantity of tephra to the soil profiles. For example, in Steinadalur and 

Núpsstaðaskógur 62.2% and 56.7% of the respective profiles consist of tephra. Vast 

majority of the tephra layers are basaltic as opposed to silicic, of which the most prominent 

is the Ö-1362 layer. Six silicic tephra layers are recorded in Núpstaðarskógur and two in 

Steinadalur (Óladóttir et al., 2011). In some soil profiles a dark basaltic tephra layer of 
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Bárðarbunga origin lies above the Ö-1362 layer. This tephra is believed to have been 

erupted around AD 1477 and spread to the north and east from the volcano (Larsen, 1984).  

2.3.3 Climate 

The climate in the research area is maritime, dominated by cool, moist summers and 

relatively warm winters with much precipitation (Einarsson, 1980). Table 4 shows mean 

annual temperature, precipitation and wind speed in and around the research area. The 

weather station at Skaftafell records an average annual temperature of ~5°C and annual 

precipitation of 1550 mm (1964 – 2015). The weather station at Kvísker, east of 

Öræfajökull, records one of the greatest annual precipitation values in Iceland, around 

3500 mm (1962 – 2013). At Fagurhólsmýri the annual precipitation is around 1800 mm 

with similar average temperature (1949 – 2008) as Skaftafell (Icelandic meteorological 

office, n.d.). These diverse precipitation patterns can be explained by the effects of the 

mountainous landscape (Ólafsson et al., 2007). The prevailing southeasterly winds carry 

moisture to the south-eastern slopes of mountains in the area, such as Öræfajökull, which 

then creates a rain shadow to the west. The large mountains also affect wind in the area; 

exceptionally strong winds and gusts can be created or amplified by the complex 

topography. Sandfell, for example, is notorious for strong winds and gusts 

(Sveinbjörnsson, 2007) 

Table 4. Mean temperature and precipitation for selected weather stations in or close to the research 

area (Icelandic meteorological office, n.d.) 

Weather 

station 

Station name Period Mean temp. 

 °C yr-1 

Annual precipitation 

mm yr-1 

Average wind 

m s-1 

V1 Skaftafell 1964 – 2015 5.0 1549 N/A 

V2 Kvísker 1962 – 2013 N/A 3511 N/A 

V3 Fagurhólsmýri 1949 – 2008 4.8 1814 6.8 

V4 Hólar í Hornafirði 1949 – 2011 4.7 1553 5.0 

V5 Vagnstaðir 1963 – 1994 N/A 1989 N/A 

 

Although no paleoclimatic data is avalailable for the area, similar climatic variation 

through history can be expected as in other parts of Iceland. Following the relatively mild 

conditions of the medieval warm period (ca 10
th

 to the middle of the13
th

 century), the LIA 

set in with summer temperature ~ 1 C° cooler than in the period before and at present 

(Flowers et al., 2007). This led to glacier advance and increased sediment deposition. 

Glaciers reached a maximum extent in the late 19
th

 century or early in the 20
th

 century 

when the grip of the LIA was finally broken (Hannesdóttir, 2014; Larsen et al., 2011). The 

20
th

 century saw mild conditions for the most part until the 1960´s when cooler climate 

facilitated small scale re-advance of glaciers. After 1990 mild conditions have prevailed in 

the area as in other parts of the country (Jónsson, n.d.).  
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2.4 Methods 

2.4.1 Field sampling methods 

Soil profiles were exposed either by digging a pit 1 to 1.5 m deep depending on the 

thickness of the profiles or by excavating and cleaning existing escarpments. Vegetation 

overlying the profiles was described. Soil profiles were described according to 

Schoenberger et al. (2002). The substantial Ö-1362 tephra layer was always considered a 

separate horizon. Bulk soil samples (approximately 0.2 to 1 kg field moist material) were 

collected for chemical analysis. Samples of known volume (36.9 or 136.7 cm
3 

depending 

on horizon thickness) were taken for dry bulk density (BD) measurements. All samples 

were marked and placed in sealed plastic ziplock bags. Upon returning from the field, 

samples were stored in a cooler at 4°C.  

2.4.2 Laboratory analysis 

BD was obtained by drying the samples (105°C, 24h) and weighing them. After initial 

weighing the >2 mm fraction was separated by sieving and the weight determined. Volume 

of >2 mm fraction was determined by water displacement. Soil bulk density was 

determined using the known volume samples, weight of soil moisture and volume of the 

<2 mm fraction (Lal and Shukla, 2004). Bulk samples for chemical analysis were oven 

dried (50°C 24h) and gently sieved through 2 mm sieve and the <2 mm soil fraction 

collected for further analyses. Samples were then stored in airtight plastic zip bags at room 

temperature.  

Soil pH was measured with glass electrode in water-soil suspension (1:10 w/v) by shaking 

3 g of soil in 30 ml DI water for one hour. Soil pH in 1M NaF solution (1:50 w/v) was 

determined after stirring for two minutes followed by immediate measurement (Soil 

Survey Staff, 2014).  

Organic matter content (OM) was determined by measuring the loss on ignition (LOI) by 

combustion at 550°C after oven drying the samples overnight at 105°C and immediate 

weighing (Sparks, 1996).  

Soil organic carbon (SOC) and nitrogen (N) content was determined with dry combustion 

at 900°C using Flash 2000 Elemental Analyser (Thermo Scientific, Italy). To prepare the 

samples about 15 g were extracted from the bulk samples. Then each subsample was 

ground with pestle and mortar until it passed through 150 mesh sieve (<0.1 mm). Samples 

were oven dried at 50°C and placed in desiccator to cool. Samples were then transferred to 

an airtight glass tube until further processing.  

Selective dissolution of Al, Si and Fe was performed using ammonium oxalate (Alox, Siox 

and Feox) in the dark, buffered at pH 3. 0.5 g of soil was placed in an extracting chamber 

and 0.2 M ammonium oxalate from a reservoir percolated through the sample via filter and 

the extractant collected into a syringe. For this a mechanical extractor (Sample Tek 

mechanical vacuum, Mavco Industries) was used, as outlined in Soil Survey laboratory 

manual (2014). Sodium pyrophosphate, buffered at pH 10, was used to extract Al, Fe, and 

Si (Alp, Fep, Sip). 0.4 g of soil was placed in a tube along with 30 ml of sodium 

pyrophosphate extractant (w/v = 1:75). Samples were shaken for 16 h at 125 oscillations 

on a horizontal shaker. Small amount of Superfloc was then added (Blakemore et al., 1987) 
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and finally the samples were centrifuged at 4000 rpm for 15 minutes. Concentrations of 

extractable ions were then determined on an Inductively Coupled Plasma Atomic Energy 

Spectroscopy (ICP-AES). Modified after Soil Survey laboratory manual (Soil Survey Staff, 

2014).  

Clay content, allophane and ferrihydrite was calculated from the selective dissolution 

results. Allophane fraction was calculated according to the method developed by Parfitt 

and Childs (1988) according to Eq 1 :  

Equation 1.  

%Allophane = 100 * %Sio (-5.1*((Alo – Alp)/Sio)+23.4)  

Ferrihydrite fraction was calculated according to method developed by Parfitt and Childs 

(1988) using Eq 2: 

Equation 2 

%Ferrihydrite = 1.7 * Feo  

 Descriptive statistical analyses were performed using JMP v11 (JMP, 2005). Bivariate 

analysis was used to determine correlation between soil properties. T test was used to 

determine statistic differences in soil properties for different periods in the soil formation 

history.  
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2.5 Results 

2.5.1 Morphological properties of the soil 

The soil colours are typical for Icelandic soils, ranging from red-brown to deep dark-brown 

or black (Table 5). Exception is the Ö-1362 tephra layer which ranks between light brown 

to yellowish white (Table 5). The A layers are generally granular in structure and in most 

other layers the structure is almost exclusively fine sub-angular blocky (Table 5). Roots 

were most abundant near surface. Tephra layers are common and often well visible in the 

soil. Most common are the dark, basaltic tephra layers such as V-1477 found at 80 cm 

depth in Steinadalur and 76 cm depth in Gröf . The most prominent tephra layer is the Ö-

1362 tephra found at 30 to 109.5 cm depth in the profiles at thickness from 10 to 47 cm 

(Table 5).  

2.5.2 BD, OM, SOC, N, C:N and pH  

BD was found to be within the range of 0.3 g cm
-3

 -1.35 g cm
-3 

(Table 6). Generally the 

lowest values were obtained from the A or root layers of the profiles (0.3 g cm
-3

 to 0.53 g 

cm
-3) 

and the highest (1.35 g cm
-3

)
 
in dense tephra layers where organic matter and clays 

are mostly absent. Other horizons had BD values from 0.5 g cm
-3

 to 1 g cm
-3

.
 
In Sandfell 

(Bw 27.5 - 30.5 cm) the >2 mm fraction of the bulk sample was >50% of the total weight 

and between 5-10% in other horizons. Other profiles had insignificant proportion of >2 

mm material. The OM varied, being highest in the A layers or up to 32.15% and almost 

absent tephra-rich horizons. Other horizons had OM values from ~1% to ~20%. SOC 

content is highly variable, both between profiles and individual horizons. Root layer 

horizons usually have the highest SOC content in each profile. It ranges from ~3.6% in 

Sandfell to ~13.1% in Gröf. SOC content drops sharply just below the root layer and varies 

through the remainder of the profiles and is generally ~1 – 4%. An exception is Steinadalur 

with SOC-rich horizons buried under SOC-poorer horizons below the Ö-1362 tephra, 

where SOC is ~11.2% (Table 6). There is a high correlation between C and N in most 

horizons or (R
2 

0.916 and P<0.001) and the C:N is relatively stable below the A-layers 

with a slightly declining trend down the profiles. The SOC content and OM are highly 

correlated as would be expected (R
2
 9.442 and P<0.001). Significant correlation was found 

between BD and OM (R² = 0.558, p <0.001) (Figure 12). The correlation between BD and 

SOC is also strong but R² is slightly lower or 0.505 but the correlation is still highly 

significant at p <0.001 (Figure 13).  

The pH (H2O) values tended to be lowest in the top horizons, with pH 5 – 5.5, but increase 

rather sharply to pH 6.5 to 7 within 20 cm except in Steinadalur where pH (H2O) shows an 

opposite trend to other profiles dropping to pH 5-6 (Table 6). The pH level in NaF solution 

was high (>10) in most soil horizons investigated. Horizons which are mainly composed of 

tephra such as Ö-1362 show somewhat lower pH (NaF) values, generally around 9.5 to 10 

(Table 6).  

 

 

  



37 

 Table 5. Morphological features of the soil in profiles investigated 

  

Horizon Depth (cm) Roots Boundary Structure Texture Color 

Profile 1       

A 0-4 mf, cm, f1c Gradual, smooth VF. M. gr sl 10YR 2/2 

Bw1 4-23 cf, mf, cr Clear, smooth VF. W. sbk sl 10YR 3/2 
Bw2 23-27.5 cf Wawy VF. M. sbk l 10YR 3/4 

Bw3 27.5-30.5 ff Abrupt VF. W. sbk l 10YR 3/2 

C 30.5-77.5 - - - - - 
2Bw 77.5-81.5 f1f Diffuse F. M. sbk cl/scl 10YR 3/8 

2Bw2 81.5-91.5 f1f Clear, wavy F. M. sbk sil 7.5YR 4/4 

2Bw3 91.5-108.5 None Gradual, smooth F. M. sbk scl 7.5YR 4/6 
       

Profile 2       

A 0-5 mf, fm, f1c Diffuse, smooth VF. M. gr sil 7.5YR 3/2 
Bw1 5-9 mf Diffuse, smooth VF. W. sbk sil 10YR 3/3 

Bw2 9-23.5 ff, f1m Clear, smooth VF. M. sbk l 10YR 3/4 
BC 23.5-46.5 ff Clear, smooth F. M. sbk sl 10YR 4/4 

2Bw1 46.5-84.5 ff, f1m Smooth, clear F. W sbk cl/scl 7.5YR 3/4 

2Bw2 84.5-90.5 f1f Abrupt, wawy F. W. sbk cl 7.5YR 3/4 
2Bw3 90.5-109.5 f1f Abrupt, smooth F. W. ab l 7.5YR 3/4 

C 109.5-121.5 - - - - - 

2Ab 121.5-126.5 None Clear, smooth F.M. sbk/F.M. gr sicl 10YR3/2 
3Bw 126.5-136.5+ None None F.M ab sicl 10YR 3/3 

       

Profile 3       
A 0-4 mf, cm, fc Clear, smooth VF. M. gr l 10YR 3/1 

Bw1 4-11 mf, fm Clear, smooth VF. W. gr sl 10YR 3/2 

Bw2 11-18 mf, fm Abrupt, smooth F. M. gr l 7.5YR 2.5/2 
Bw3 18-23 cf Abrupt, smooth sg sl 5YR 2.5/1 

Bw4 23-28 cf, f1m Diffuse, smooth F. W. sbk sil 7.5YR 2.5/2 

Bw5 28-35 cf Clear, wawy F. W. sbk sil 7.5YR 2.5/3 

Bw6 35-43 ff Abrupt, irregular F. W. sbk ls 7.5YR 3/3 

C 43-65 - - - - - 

2Ab 65-92 ff, f1m Clear, smooth F.M. sbk l 7.5YR 3/4 
2Bw 92-107 None Clear broken F.M sbk sicl 10YR 3/3 

       

Profile 4       
A 0-5 mf, cm, fc Clear, smooth VF. W. gr l 7.5YR 3/3 

Bw1 5-10 mf, fm, fc Clear, smooth VF. W. sbk sil 7.5YR 3/4 

Bw2 10-28 mf, fm Clear, smooth F. W. sbk sil 10YR 3/3 
Bw3 28-33 cf, fm Abrupt, smooth F. W. sbk sil 7.5YR 3/4 

Bw4 33-55 ff Clear, wavy F. W. sbk sicl 7.5YR 3/4 

Bw5 55-68 ff Clear, wavy F. W. sbk sicl 10YR 4/3 
Bw6 68-80 ff, f1m Clear, wavy F. W. sbk sicl 10YR 4/2 

CB 80-88 None Abrupt, smooth F. W. sbk ls 10YR 2/1 

2Bwa 88-93 f1f, f1m Abrupt, smooth Fibric Peaty sil 10YR 3/6 
C 93-103 - - - - - 

2Ab 103-107 ff,  Abrupt, broken Fibric Peaty sil 7.5YR 2.5/2 

3Bwa1 107-118 ff, f1m Abrupt, smooth Fibric Peaty sil 7.5YR 2.5/3 
3Bwa2 118-121.5 None Clear, irregular Fibric Peaty sil 10YR 2/2 

2CB 121.5-130.5 None Abrupt, smooth F. W. sbk Ls 10YR 2/1 

4Bwa1 130.5-133.5 ff clear, smooth Fibric Peaty sil 2.5YR 3/4 
4Bwa2 133.5-137.5 ff Clear, smooth Fibric Peaty sil 10YR 2/2 

4Bwa3 137.5-142.5 rf Abrupt, smooth Fibric Peaty sil 7.5YR 3/4 

       
Profile 6       

A 0-6 mf, rm Clear, smooth VF. M. gr sil 7.5YR 3/4 

Bw1 6-14 mf Clear, smooth F. M. gr sil 7.5YR 3/3 
Bw2 14-26 cf, fm Clear, smooth F. W. gr sil 7.5YR 2.5/3 

Bw3 26-49 cf Clear, smooth F. W. sbk sil 7.5YR 3/4 

Bw4 49-72 cf, f1m Clear, smooth F. W. sbk sil 10YR 3/6 
Bw5 72-76 f1f Clear, broken VF. W. sbk lcos 10YR 3/4  

CB 76-82 f1f Abrupt, smooth F. W. sbk ls 10YR 2/1 

2Bw 82-87 f1f, f1m Clear, Wavy F. W. sbk ls 10YR 4/6 
C 87-97 - - - - - 

2Ab 97-103 f1f Clear, smooth F. M. ab sicl 7.5YR 3/4 

3Bw1 103-116 f1f Clear, smooth F. W. sbk sicl 10YR 3/4  
3Bw2 116-124 None Clear, smooth F. M. sbk sicl 7.5YR 3/3 

3Bw3 124-144 None Clear, smooth VF. W. sbk sil 7.5YR 3/3 

Root quantity – f1, very few; f, few; m, moderately few; c, common. Root size – f, fine; m, medium; c, course. Structure size – VF, Very 
Fine; F, Fine. Structure grade – W, Weak; M, Moderate; Type – sg, single grain; gr, granular; ab, angular blocky; sbk, subangular blocky. 

Texture –l, loam, ls; loamy sand; s, sand; sil, silt loam; sandy loam, sl; cl, clay loam; sicl, Silty clay loam; lcos, loamy coarse sand 
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2.5.3 Selective dissolution and calculated clay content 

Selective dissolution with acid ammonium oxalate shows that Alox, Feox and Siox content 

varies throughout the profiles and between profiles. The trend is that relatively low values 

are encountered in the root layer where Alox content is ~8 – ~25 g kg
-1

 but increases up to 

~44 g kg
-1

 in lower horizons (Table 7). Feox and Siox follow the same trend, with Feox 

values ranging from ~25 – 38 g kg
-1

 in the root layers to over 70 g kg
-1

 in selected horizons 

(Table 7). Siox values range from ~7.5 g kg
-1

 in root layers to ~31 g kg
-1

 in some lower 

horizons. Steinadalur is again somewhat eccentric with low levels of extractible elements 

in the buried SOC-rich horizons (Table 7). Tephra layers and mineral-rich horizons often 

have notably lower concentrations and the Ö-1362 tephra is almost devoid of extractible 

ions in most profiles (Table 7). 

Dissolution with pyrophosphate shows an interesting contrast to acid ammonium oxalate 

extraction. In the root layers pyrophosphate extractable ions are generally most abundant 

contrary to oxalate extractable ions that are generally least abundant in the root layer. 

Deeper in the profiles, pyrophosphate extractable ions follow similar trend to their oxalate 

extractable counterparts. Again the tephra and mineral-rich horizons are much poorer in 

extractible ions. Fep ion concentration in the root layers ranges from ~3 g kg
-1

 to ~9.5 g kg
-

1
 (Table 7). The general trend is towards lower values in deeper horizons. Extractable ions 

are all but absent in the Ö-1362 tephra layer and to a lesser extent in other tephra or 

mineral-rich horizons. Just below the Ö-1362 tephra layer a noticeable peak occurs in most 

profiles (Table 7).  

Alp/Alox Ratio is low in almost all horizons or from 0.1 – 0.4 with majority of horizons in 

the 0.1 to 0.2 range (Table 7). The highest values are found in the top A horizons or up to 

0.48. In the OM rich layers under the Ö-1362 tephra in Steinadalur, slightly higher values 

are found than in most other buried horizons, or up to 0.49. 

 

Figure 12. Correlation between organic 

matter (OM) and bulk density (BD). 

 

 

 

 

y = -0.0265x + 0.9889 

R² = 0.559 

P<0.001 

 

 

Figure 13. Correlation between soil organic 

carbon (SOC) and bulk density (BD). 

 

  

 

y = -0.0555x + 0.9341 

R² = 0.505 

P<0.001 
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Table 6. Selected chemical features of the soil in profiles investigated 

  

Horizon Bulk density ( g cm-3) OM (%) SOC (%) N % C/N pH H2O pH NaF 

Profile 1        

A 0.36 6.33 3.58 0.15 24 5.8 9.9 

Bw1 1.05 3.69 1.44 0.09 16 6.5 10.1 

Bw2 1.02 3.07 0.98 0.07 15 6.9 10.0 
Bw3 0.65 2.97 0.94 0.06 14 6.8 9.9 

C 0.95 2.2 0.27 0.02 14 6.9 10.0 

2Bw 1.06 4.29 0.98 0.08 12 6.8 10.3 
2Bw2 0.93 7.42 1.88 0.16 11 6.9 10.8 

2Bw3 0.73 5.58 1.41 0.12 12 6.9 10.6 

        
Profile 2        

A 0.50 15.46 6,64 0.42 16 5.8 10.6 

Bw1 0.81 9.33 3,80 0.28 14 6.2 10.9 
Bw2 0.82 9.50 3,03 0.24 13 6.3 10.9 

BC 0.85 4.58 1,17 0.10 12 6.5 10.5 
2Bw1 0.70 6.71 1,64 0.03 13 6.6 10.6 

2Bw2 0.54 10.42 2,74 0.13 12 6.5 10.6 

2Bw3 0.71 6.61 1,64 0.22 13 6.6 10.5 
C 0.99 2.10 0.08 0.13 12 6.9 9.6 

2Ab 0.64 11.06 3.22 0.01 9 6.5 10.8 

3Bw 0.59 12.49 3.23 0.32 10 6.6 10.8 
        

Profile 3        

A 0.53 16.38 6.63 0.29 23 5.7 10.4 
Bw1 0.81 5.91 2.14 0.13 16 6.4 10.7 

Bw2 0.75 10.03 3.81 0.23 16 6.6 10.8 

Bw3 0.92 1.41 0.54 0.03 16 6.9 10.1 
Bw4 0.87 7.71 2.74 0.19 14 7.0 10.5 

Bw5 0.87 7.08 2.21 0.16 14 7.0 10.5 

Bw6 1.00 3.34 0.91 0.07 13 7.1 10.3 
C 0.82 3.21 0.54 0.04 13 7.0 10.2 

2Ab 0.69 7.08 1.82 0.14 13 7.1 10.5 

2Bw 0.88 6.28 1.66 0.13 13 7.1 10.3 
        

Profile 4        

A 0.48 15.99 7.54 0.51 15 5.3 10.5 
Bw1 0.74 11.33 4.32 0.31 14 5.9 11.0 

Bw2 0.55 17.36 5.16 0.42 12 6.3 11.4 

Bw3 0.72 10.87 4.34 0.30 14 6.0 11.1 
Bw4 0.92 7.21 2.24 0.17 13 6.2 11.1 

Bw5 0.67 9.86 3.37 0.24 14 6.3 11.1 

Bw6 0.61 13.04 4.07 0.32 12 6.2 11.2 
CB 1.18 1.16 0.34 0.03 12 6.3 10.4 

2Bwa 0.68 14.13 6.59 0.44 15 5.8 10.7 

C 0.99 2.04 0.37 0.03 14 6.2 10.0 
2Ab 0.52 24.34 11.24 0.73 15 5.6 10.3 

3Bwa1 0.65 14.99 6.68 0.39 17 5.5 9.9 

3Bwa2 0.80 7.57 3.45 0.20 18 5.8 10.3 
2CB 1.35 1.73 0.69 0.05 15 6.3 10.1 

4Bwa1 0.71 14.20 5.68 0.30 19 5.8 10.3 

4Bwa2 0.59 14.88 7.35 0.45 16 5.7 10.3 
4Bwa3 0.55 18.96 8.26 0.50 17 5.7 9.9 

        

Profile 6        
A 0.30 32.15 13.08 0.74 18 5.3 10.1 

Bw1 0.60 13.18 5.78 0.45 13 6.0 10.8 

Bw2 0.61 9.44 3.64 0.27 13 6.2 11.0 
Bw3 0.60 8.11 2.71 0.22 12 6.6 10.8 

Bw4 0.65 8.63 3.01 0.25 12 6.6 10.7 

Bw5 0.69 4.37 1.34 0.09 14 6.7 10.5 
CB 0.85 1.28 0.39 0.01 27 6.7 10.1 

2Bw 0.65 3.90 1.04 0.07 14 6.9 10.4 

C 1.00 1.99 0.21 0.00 - 6.7 9.8 
2Ab 0.56 12.68 4.68 0.48 10 6.6 10.6 

3Bw1 0.71 9.74 3.46 0.33 10. 6.8 10.8 
3Bw2 0.68 6.74 2.25 0.16 14 6.7 10.7 

3Bw3 0.40 11.46 3.88 0.31 12 6.8 10.6 
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Table 7. Abundance of selected elements in the soil in profiles investigated using selective dissolution 

anlysis (ox= Ammonium oxalate, p = pyrophosphate). 

 

  

Horizon Alox g kg-1 Feox g kg-1 Siox g kg-1 Alp g kg-1 Fep g kg-1 Sip g kg-1 Alp/Alo 

Profile 1        

A 8.11 25.45 7.48 3.24 2.91 0.69 0.40 

Bw1 9.46 26.80 8.41 2.80 2.43 0.83 0.30 
Bw2 9.43 25.73 8.97 2.14 1.83 0.92 0.23 

Bw3 9.53 26.15 9.12 2.07 1.79 0.92 0.22 

C 4.16 8.00 3.53 0.86 0.54 0.69 0.21 
2Bw 15.99 36.39 14.47 2.66 2.15 1.12 0.17 

2Bw2 29.97 55.04 24.70 3.78 2.63 1.19 0.13 

2Bw3 24.77 48.14 21.45 2.29 1.68 0.91 0.09 
        

Profile 2        

A 13.25 27.67 8.03 6.35 6.74 0.88 0.48 

Bw1 15.88 29.30 9.63 5.87 6.38 1.06 0.37 

Bw2 17.55 29.74 10.81 4.55 4.02 0.87 0.26 
BC 14.34 24.06 10.69 1.87 1.22 0.55 0.13 

2Bw1 23.09 37.60 18.22 2.43 1.47 0.82 0.11 

2Bw2 32.28 37.70 21.87 3.83 2.50 1.18 0.12 
2Bw3 23.23 38.83 19.62 3.02 2.35 1.24 0.13 

C 1.64 6.38 1.36 0.31 0.39 0.44 0.19 

2Ab 36.95 41.26 28.15 4.37 3.15 1.45 0.12 
3Bw 32.77 39.45 22.97 5.52 5.68 1.77 0.17 

        

Profile 3        
A 15.03 27.18 9.77 4.78 3.61 0.60 0.32 

Bw1 17.01 31.39 12.69 2.83 2.10 0.56 0.17 

Bw2 21.21 37.45 15.22 4.25 4.87 0.93 0.20 
Bw3 11.66 24.71 11.54 0.90 1.20 0.46 0.08 

Bw4 21.41 37.52 16.97 3.00 3.37 1.00 0.14 

Bw5 19.19 35.04 15.39 2.38 2.46 0.88 0.12 

Bw6 18.18 29.88 16.22 1.32 1.33 0.76 0.07 

C 10.79 18.98 9.91 0.93 0.78 0.54 0.09 

2Ab 30.95 51.33 28.69 2.23 2.19 1.00 0.07 
2Bw 25.48 46.73 24.17 4.78 3.61 0.60 0.09 

        

Profile 4        
A 21.67 38.56 13.60 8.11 9.41 0.95 0.37 

Bw1 26.70 42.68 16.66 7.31 6.34 0.82 0.27 

Bw2 53.50 70.11 32.02 6.93 3.15 0.80 0.13 
Bw3 26.37 46.52 17.11 6.91 7.18 1.03 0.26 

Bw4 34.09 54.52 24.45 3.98 1.93 0.85 0.12 

Bw5 37.69 57.40 25.74 5.06 2.65 1.04 0.13 
Bw6 44.66 19.33 25.30 6.08 1.58 1.18 0.14 

CB 14.12 18.47 12.28 0.88 0.56 0.50 0.06 

2Bwa 18.31 20.73 9.76 6.46 6.79 1.58 0.35 
C 2.05 1.91 1.40 0.58 0.24 0.35 0.28 

2Ab 22.68 20.13 12.76 10.10 9.76 2.11 0.45 

3Bwa1 15.81 24.16 9.73 5.30 5.83 4.45 0.34 
3Bwa2 13.75 13.80 9.14 3.65 1.90 1.07 0.27 

2CB 7.79 5.92 4.82 1.43 0.74 0.70 0.18 

4Bwa1 23.22 67.61 15.24 6.80 6.99 1.79 0.29 
4Bwa2 20.34 32.06 15.08 7.57 8.13 2.01 0.37 

4Bwa3 17.67 52.17 10.23 8.66 23.41 3.30 0.49 

        
Profile 6        

A 19.05 31.86 10.89 8.27 7.20 1.60 0.43 

Bw1 22.59 38.77 13.87 6.34 5.29 0.87 0.28 
Bw2 26.34 43.79 17.06 5.94 4.24 0.94 0.23 

Bw3 28.62 46.37 21.00 4.12 2.82 1.03 0.14 

Bw4 27.21 44.64 20.26 3.72 2.46 1.08 0.14 
Bw5 17.36 28.70 14.40 2.08 1.60 0.90 0.12 

CB 11.22 19.87 11.17 0.77 0.83 0.54 0.07 

2Bw 10.32 17.50 8.00 1.51 1.07 0.66 0.15 

C 3.07 7.52 2.40 0.63 0.44 0.46 0.20 

2Ab 25.65 46.32 17.23 6.13 6.61 1.87 0.24 
3Bw1 30.27 48.32 23.35 3.61 3.09 1.28 0.12 

3Bw2 29.99 40.75 25.67 2.68 3.15 1.23 0.09 

3Bw3 37.90 61.09 30.98 3.81 4.17 1.48 0.10 
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Clay content varies between horizons and profiles but the general trend is from low levels 

in the root layer towards increased clay abundance in lower and more developed horizons. 

Clay is virtually absent from tephra layers, especially the rhyolitic Ö-1362 tephra. The 

basaltic V-1477 tephra layer found in Gröf (Bc 76 – 82 cm) and Steinadalur (Bc 80 – 88 

cm) has notably more abundant clay minerals than the Ö-1362 tephra layer. Below the Ö-

1362 tephra layer there is a sharp increase in clay content, often to higher levels than in any 

horizon above. Allophanic clay minerals were found to be the major constituent of the total 

clay content, typically representing ~5 to ~15% of soil weight, although in some horizons 

values of over 20% were measured (Table 8). Ferrihydrate was most abundant in the upper 

horizons of all profiles, compared to allophane and even comprising a slight majority of 

the total clay content in the uppermost horizons of the Sandfell and Nestangi profiles. In 

older horizons however, ferrihydrate is less abundant compared to allophane, often 

representing about 30 – 40% of the total clay content. Total clay content was calculated to 

be from ~1% in tephra layers to ~28% in a deeply buried horizon. A general trend for the 

total clay content is increased content with more deeply buried, thus older, soil horizons. 

Sharp discontinuity is inflicted by the Ö-1362 tephra with total clay often more abundant 

below the tephra layer than in any subsequent horizons. Steinadalur provides interesting 

results in comparison to the other profiles since clay is most abundant in horizons above Ö-

1362 and V-1477 tephra but relatively low levels below those tephra layers (Table 8). 

There is a significant correlation between SOC and pyrophosphate extractable Al (R² = 

0.765, p <0.001) (Figure 14). There is a significant but less strong correlation between 

SOC and pyrophosphate extractable Fe with R² = 0.553 but the significance is still p 

<0.001 indicating strong correlation (Figure 15). The correlation between the Alox:Siox 

ratio and SOC is relatively strong (R² = 0.521, p <0,001) (Figure 16). There is no 

correlation between Allophane content and SOC (R² = 0.005, p 0.05) (Figure7). There is 

on the other hand relatively strong correlation between pH (NaF) and Allophane content 

(R² = 0.531, p <0.001) (Figure 18).  

 

  

 

Figure 14. Correlation between SOC and 

pyrophosphate extractable aluminium. 

 

 

 

 

Figure 15. Correlation between SOC and 

pyrophosphate extractable iron. 

 

  

 

 

y = 0.7244x + 1.7434 

R² = 0.765 

P <0.001 

 

y = 0.9752x + 0.5055 

R² = 0.553 

P<0.001 
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Table 8. Calculated allophane and ferrihydrite clay mineral content of the soils in profiles investigated 

 

  

Horizon Allophane % Ferrihydrie % Total clay % 

Profile 1    

A 3.72 4.33 8.05 

Bw1 4.34 4.56 8.90 

Bw2 4.66 4.37 9.03 
Bw3 4.75 4.44 9.19 

C 1.89 1.36 3.25 

2Bw1 7.74 6.19 13.92 
2Bw2 13.73 9.36 23.09 

2Bw3 11.88 8.18 20.06 

    
Profile 2    

A 4.22 4.70 8.92 

Bw1 5.32 4.98 10.30 
Bw2 6.26 5.06 11.32 

BC 6.13 4.09 10.22 
2Bw1 10.34 6.39 16.73 

2Bw2 13.04 6.41 19.45 

2Bw3 10.81 6.60 17.41 
C 0.74 1.08 1.83 

2Ab 16.09 7.01 23.10 

3Bw 13.24 6.71 19.94 
    

Profile 3    

A 5.41 4.62 10.03 
Bw1 7.17 5.34 12.51 

Bw2 8.59 6.37 14.96 

Bw3 6.19 4.20 10.39 
Bw4 9.50 6.38 15.88 

Bw5 8.63 5.96 14.59 

Bw6 8.96 5.08 14.04 
C 5.41 3.23 8.63 

2Ab 15.68 8.73 24.41 

2Bw 13.07 7.94 21.01 
    

Profile 4    

A 7.43 6.56 13.98 
Bw1 9.54 7.26 16.80 

Bw2 20.03 11.92 31.95 

Bw3 9.72 7.91 17.63 
Bw4 14.28 9.27 23.55 

Bw5 15.20 9.76 24.96 

Bw6 16.19 3.29 19.48 
CB 6.86 3.14 10.00 

2Bwa 5.67 3.52 9.20 

C 0.77 0.32 1.10 
2Ab 6.95 3.42 10.37 

3Bwa1 5.44 4.11 9.55 

3Bwa2 5.14 2.35 7.49 
2CB 2.89 1.01 3.90 

4Bwa1 8.51 11.49 20.00 

4Bwa2 7.90 5.45 13.35 
4Bwa3 5.41 8.87 14.28 

    

Profile 6    
A 5.93 5.42 11.35 

Bw1 7.96 6.59 14.55 

Bw2 9.86 7.44 17.31 
Bw3 12.03 7.88 19.92 

Bw4 11.59 7.59 19.18 

Bw5 8.00 4.88 12.88 
CB 6.00 3.38 9.38 

2Bw 4.50 2.98 7.47 

C 1.32 1.28 2.60 
2Ab 9.78 7.87 17.65 

3Bw1 13.29 8.22 21.50 
3Bw2 14.28 6.93 21.21 

3Bw3 17.42 10.39 27.80 
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Figure 18. Correlation between allophane and pH 

(NaF). 

 

 

 

 

 

Figure 17. Correlation between SOC and 

allophane. 

 

 

 

Figure 16. Correlation between SOC and the ratio 

between ammonium oxalate extractable aluminium 

and silica. 

 

 

 

 

y = 0.0622x + 1.1669 

R² = 0.541 

P<0.001 

 

 

y = 0.1148x + 8.2025 

R² = 0.005 

P>0.05 

y = 0.0648x + 9.9304 
R² = 0.535 

P<0.001 
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2.6 Discussion 

2.6.1 Soil development  

Soils in the research area are found to have morphological properties of relatively well 

developed andosols in an Icelandic context, but to a varying degree. The A horizons are 

well discernible, but in Sandfell (profile 1) and Nestangi (profile 2) the boundaries are 

diffuse or gradual while they are clear in Skaftafellsheiði (profile 3), Steinadalur (profile 4) 

and Gröf (profile 6). The A horizons give way to a series of Bw horizons of varying 

development but often with relatively clear boundaries. The reason for the formation of 

these boundaries in continually forming soils is not always clear but in some cases tephra 

layers are situated on the boundaries. The relatively clear boundaries are to be expected 

given the close proximity to active volcanism and dust sources (Arnalds, 2010; Óskarsson 

et al., 2012). Thick tephra layers, such as the Ö-1362 tephra, are defined as separate 

horizons (C) due to chemical and morphological properties, but when the tephra layers are 

thin, mixed or highly weathered they classify as BC horizon. With the exception of 

Sandfell, we find buried A horizons at all sites, with relatively low bulk density and high 

SOC and OM content compared with horizons above and below (see Appendix 1). The 

relatively high concentration of allophanic minerals in the buried A horizons, in 

comparison with the top A-horizons, is an indication of continued weathering after burial, 

as these minerals are regarded as having little vertical mobility (Gíslason, 2008; Ugolini et 

al., 1988). In Sandfell, the horizon directly below the Ö-1362 tephra has relatively high 

bulk density (1.06 g cm
-3

) and includes gravel, indicating possible inputs of unstable 

material from the slopes above. The structure of the horizons is granular in the organic 

rich, poorly developed top horizons but the granular structure gives way to weak 

subangular blocky structure in more developed lower horizons (cf. Arnalds, 2004, 

Vilmundardóttir et al., 2014).  

The SOC and OM are highly correlated with R
2 

of 0.944, and strong correlation is also 

found between SOC and N with R
2 

of 0.915 and p<0.001). The C:N ratio is relatively 

stable throughout the soil profiles with A-horizons having the highest ratio but then it 

decreases gradually downwards through the profiles (cf. Gísladóttir et al., 2010). The OM 

and SOC of the soil varies, both between the profiles investigated but also within each 

profile representing differences in soil formation in the area. Some interesting trends can 

be discerned from the OM and SOC measurements. As expected the relatively lightweight 

A horizons have high OM and SOC content in all profiles, although the values differ 

substantially between profiles. The OM content is five times greater and the SOC about 

four times higher in Gröf in contrast to Sandfell. Steinadalur shows some interesting trends 

with buried horizons having the highest SOC and OM in that profile. 

The pH reaction of the soils in water is similar to what has been observed in soils in the 

active volcanic zones of Iceland, from pH 5.3 to 7.1 where regular inputs of fresh tephra 

provide the soils with base cations (Arnalds, 2004). Lowest values were found in OM-rich 

top horizons but pH rose further down the profiles and stabilized around pH 6.5 – 7. 

Conversely, in Steinadalur a decrease in pH just below the Ö-1362 tephra is observed with 

pH values similar to the OM-rich top horizons signifying the impacts of the deposited 

tephra at the site. The OC is predominantly attached to the Alp, Fep and Alo/Sio in the soils. 

However, the higher Alp/Alo ratio in the surface soil show that the OM and SOC is bound 

in Al- humus complexes to greater extent than the more weathered, deeper buried horizons. 
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The relatively low pH (H2O) further substantiate this inference (e.g. Ugolini and Dahlgren, 

2002). In Steinadalur, the high Alp/Alo ratios below the V-1477 tephra, and especially 

below the Ö-1362 tephra, show the SOC bound to Al-humus complexes. In general the 

soils are more weathered with greater depth and show higher clay content. Although time 

is important in clay formation (Dahlgren et al., 2004), other factors have significant 

impacts as well. In Steinadalur the clay content is higher in younger horizons, due to the 

vigourus vegetation cover at the site, relatively stable conditions and increased drainage by 

porous tephra. pH (NaF) is from 9.6 to little over 11 indicating allophanic influences 

throughout the profiles, and it correlates strongly with calculated allophane content. pH 

(NaF) is generally lowest in top horizons and gradually increases in lower horizons in 

conjunction with increased allophane content. The Ö-1362 tephra layer always shows low 

pH (NaF) values, indicating limited weathering. In Steinadalur pH (NaF) is also lower in 

some horizons buried below the Ö-1362 tephra than above signifying relatively little 

allophane formation (e.g. Dahlgren, 2004) in the area before the eruption. 

The soils investigated can generally be considered mature, with well-defined horizons in 

many cases and OM, OC, N and clay content similar to what has been reported in previous 

studies in Iceland (Arnalds, 2015; Arnalds, 2004). These soils have comparable 

characteristics to andosols in birch woodland in Skaftafell that is considered to be well 

developed in contrast to young soils that have still not evolved into andosols 

(Vilmundardóttir et al., 2014). Vilmundardótttir et al. (2014) hypothesised that it would 

take around three centuries for soil to develope from unweathered material emerging from 

beneath glaciers into andosols. Even though the soil formation in the area is far from 

uniform, the soils have all been exposed for considerably longer periods and can be 

classified as cryands (ST) or silandic andosols (WRB). The research sites experience mild 

and humid climate that contributes to soil development. This is dissimilar to soils around 

Sporðöldulón which have probably been exposed to weathering for no shorter time than 

the soils in this research but have found their weathering potential limited by the colder 

and dryer climate in the southern highlands of Iceland, barren landscape and exposure to 

high winds. In our study area, the SOC content is generally more than double that found at 

Sporðöldulón, BD is lower and pH (NaF) higher. Soil horizons at Sporðöldulón are less 

developed and the texture is sandier (Gísladóttir et al., 2015). Only where vegetation cover 

in Sporðöldulón was greatest did the soils become similar to those in Sandfell, which is the 

least developed soil in our study. Neverthelss, the soil in Sandfell that formed prior to the 

AD 1362 Öræfajökull eruption attest the negative impact of severe stress on the ecosystem, 

preventing it from regeneration. The soil horizons below the Ö-1362 tephra have more 

favourable properties indicating the importance of vegetation coverage on soil 

development (cf. Vilmundardóttir et al., 2014; 2015). Soils investigated by Óskarsson et 

al., (2012) around Iceland show diverse weathering patterns. In an old soil (>3826 BP) the 

clay content exceeded 30%, demonstrating that weathering can still continue for a long 

time in buried horizons in the research area.  

2.6.2 Soil stability  

The apparent inconsistency in aeolian accumulation since AD 1362 indicates a dynamic 

and complex environment. In general the texture of the soils investigated indicate loss of 

stability with sandy loams dominating above the Ö-1362 tephra, opposed to clay and silt 

loams generally found beneath the tephra layer. The soil profiles investigated were of 

different thickness but the depth at which the Ö-1362 tephra layer is found puts a 

chronological constraint on the soil formation in the area. Horizons above the Ö-1362 
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tephra layer represent ~6.5 centuries of soil development. The depth at which the Ö-1362 

tephra occurs is from only 30.5 cm in Sandfell to 109.5 cm in Nestangi. In other profiles 

the depth is around 80 cm. In Sandfell, the shallow depth at which the Ö-1362 tephra is 

found might indicate a possible hiatus in the soil accumulation, perhaps due to erosion 

since the eruption. Soil accumulation rate is only 0.4 mm yr
−1 

after AD 1362, which is 

comparable with stable pre-settlement soils in south-west Iceland (Gísladóttir et al., 2010) 

and south Iceland (Dugmore et al., 2009). Given the coarse texture, together with higher 

quantities of coarse material (>2 mm), poor quality of the soils, and lack of discernible 

tephra layers it must be assumed that instability and erosion is the reason for low 

accumulation rates. On the other hand, the great thickness of the Ö-1362 tephra in 

Sandfell, in conjunction with the slope in which the site is situated, might indicate 

secondary transportation and deposition of the tephra, imposing negative effect on 

vegetation (Vilmundardóttir et al., 2009), prohibiting stabilisation and soil regeneration. 

The depth at which Ö-1362 tephra is found in Nestangi indicates large inputs of aeolian 

material post AD 1362, with higher BD and lower and fluctuating OM input demonstrating 

soil erosion and frequent tephra deposition (Óladóttir et al., 2011). Soil accumulation rate 

of 1.7 mm yr
−1 

above the Ö-1362 tephra is in line with what is found in post-settlement 

soils where aeolian inputs are high (Dugmore et al., 2009; Gísladóttir et al., 2010). Soils 

accumulation rate in Skaftafellsheiði is more similar to Sandfell but the reason is different. 

Skaftafell is shielded by the topography and vegetation, which translates to relatively small 

changes in BD and OM content. Sandfell is more exposed (Roberts and Guðmundsson, 

2015), and the instability there is further represenated by increased BD after the Ö-1362 

tephra deposition (cf. Gísladóttir et al, 2010) and reduced OM indicating poor vegetation, 

hence deminished organic input to the soil. Gröf and Steinadalur show signs of continuous 

soil accumulation since AD 1362 with the V-1477 tephra layer visible in both profiles and 

considerable soil accumulation rate indicating that these sites represent a sink for aeolian 

material. Different processes dominate in Steinadalur (see discussions below).  

2.6.3 Effects of volcanic eruptions on soil formation 

Prior to the eruptions in the 14
th

 and 15
th

 centuries all soil parameters point to rather stable 

and mature soils. Yet the tephra layers impacted the soil formation at all sites. The Ö-1362 

tephra layer forms a distinct horizon in all soil profiles. The great thickness of the layer (47 

cm) in Sandfell is probably partially due to secondary transportation and deposition. The 

tephra itself shows little signs of weathering (Bonatotzky, unpublished data) and is void of 

OM, SOC, N and clay for the most part. Just underneath the tephra a buried A-horizon is 

found in all profiles, except in Sandfell. In some profiles a dark tephra layer was found just 

beneath the Ö-1362 tephra, originating from the Grímsvötn volcano. This eruption took 

place so close in time to the AD 1362 Öræfajökull eruption (Óladóttir et al., 2011) that 

little or no soil accumulation can be seen between them. Just over one century later, in AD 

1477, an eruption within the Bárðarbunga volcanic system ejected and deposited large 

quantities of tephra over the whole area (Larsen, 1984), and became the third potentially 

destructive eruption to affect the area within just over a century. It is clear that the 

ecosystem went through a period of instability but recovered relatively quickly in some 

cases, as shown by the build-up of SOC, N, and OM between the Ö-1362 and V-1477 

tephras in Steinadalur, and after AD 1477 in Gröf, indicating rather limited effects of the 

eruptions on these properties.  

The soil texture the other hand changed after the eruptions. Before, the soil was generally 

dominated by silty clay loam but in horizons above the tephras it becomes more dominated 
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by silty loam and sandy loam indicating destabilisation of the environment. A somewhat 

mixed pattern of development emerges within the research area. In Sandfell, soil thickness 

is only 30.5 cm above the Ö-1362 tephra indicating very little soil build-up compared with 

the other profiles. It is possible that erosion stripped the soil off at some point in time or 

that the environment never recovered after the AD 1362 eruption. In any case tephras as 

thick as 47 cm will destroy most vegetation (Grishin et al., 1996) and hence set the soil 

formation at a starting point. In other profiles soil has accumulated more or less 

unimpeded. In Nestangi, silt clay loam gives way to loam after the eruption of AD 1362 

but then a rather thick layer of clay loam is maintained. Further up the profile clay loam 

gives way to sandy loam with lower SOC, N and OM and higher BD values indicating 

destabilisation much later in time, unrelated to the eruptions. Cooling of the LIA or 

increased population and livestock density can be put forward as explanation for this 

feature. The situation is similar in Skaftafellsheiðiwhere almost pre-eruption condition are 

reached not long after the eruption of AD 1362. In Gröf yet another scenario emerges 

where the V-1477 tephra lies 5 cm above the Ö-1362 tephra. There is little recovery 

evident within the 5 cm soil horizon between these tephra layers. The horizon more 

resembles the tephra layers in terms of physical and chemical properties than the soil 

horizons below and above the tephras. This indicates a century of instability and hostile 

conditions for plant growth at the site, albeit with little deposition of reworked soil. After 

AD 1477 the ecosystem shows signs of recovery, as soil properties begin to resemble pre-

eruption levels. A change in weathering patterns can be seen after the Ö-1362 eruption. 

Comparison of clay content from before and after the eruption reveals a significant 

difference (P<0.05) in all profiles. Interestingly, in Steinadalur clays are significantly less 

abundant in horizons below the Ö-1362 tephra and some of the highest clay content in all 

of the profiles investigated is found in horizons at a relatively shallow depth in that profile. 

The reason for this anomaly seems to be that in the area where profile 4 was examined 

wetland conditions were maintained until at least after the AD 1362 Öræfajökull eruption 

with many horizons showing signs of peaty contexts with poorly decomposed plant 

remains. Wetland conditions explain the lack of clay formation since the common clay 

minerals found in andosols do not form readily in OM rich soils (Dahlgren et al., 2004; 

Wada, 1985). The pH (H2O) is significantly lower in these horizons than in other buried 

horizons in this study but does not reach below the ~pH 5 limit considered as cut-off point 

for allophane formation (Dahlgren et al., 2004). The Alp/Alo ratio indicates that the soils 

fall into the allophanic soil category (Nanzyo et al., 1993) but less so than most other 

horizons investigated. In Steinadalur, the picture that emerges is of different pedogenic 

path than observed in the other profiles. In all the other profiles dryland conditions have 

been maintained from the beginning but in Steinadalur wetland environment was buried 

under tephras. Following the 10 cm thick Ö-1362 tephra deposition, the soil remained 

peaty but SOC and OM reduced by 40%. However, the 6 cm thick V-1477 tephra 

deposited 115 years later significantly changed the soil formation processes. The impacts 

were substantial. The increased drainage in the surface layers facilitated more rapid 

weathering with subsequent clay mineral formation, which became among the highest in 

the research area, comparable with pre-AD 1362 levels in Gröf. The high clay content of 

relatively shallow, young horizons in Steinadalur suggests that the clay minerals normally 

associated with andosols can form relatively rapidly. The thickness of the Ö-1362 tephra in 

Gröf is the same as in Steinadalur and the V-1477 tephra is 6 cm thick. Despite similar 

tephra thicknesses and same soil accumulation between the two tephra layers the impacts 

on soil properties at the two sites are different. Following the AD 1362 eruption the SOC, 

OM and clay content were considerably reduced both compared to soil horizons below the 
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AD 1362 tephra and above the V-1477 tephra. Neverthelss, soil properties improved soon 

after the deposition of the V-1477 tephra. The clay content increased substantially, as did 

the OM and SOC possibly because of the different chemical composition (Bonatotzky, 

unpublished data) and thickness of the V-1477 tephra which is more weathered than the Ö-

1362 tephra.  

2.7 Conclusions 

Soil development in the area south of Vatnajökull glacier is driven by both regional and 

local climatic and environmental conditions. In addition, the close proximity to some of 

Iceland´s most active volcanic regions and aeolian sources has effected soil development. 

In general the soils investigated show similarities to soils in other parts of Iceland that have 

high precipitation and mild temperature regimes. The effects of the deposition of the 

rhyolitic tephra layer in AD 1362 from the Öræfajökull central volcano are great. Above 

the tephra the texture is and clay minerals are significantly less abundant in all sites except 

Steinadalur. There is evidence for more drastic impacts of volcanism in the area. They 

might relate to accumulated changes, resulting from multiple eruptions and tephra 

depositions over more than a century.  

Well- and poorly-drained soils reacted differently to tephra deposition(s). Buried aquand 

soils with relatively low pH values and low clay mineral content was replaced by cryand 

soil and andosol in Steinadalur. This change is most pronounced when comparing soils 

above the V-1477 tephra with those below the Ö-1362 tephra highlighting the importance 

of cumulative impacts of repeated tephra deposition. Well developed, drained soil in Gröf 

was succeeded by soils of less quality until after V-1477 tephra when the soil substantially 

improved Devastation of certain areas by the Ö-1362 eruption cannot be ruled out, given 

the apparent lack of soil buildup and poor soil quality in Sandfell. The impact was less 

severe areas as represented in soil profiles in Nestangi and Skaftafellsheiði although the 

high soil accumulation rate in Nestangi indicates a sink area for eroded material. Clearly, 

the cumulative effects of eruptions might overshadow the actual destructiveness of the Ö-

1362 eruption and lead to an overestimation about the effects of that particular eruption. 

Deteriorating climate of the little ice age might also have further exacerbated changes in 

soil development in the area, as does continued land use. Further research on the impact of 

volcanism on soil formation and other aspects of environmental change, around 

Vatnajökull and elsewhere, is warranted.  
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Appendices 

Appendix 1. Chemical and physical properties of the soil profiles investigated. 

 

Figure 19. Chemical and physical properties of soils in Sandfell (profile 1) 

 

 

 

Figure 20. Chemical and physical properties of soils in Nestangi (profile 2) 
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Figure 21. Chemical and physical properties of soils in Skaftafellsheiði (profile 3) 

 

Figure 22. Chemical and physical properties of soils in Steinadalur (profile 4) 
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Figure 23. Chemical and physical properties of soils in Gröf (profile 6) 
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