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Abstract 

Despite the large number of Holocene palaeoenvironmental studies conducted in Iceland, 

few have attempted to provide a holistic approach to how climate, tephra deposition and 

land-use have combined to impact upon landscape stability and direct the Icelandic 

environment to its current state. Using sediments from three lakes, this study presents 

evidence of the effects of climate, volcanic and anthropogenic impacts on the environment 

in the highland margin, lowland and coastal areas in Austur-Húnavatnssýsla during the 

Holocene. Physical (magnetic susceptibility, dry bulk density, and sediment accumulation 

rate) and chemical proxies (organic matter, total nitrogen and carbon, C/N and C 

sequestration) are used as indictors of landscape (in)stability, and their relationships to 

climate change, land use, volcanology, and vegetation development and soil erosion are 

investigated. The results show that biological processes in the lakes have been primarily 

driven by the different geographical settings, landscape morphologies and vegetation covers 

in each area. The impacts of Holocene climate change on the environment were identified in 

all three lake records by distinct variations in both physical and chemical proxies. Well-

developed vegetation cover is a highly important factor in diminishing the impact of heavy 

tephra fall on the environment. The lacustrine sedimentary records from Hafratjörn and 

Barðalækjartjörn highlight the important relationship between vegetation cover and 

landscape resilience to two of the most voluminous tephra deposits of the Holocene: Hekla 

4 and Hekla 3. The detrimental human impact on landscape stability is marked in the lake 

records by an increase in minerogenic material and by elevated C/N ratios in the sediment. 

Útdráttur 

Margar rannsóknir hafa verið gerðar á landvistkerfi á Íslandi á Nútíma. Fáar rannsóknir hafa 

með heildrænum hætti sýnt fram á áhrif loftslagsbreytinga, gjóskufalls og landnotkunar á 

stöðugleika lands sem leitt hefur til núverandi ástands umhverfis. Í þessari rannsókn er sýnt 

fram á áhrif loftslags, eldvirkni og landnýtingar á umhverfi á Nútíma í Austur-

Húnavatnssýslu, frá hálendisbrún í suðri um láglendi og að stönd í norðri. Til grundvallar 

liggur stöðuvatnaset úr þremur vötnum, Barðalækjartjörn, Hafratjörn og Bunguvatni en 

ólífrænir (segulviðtak, rúmþyngd og setþykknunarhraði) og lífrænir eiginleikar (lífrænt efni, 

heildarköfnunarefni og kolefni, kolefnis köfnunarefnishlutfall (C/N) og kolefnisbinding) 

setsins eru notaðir sem vísar um stöðugleika lands. Sýnt er fram á tengsl hans við 

loftslagsbreytingar, landnotkun, eldvirkni, þróun gróðurs og jarðvegseyðingu. Niðurstöður 

rannsóknarinnar sýna að líffræðilegir ferlar í vötnunum hafa fyrst og fremst verið knúnir 

áfram af mismunandi landfræðilegum aðstæðum, yfirborðsgerð lands og gróðurþekju á 

hverjum stað. Áhrif loftslagsbreytinga á umhverfið má rekja í öllum stöðuvötnunum með 

breytingum á lífrænum og ólífrænum vísum. Vel þróaður gróður og gróðurþekja gegnir 

lykilhlutverki í að draga úr áhrifum stórra gjóskugosa á umhverfi. Skaðleg áhrif 

landnotkunar á stöðugleika lands eru greinileg í setkjörnunum þar sem hlutur bergefna 

(segulviðtak), rúmþyngd og C/N hlutfall hækkar eftir landnám (um 870 e. Kr.).  
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1 General Information 

This MS thesis is composed of two chapters. The first contains background information 

about environmental conditions in Iceland during the Holocene. It outlines the geology of 

Iceland, climatic characteristics during the Holocene and summarizes the main causes of 

environmental change in Iceland during the Holocene. An overview of the main 

characteristics of the most common soil types in Iceland will also be given and the use of 

C/N ratios in palaeoenvironmental investigations will be discussed. Chapter 2 is a 

manuscript to be submitted as a scientific journal article. 

1.1 Geology and climate of Iceland 

Iceland is located between 63° and 66°N and 13° and 24°W (Einarsson, 1984) at the junction 

of two submarine ridges, the Mid-Atlantic Ridge and the Greenland-Iceland-Faeroe Ridge. 

The entire Icelandic insular shelf has an area of approximately 350,000 km2, which rises 

more than 3,000 m above the surrounding ocean floor (Gudmundsson, 2000; Saunders, 

1997). Approximately 103,000 km2 of this area lies above sea level (Harðarsson et al., 2008). 

Construction of the Icelandic plateau is thought to have begun about 24 million years ago, 

and is considered to have primarily been the product of interaction between a spreading plate 

boundary and a mantle plume (Bjarnason et al., 2002; Jóhannesson, 1980). Nevertheless, 

Iceland can be divided into three main stratigraphic formations, with the oldest rocks found 

in the Tertiary basalt formation dated to approximately 16–3.3 Myr, followed by the Plio-

Pleistocene (3.3–0.7 Myr) and the Upper Pleistocene (>0.7 Myr), which includes Holocene 

volcanic activity. The present volcanic activity is confined to the volcanic belt on the 

spreading ridge, which extends from the southwest to the northeast of the island 

(Sæmundsson, 1979) (Figure 1.1). Over the last four centuries, volcanic eruptions have 

occurred on average once every 3–4 years (Gudmundsson, 2008; Thordarson and Larsen, 

2007). The chemical composition of the volcanic material varies from basaltic to rhyolitic 

and its morphology generally ranges from lava to fine-grained tephra (Thordarson and 

Larsen, 2007).  

        According to Einarsson (1984), only a quarter of the Icelandic territory has an elevation 

below 200 m above sea level. The remaining territory is mountainous with an average height 

of 500 m above sea level. The highest peak is the Öræfajökull mountain with an elevation 

of 2110 m. The largest lowland regions are located in southern Iceland, where the landscape 

is dominated by smooth, sandy coastlines. Most other areas contain numerous fjords that 

produced rocky landscapes and irregular coastlines (Einarsson, 1984).  

      The total area covered by glaciers is approximately 11% (Björnsson, 1978). Icelandic 

glaciers are classified as “warm-based” or “temperate”, which are highly dynamic in nature 

and respond actively to climate fluctuations. These icecaps hide concealed landforms and 

geological structures, such as active volcanoes, geothermal sites and subglacial lakes. The 

distribution of glaciers in Iceland indicate that precipitation is mainly driven by southerly 

winds. In the southern mountainous areas of high relief near Vatnajökull and Mýrdalsjökull, 

annual precipitation at elevations above 1,300 m exceeds 4,000–5,000 mm and can be as 

much as 7,000 mm, whereas on Hofsjökull and Landjökull precipitation reaches 3,500 mm 

(Björnsson and Pálsson, 2008) (Figure 1.2).   
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 Figure 1.1 The three main stratigraphic formations and locations of the main volcanic   

 systems in Iceland (Thordarson and Larsen, 2007). 

  
Meteorological and geographical factors influence weather and climate in Iceland. Primarily 

due to its latitude, the total radiation balance between earth and atmosphere is significantly 

lower than elsewhere. This implies that the transfer of heat from lower latitudes is 

accomplished solely by oceanic and atmospheric circulation. Iceland is located in the vicinity 

of a border between cold and warm ocean currents, and the country is warmed by the Gulf 

Stream. The climate is described as maritime cold-temperate to sub-arctic (Einarsson, 1984) 

and is mainly characterized by strong winds and a high frequency and magnitude of 

precipitation, with mild winters and cool summers. The mean winter temperatures are around 

0°C while mean summer temperatures are around 10°C (Ólafsson et al., 2007; Einarsson, 

1984). 
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Figure 1.2 Mean annual precipitation of Iceland from 1961 to 1990 (Crochet et al., 

2007). 

 

1.2 Causes of environmental changes 

1.2.1 Climate 

The Holocene epoch began approximately 11,500 years ago during a rapid transition from a 

cold period known as the Younger Dryas to a warmer and more stable climate period (e.g. 

Dansgaard et al., 1993; Mayewski et al., 2004; Wanner et al., 2008). However, on a 

millennial timescale, the climate of the Holocene was influenced by opposite hemispheric 

trends in solar insolation during summer; that is, while the Southern Hemisphere was 

characterized by increasing insolation, the Northern Hemisphere was subjected to decreasing 

insolation (e.g. Wanner et al., 2011). This development led to a redistribution of energy with 

a southward shift of the Intertropical Convergence Zone and, consequently, to a weakening 

of the Northern Hemisphere monsoon system (Braconnot et al., 2007). On multidecadal to 

centennial timescales, the Holocene climate oscillated between warmer and colder states and 

between more arid and humid states (Wanner et al., 2011) due to variations in insolation 

caused by solar and orbital variations. High-resolution climate proxy records indicate that 

these Holocene climate change events have been more frequent and abrupt in nature than the 

dramatic climate shifts that occurred during the last glacial cycle (Mayewski et al., 2004). 

Although regional climate is influenced by geographical location (Mayewski et al., 2004; 

Florian, 2016) and different sensitivities of various climate proxies may prevent the 

identification of abrupt climate changes in all records, the globally distributed signature of 

these climate anomalies is large enough to demonstrate their worldwide occurrence 

(Mayewski et al., 2004). 
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       In Iceland, evidence of disruptions to landscape stability by abrupt climate change 

events has been investigated through various palaeoecological methods. For instance, 

analysis of microfossils such as pollen and spores (e.g. Caseldine et al., 2006; Erlendsson, 

2007; Erlendsson and Edwards, 2009; Erlendsson et al., 2009; Hallsdóttir, 1990; Lawson et 

al., 2007; Eddudóttir et al., 2015; Eddudóttir et al., 2016; Möckel et al., 2017) and 

macrofossils such as leaves, seeds and stem debris (e.g. Eddudóttir et al., 2015; Eddudóttir 

et al., 2016) have been of great help in understanding local vegetation changes during the 

Holocene. In addition, lacustrine and terrestrial proxy records have detected episodes of 

enhanced soil erosion and aeolian activity associated with vegetation cover depletion (e.g. 

Dugmore et al., 2009; Gathorne-Hardy et al., 2009; Gísladóttir at al., 2010; Langdon et al., 

2010; Larsen et al., 2012; Striberger et al., 2012; Geirsdóttir et al., 2013; Eddudóttir et al., 

2015; Eddudóttir et al., 2016). 

1.2.2 Tephra deposition 

The main factors influencing tephra dispersal include the type, intensity and magnitude of 

the eruption, which includes the height of the eruption column and the duration of the 

eruption. External factors such as wind strength, direction and variations in wind direction 

during an eruption have a strong influence on the location of the deposited tephra 

(Gudmundsson et al., 2008). Although most volcanic eruptions produce tephra, basaltic 

magmas erupted in Hawaiian-style events produce minor amounts of tephra, whereas large 

portions of rhyolitic magmas, which erupt explosively, are ejected as tephra (Larsen and 

Eiríksson, 2008). Explosive eruptions may be divided into two basic types: one is 

characterized by explosive magmatic eruptions due to the expansion of gases within the 

magma itself, whereas explosive activity in the other type occurs when an external water 

source interacts with the magma, commonly known as a hydromagmatic (Larsen and 

Eiríksson, 2008) or phreatomagmatic eruption (Thordarson and Höskuldsson, 2008). 

Thordarson and Höskuldsson (2008) indicate that in Iceland, three out of every four 

eruptions are explosive, of which ~86% are hydromagmatic and ~14% are magmatic 

explosive eruptions. Indeed, the most active volcanoes in Iceland are situated under thick 

glaciers or within shallow marine environments created by the proximity of the North 

Atlantic Ocean (Thordarson and Höskuldsson, 2008). During the last eleven centuries, 

volcanic eruptions in Iceland have occurred at an average of 20–25 events per hundred years, 

with approximately 156 explosive eruptions since 1200 AD (Thordarson and Larsen, 2007). 

Furthermore, the large increase in volcanic production at the end of the last glaciation 

indicates a link between reduction of ice load and volcanism (Slater et al., 1998; 

Sigmundsson et al., 2010), suggesting that eruption frequency might increase again in the 

future due to glacial unloading driven by global warming (Sigmundsson et al., 2010). In 

Iceland, almost 100 silicic tephra layers have been identified in soils of Holocene age, of 

which the majority were ejected during eruption episodes at central volcanoes such as Hekla, 

Torfajökull, Öræfajökull, Askja, Snæfellsjökull, Eyjafjallajökull and Katla (Larsen and 

Eiríksson, 2007). The Hekla volcano, with its mixed effusive and explosive mafic eruptions 

(Thordarson and Höskuldsson, 2008), has produced about 50 identified silicic tephra layers 

over 8000 years (Larsen and Eiriksson, 2007). Evidence of the impacts of heavy tephra falls 

on the Icelandic environment during historic times has been well documented. For example, 

in 1104, Hekla deposited a ~20-cm-thick tephra layer at a distance of 30 km, devastating 

farms up to 70 km from the volcano (Gudmundsson et al., 2008). Devastation of the 

inhabited area at the base of the Öræfajökull volcano and eastward along the coast to 

Hornafjörður occurred during the eruption in 1362 (Thorarinsson, 1958), and tephra fall 
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produced by the volcano Askja during the eruption in 1875 forced many farmers to abandon 

their homes in the highlands 60–70 km away from the volcano (Thorarinsson, 1944; Sparks 

et al., 1981). During prehistoric times, the two largest tephra layers deposited during the 

Holocene were produced by the Hekla 4 (c. 4200 cal yr BP; Dugmore et al., 1995) and Hekla 

3 (c. 3000 cal yr BP; Dugmore et al., 1995) events, which produced ~9 km3 and ~12 km3 of 

ejected material, respectively. These two tephra layers were dispersed northwards across 

approximately 4/5 of the Icelandic territory (Larsen and Eriksson, 2008) with significant 

implications for landscape instability and degradation of vegetation, particularly in the 

highlands (Larsen and Eríksson, 2008; Eddudóttir et al., 2017).  

1.2.3 Human impacts 

The Norse settlement, referred to as landnám in the Icelandic language, has been dated to 

between AD 870 and 930. This historic event is described in the Book of Icelanders 

(Íslendingabók) written by Ari hin fróði Þorgilsson (Ari the Wise) in the mid-12th century 

(Benediktsson, 1968). It is interesting to remark that Ari hin fróði describes the Icelandic 

lowland territory as being fully covered by woodland at the time of settlement, suggesting a 

much different landscape from what exists today. Furthermore, the only land mammal in the 

pre-settlement landscape in Iceland was the arctic fox (Alopex lagopus). By the end of the 

ninth century, sheep, cattle and other domesticated animals were introduced by the Norse 

settlers (Smith, 1995). Erlendsson et al. (2009) suggest that large deforestation activity led 

to a sharp decline of Betula pubescens, the only forest-forming tree taxon during the 

landnám, with a considerable reduction in woodland. Land-use practices and the 

introduction of grazing animals triggered catastrophic environmental change with a 

significant net increase in irreversible soil erosion (Hallsdóttir, 1987; Gathorne-Hardy et al., 

2009). An analytical pollen study from the pond of Helluvaðstjörn in the Mývatnssveit area 

in Northern Iceland indicated that birch woodland declined gradually over the course of 

about 400 years following the Norse settlement (Lawson et al., 2007).  

In Iceland, disturbances to the vegetation cover have given rise to soil erosion, resulting 

in rapid denudation of large areas. Because upland soils are shallow (generally <0.5 m), the 

impact of erosion on total aeolian sediment fluxes before AD 1510 was modest. However, 

later erosion that affected deeper lowland soils (generally >2 m) involved a lower spatial 

density of eroding fronts and a slower loss of soil cover, but produced a much greater 

movement of soil (Dugmore, et al., 2009). Subsequent aeolian processes have further 

degraded the soil quality and caused significant sediment influx in vegetated areas, creating 

more vegetation disturbances; hence, this additional loss of soil and soil organic matter 

(SOM) has produced areas of heavily degraded soils and barren land (Gísladóttir, et al., 

2010; Greipsson, 2012).  

Climate records suggest that a period of initial climate cooling occurred between 1250 

and 1300 AD, which is often correlated with the transition to the Little Ice Age (LIA) (e.g. 

Eriksson et al., 2006; Gathorne-Hardy et al., 2009). This transition from a warmer to a cooler 

climate was followed by substantial intensification of harsh conditions around AD 1500 

(Miller et al., 2012). In fact, from 1450 to 1500 AD, very cold summers were recorded in 

Iceland along with severe soil erosion (e.g. Geirsdóttir et al., 2008; Gísladóttir et al., 2010). 

The climatic cooling aggravated the process of soil degradation, which led, together with 

anthropogenic perturbations, to a process of catastrophic soil erosion. 
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1.3 Soil erosion in Iceland and the role of lake 

sediments as carbon sinks 

Icelandic soils form from volcanic ejecta, usually composed of basaltic tephra (Arnalds, 

2008). Soils formed from such volcanic parent materials, known as andosols, (FAO, 2014) 

develop distinctive characteristics that differ from other common soil types of the world. 

Properties of these soils include low bulk density, high porosity and high water retention. 

Their low bearing capacity and lack of cohesion consequently make andosols very 

susceptible to wind and water erosion when the surface is degraded (Kimble et al., 1998). 

Indeed, natural events related to the sub-arctic climate typical of this country such as freeze-

thaw cycles, aeolian activity and frequent tephra deposition dramatically modify these soils 

(Arnalds, 2008). Generally, soil erosion can be described as the displacement of soil from 

its place of formation and its deposition at a new protected site. This is a natural and 

constructive geologic phenomenon that is triggered by a wide number of agents, such as 

rainfall, runoff and wind (e.g. Lal, 2003). In contrast to natural processes, accelerated soil 

erosion aggravated by human activities is a detrimental process that depletes soil fertility, 

degrades soil structure and reduces the effective rooting depth (Lal, 2003). Prior to the Norse 

settlement, most of the Icelandic territory was covered by fertile brown Andosols. Since 

settlement, however, the environment has changed enormously, and today a large part of the 

country is classified as desert (Arnalds et al., 2001). Hence, the primary reasons for 

accelerated soil erosion in Iceland are the interactions between livestock grazing, a harsh 

climate and frequent volcanic eruptions (Bjarnason, 1942; Fridriksson, 1963; Simpson et al., 

2001).  

       The issue of whether most of the SOM mobilized during soil erosion activity is oxidized 

(e.g. Schlesinger, 1995; Gísladóttir et al., 2010) or permanently stored in water bodies 

(Mullholland and Elwood, 1982; Ritchie, 1989; Stallard, 1998; Smith et al., 2001) is still 

under debate. Indeed, due to the large size of the SOM pool and the variability of its turnover 

characteristics, it is difficult to estimate the fate of SOC during erosional events (Smith et 

al., 2001). Deposition of SOC may occur: (1) onto nearby intact soil; (2) in eroded and barren 

areas; (3) in freshwater bodies and, in the case of Iceland, in the ocean; or (4) SOC may be 

released to the atmosphere by oxidation, (Lal, 2003; Óskarsson et al., 2004; Gísladóttir et 

al., 2010).  

       Lakes are subjected to constant inputs of inorganic and organic material (OM) from the 

surrounding areas (allochthonous input). Lakes also accumulate organic material through 

aquatic production (autochthonous input) (Mullholland and Elwood, 1982). Part of this OM 

escapes oxidation and accumulates in the lake sediments. Hence, as the lake fills, its 

sediments act as a sink for carbon (C) removed from the atmosphere and fixed by 

photosynthesis on land and in the lake (Mullholland and Elwood, 1982; Ritchie, 1989). The 

accumulation rate of organic carbon (OC) in lake sediments is related to the rates of 

autochthonous and allochthonous input and to the rates at which these inputs are oxidized 

within the lake, i.e. the respiration rate (Mulholland and Elwood, 1982). These processes are 

largely controlled by the morphology and hydrology of the catchment surrounding the lake 

(e.g. Hargrave, 1973; Florian, 2016). 
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1.4 Use of C/N ratios in paleoenvironmental 

investigations 

Generally, only a small percentage of the initially biosynthesized OM is spared from 

remineralization and stored in lake sediments (e.g. Wakeman et al., 1980; Suess, 1980; Eadie 

et al., 1984). Identifying the sources of OM in the sediments accumulated during different 

time periods is an important component of palaeoenvironmental investigations (Meyers, 

1994; Meyers and Lallier-Vergés, 1999). Sedimentary OM origins can be distinguished by 

the different characteristic C/N compositions of algae and vascular plants. Sedimentary OM 

accumulated by aquatic production usually has C/N ratios between 4 and 10, whereas 

terrestrial OM has C/N ratios of 20 and greater, due to its high cellulose abundance and low 

protein content (Meyer, 1994). Although OM is degraded during early diagenesis, which 

modifies the elemental compositions and hence the C/N ratios of the OM in the sediments, 

these changes in sedimentary OM composition are not great enough to obscure the different 

C/N ratios between vascular land plants and nonvascular algae (Meyers and Lallier-Vergés, 

1999). However, certain changes are observed: for example, lower C/N ratios are found in 

wood buried in sediments compared to fresh wood (Meyers et al., 1995), whereas algal 

organic matter exhibits increased C/N ratios during sinking due to the decline of some of its 

proteinaceous components (Meyers, 1997).  

       In Iceland, C/N ratio assessments of lacustrine sedimentary OM in palaeoenvironmental 

investigations have been of great importance in understanding the effects of climate change, 

tephra deposition and human impacts on the environment during the Holocene (e.g. 

Geirsdóttir et al., 2009; Langdon et al., 2010; Larsen et al., 2012; Striberger et al., 2012; 

Geirsdóttir et al., 2013; Blair et al., 2015; Eddudóttir et al., 2016; Florian, 2016). Landscape 

degradation triggered by environmental change has had strong implications for erosional 

episodes of andosols (Arnalds, 2008) and the desertification of large areas in Iceland (e.g. 

Aradóttir and Arnalds, 2001). In this context, reconstruction of Holocene environmental 

changes from continuous lacustrine records in Iceland have shown an increase in C/N ratios 

in lake records that suggests increased terrigenous inputs into lakes from well-developed 

soils within the catchments during periods of soil erosion (e.g. Langdon et al., 2010; Larsen 

et al., 2012; Striberger et al., 2012; Geirsdóttir et al., 2013; Blair et al., 2015; Eddudóttir et 

al., 2016; Florian, 2016). However, high-latitude lakes are highly responsive to climate 

change because even small increases in warming result in decreased ice cover and, therefore, 

a longer growing season for algae (Rouse et al., 1997 cited in Smol et al., 2005).   
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2.1 Introduction 

Holocene climate variations, although weaker in amplitude than the strong shifts of the last 

glacial cycle, have been frequent and abrupt in nature (e.g. Mayewski et al., 2004). Iceland 

is unique both in its location in the North Atlantic and in having been uninhabited by neither 

humans nor native mammalian herbivores until the Norse settlement (c. AD 874; Grönvold 

et al., 1995). These aspects provide an excellent laboratory for detecting the effects of past 

Holocene climate variability in the North Atlantic and anthropogenic impacts on terrestrial 

environments (e.g. Gathorne-Hardy et al., 2009; Dugmore et al., 2005; Larsen et al., 2012; 

Eddudóttir et al., 2016).  

While climate has a major role in shaping environmental changes on long time scales, 

active volcanism is also a major driver of environmental change on shorter time scales 

(Eddudóttir et al., 2016). Thordarson and Höskuldsson (2008) indicate that during the 

Holocene, volcanic eruptions in Iceland have occurred with a frequency of ≥20 events per 

century. Although Icelandic volcanism is dominated by mafic effusive eruptions, mixed 

effusive and explosive mafic eruptions occur fairly frequently and have been primarily 

produced by the highly active Hekla volcano (Thordarson and Höskuldsson, 2008). These 

types of volcanism produce tephra layers whose deposition is instantaneous compared to 

geological timescales, and their distinctive and unique geochemical characteristics allow 

them to be used as widespread temporal marker horizons in Holocene sediment sequences 

(Hafliðason et al., 2000). However, deposition of thick tephra layers has also strong 

implications for landscape stability and degradation of vegetation (Larsen and Eiríksson, 

2008; Eddudóttir et al., 2017). The Hekla 3 eruption (c. 3000 cal yr BP; Dugmore et al., 

1995) produced approximately 12 km3 of tephra, while the eruption dated c. 4200 cal yr BP 

(Hekla 4; Dugmore et al., 1995) deposited about 9 km3 of ejected material (Larsen and 

Eiríksson, 2008).  

Soil erosion induced by natural agents is a geological process that involves the 

displacement of soil from its place of formation to other sites (e.g. Lal, 2003). 

Anthropogenically induced vegetation depletion and concurrent soil exposure may cause 

large-scale soil erosion (e.g. Hallsdóttir, 1987; Arnalds et al., 2001; Dugmore et al., 2009; 

Gísladóttir et al., 2010). Icelandic soils are susceptible to wind and water erosion when 

vegetation cover has been reduced or depleted (e.g. Arnalds, 2000; Gísladóttir et al., 2010).  

Dramatic environmental changes have occurred in Iceland since the Norse settlement 

(c. AD 870). The introduction of grazing animals and the onset of land use with extensive 
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deforestation led to widespread soil exposure and enhanced soil erosion processes 

(Gísladóttir et al., 2010, 2011; Erlendsson, 2007; Hallsdóttir, 1987; Gathorne-Hardy et al., 

2009; Gísladóttir et al., 2005; Dugmore et al., 2009). Ólafsdóttir et al. (2001) suggest that 

before the arrival of the Norse settlers, approximately 52% of Icelandic´s territory was 

covered by vegetation, while measurements in 1990 indicated that vegetated areas were 

reduced to about 28%. Today, large areas of Iceland have lost some or all of the soil formed 

prior to settlement (Arnalds et al., 2001).  

The displacement of soil by erosional processes has strong implications for soil organic 

carbon (SOC) mobilization within the landscape (Stallard, 1998; Smith et al., 2001; Lal, 

2003; Lal, 2004; Óskarsson et al., 2004; Gísladóttir et al., 2010). However, it is difficult to 

assess the fate of SOC because of the large size of the soil organic matter (SOM) pool and 

its turnover characteristics (Smith et al., 2001). Schlesinger (1995), for instance, argued that 

most of the SOM lost in erosional processes becomes oxidized, while others have suggested 

that a large proportion of SOM is permanently stored in lacustrine deposits (Stallard, 1998; 

Smith et al., 2001; Mullholland and Elwood, 1982).       

Lakes preserve continuous high-resolution archives of local and regional environmental 

change (Schnurrenberger et al., 2003). The main sources of sedimentary OM in lake 

sediments are detritus from single-celled phytoplankton and particulate detritus from 

terrestrial plants. As the types and abundances of plant species in and around lakes change, 

the composition of OM deposited in these ecosystems changes. The contribution of OM to 

sediments from these two major sources is thus strongly influenced by algal and terrestrial 

plant productivity and transportation processes. Identification of the origins of OM preserved 

in lake sediment records therefore provides important information for palaeoenvironmental 

reconstructions (Silliman et al., 1996; Meyers, 1997). Terrestrial OM can be distinguished 

from aquatic OM by the different characteristic C/N ratios of algae and vascular plants. 

Phytoplankton have low C/N ratios that range between 4 and 10, whereas vascular terrestrial 

plants, which are richer in cellulose, typically have C/N ratios greater than 20 (e.g. Meyers, 

1994).  

Despite the volume of palaeoecological research conducted in this field in Iceland  (e.g. 

Langdon et al., 2010; Larsen et al., 2012; Geirsdóttir et al., 2013; Eddudóttir et al., 2015; 

Eddudóttir et al., 2016; Eddudóttir et al., 2017), the question of how areas with different 

climate, vegetation and altitude have responded to past external disturbances is still poorly 

understood. In this study, we present spatial and temporal patterns in Holocene landscape 

stability over 10,300 years for three small lakes, Barðalækjartjörn, Hafratjörn and 

Bungutjörn, in the highland margin, lowland and coastal areas of the Austur Húnavatnssýlsa 

district in Northwest Iceland. The aim of this work is to examine the landscape stability (i) 

during warm and cold periods of the Holocene; (ii) following large volcanic eruptions; and 

(iii) following post-settlement anthropogenic impacts. We have reconstructed the landscape 

stability using physical proxies (magnetic susceptibility (MS) and dry bulk density (DBD)) 

in order to estimate changes in the contribution of minerogenic material to the lakes, and 

chemical proxies (organic matter (OM), total nitrogen (TN), total organic carbon (TOC) and 

carbon-nitrogen ratios (C/N)) to investigate shifts in the OM sources. Furthermore, our study 

benefits from previous palaeoecological studies conducted within the catchment areas of the 

lakes investigated in this study (Eddudóttir et al., 2015, 2016, 2017), which have identified 

important links between environmental conditions, vegetation changes and variations in the 

physical and biological sediment proxies in the three lakes. 
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3 Site descriptions  

The sites studied here transect an environmental gradient that extends through the 

Húnavatnssýsla district from Barðalækjartjörn at the fringe of the northern margin of the 

central highlands, through Hafratjörn in the lowland area, to Bungutjörn at the northernmost 

part of the Skagi peninsula. The transect has a length of ~75 km (Fig. 3.1).  

Barðalækjartjörn (Fig. 3.1; Table 3.1), with an area of about 10 ha, is located at the 

highland fringe on Auðkúluheiði heath approximately 20 km north of Blöndulón. 

Barðalækjartjörn is a groundwater-fed lake with only a small outlet located at its northwest 

corner. The area surrounding the lake is mostly flat, open and unprotected from strong winds 

with eroded gravelly hills. The lake is surrounded by Carex-dominated wetlands, Betula 

nana, Calluna vulgaris, Salix spp. dwarf shrub health and large vegetated hummocks 

(Eddudóttir et al., 2016). The closest weather station is at Kolka, located approximately 20 

km south of the Barðalækjartjörn lake near the Blöndulón reservoir (Fig. 3.1). Given the 

higher altitude of the Kolka weather station, temperatures at Barðalækjartjörn can be 

presumed to be slightly warmer, whereas wind and rainfall are probably similar since both 

locations are relatively flat (Table 3.1; Eddudóttir et al., 2016).  

Hafratjörn (Fig. 3.1; Table 3.1) has an area of about 13 ha and is located in the lowlands 

about 22 km northwest of Barðalækjartjörn and about 10 km southeast of Húnaflói bay. A 

small inflow feeds the lake from its southern corner, but the site is a groundwater-fed lake 

with no surface outlets. The lake is surrounded by Betula nana-dominated dwarf-shrub 

heath, semi-improved grassland, farmland and eroded gravelly hills (Eddudóttir, 2016). The 

closest inhabited farm is less than 1 km away. Weather observations for this site are from 

the Blönduós weather station located about 12 km northwest of Hafratjörn. The altitude of 

the Blönduós weather station (Fig. 3.1) is about 89 m lower than at Hafratjörn (Table 3.1) 

and is influenced by the maritime climate of Húnaflói bay.   

Bungutjörn (Fig. 3.1; Table 3.1) has an area of about 7.5 ha. This site is situated in the 

northernmost part of the Skagi peninsula approximately 5 km from the sea. The landscape 

surrounding the lake is relatively flat, open and unprotected from strong winds. The lake has 

neither an inflow nor an outlet and is surrounded by eroded and sparsely vegetated glacial 

deposits (Eddudóttir, 2016). The closest inhabited settlements are located approximately 5 

km away. The nearest weather station, Hraun á Skaga (Fig. 3.1), is situated about 6 km north 

of Bungutjörn at an altitude of approximately 3 m a.s.l. (97 m lower than Bungutjörn, Table 

3.1), and has a dominantly maritime climate. Considering the lower elevation of the Hraun 

á Skaga weather station, temperatures at Bungutjörn may be slightly colder. However, the 

similar flatness of the two locations suggests that wind speed and rainfall are likely to be 

similar at the two sites.  
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       Figure 3.1 Map of the study area with locations of the sampling sites and weather     

       stations in the Húnavatnssýsla county (IS50 3.1V database of the National Land  

       Survey of Iceland
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Table 3.1 Study sites locations and meteorological information (IMO, 2016) 

  
Barðalækjartjörn Hafratjörn Bungutjörn 

Latitude 65° 25.120ʼ N 65° 34.530ʼ N 66° 04.030ʼ N 

Longitude 19° 52.260ʼ W 20° 08.060ʼ W 20° 10.074ʼ W 

Elevation of study sites 413 m a.s.l 97 m a.s.l 100 m a.s.l 

Closest weather station Kolka Blönduós Hraun á Skaga 

Elevation of weather stations 505 m a.s.l. 8 m a.s.l. 3 m a.s.l. 

Weather data periods 1994-2015 1949-2001 1956-2015  

Mean annual temperature ~ 0.7 °C ~ 3.1 °C ~ 2.9 °C 

Mean tritherm temperature ~ 7.8 °C ~ 9.1 °C ~ 7.9 °C 

Mean annual precipitation ~ 391 mm yr-1 ~ 481 mm yr-1 512 mm yr-1  

Mean wind speed   ~ 7.4 m s-1  ~ 3.8 m s-1 ~ 5.7 m s-1  

 

4 Methods 

4.1 Sampling and sediment description  

At each of the sample sites, a series of overlapping sediment cores was retrieved from the 

centre of the frozen lake during 2013 and 2015. The coring was carried out using a 

Livingstone piston corer with a Bolivia adaptor fitted with 75-mm-diameter polycarbonate 

tubes. However, at the Barðalækjartjörn lake, one series was retrieved using a 100-cm-long 

Russian corer with a chamber diameter of 10 cm.  

Four series were retrieved from the Barðalækjatjörn and Hafratjörn lakes, and three 

series from the Bungutjörn lake. Each core was X-rayed and then split into two segments, 

one of which was preserved as archive material. Composite depth profiles of the cores were 

constructed by correlating tephra layers, changes in stratigraphy and magnetic susceptibility, 

then overlapping the main succession cores with cores from other sequences to produce a 

uniform and continuous sediment column. Correlation points were obtained by electron 

microprobe analysis of the tephra layers. The sediment successions obtained for each of the 

three lakes totalled 295 cm for Barðalækjartjörn, 415 cm for Hafratjörn and 231 cm for 

Bungutjörn. Despite the shallowness of the lakes, the sediment columns of Barðalækjartjörn 

and Hafratjörn do not indicate any perturbations or interruptions in the continuity of the 

sediment accumulation. Nevertheless, the effects of wave action in the upper part of the cores 

must be considered (Eddudóttir et al., 2016). The Bungutjörn sediment sequence displays a 

discontinuity from above the Hekla 4 tephra layer (~4200 cal yr BP; Dugmore et al., 1995) 

to the top of the sediment column.  

No evidence of lake drying during the Holocene was visible in the sediment columns 

for any of the three sites.   
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4.2 Morphology of the sediment columns 

Prior to the visual description of the sediments, the split core segments were cleaned by 

scraping away the thin layer of mixed sediments produced during splitting in order to avoid 

contamination of the sequences and to expose the best possible contrast between 

stratigraphic units. Stratigraphic units were defined by visible changes in the sediment 

columns.  

The morphological description follows the modified version (Aaby and Berglund, 1986) 

of the Troels-Smith (1955) system (Appendix 1).  

The colours of the stratigraphic units were described using the Munsell colour chart 

(Munsell Color, 1975) (Appendix 1).  

Characterisation of the sediment sequences for Barðalækjartjörn and Bungutjörn was 

conducted by Eddudóttir (2016). 

4.3 Core chronology and sediment accumulation 

rate  

The tephra layers in all three sediment sequences were identified by visual inspection of split 

cores and X-ray images and from changes in MS, DBD and OM. Samples of tephra were 

washed through a 90-μm mesh sieve and inspected in a stereomicroscope before preparation 

for analysis. Major element analysis was conducted using a JEOL JXA-8230 electron probe 

microanalyser (EPMA) at the University of Iceland.  

Age-depth models for the three sediment sequences were constructed using tephra layers 

of different ages found at different sediment depths (Appendix 2). Results of geochemical 

analyses of tephra layers from Bungutjörn and Barðalækjartjörn are presented in Eddudóttir 

(2016) and Eddudóttir et al. (2016), respectively. Results from Hafratjörn are presented in 

Appendix 3.  

For Barðalækjartjörn, five radiocarbon dates from plant macrofossils were added to the 

core chronology (details in Eddudóttir et al., 2016; Fig 4.1a).  

For Hafratjörn, two radiocarbon dates derived from plant microfossils supplement the 

age-depth model (Table 4.1; Fig. 4.1b).  

In the case of Bungutjörn, a linear age-depth model was constructed entirely by 

tephrochronology due to an incorrect chronology for the radiocarbon-dated plant 

macrofossils (Fig. 4.1c; details in Eddudóttir, 2016).  

Calibration of the radiocarbon dates to calendar years BP were made using the R 

package Clam (Blaauw, 2010) and IntCall113 (Reimer et al., 2013). Ages are given in 

calibrated years before present (cal yr BP, relative to a present time of AD 1950).  

Table 4.1 Radiocarbon-dated macrofossil samples used in the age-depth model for the 

Hafratjörn cores 

Lab code Depth       

(cm) 

14C date       

(a BP) 

Error        

(1σ) 

δ13C Calibrated                     

age (cal. yr BP)              

2σ error 

Weight   

(mg) 

Material 

ETH-75693 274-275 8107 26 -18,4 9007-9019 0,99 Potamogeton (6) and Betula (1) seeds 

ETH-75694 319-320 8453 27 -30 9442-9526 1 Unknown macrofossil 
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Measurements of sediment accumulation rate (SAR) (mm yr-1) are based on the core 

chronologies. SAR was calculated by measuring the sediment thickness between tephra 

layers of known age, excluding the tephra layers themselves. While it is assumed that 

variations in SAR values indicate different phases in soil erosion, small changes in SAR are 

usually driven by deposition of material from distant sources, whereas local and regional 

material deposition results in larger variations (Dugmore et al., 2009). 

4.4 Physical and chemical properties  

Physical property determinations were conducted at the laboratories of the University of 

Iceland. Magnetic susceptibility (MS) measurements were used to detect mineral particle 

abundances and minor tephra layers using a Bartington MS2 meter and Bartington MS2F 

probe at 1-cm intervals on the working-half split core segments (Dearing, 1994). Dry bulk 

density (DBD) was determined by carving out sample cubes of 1.2 cm3 from the sediment 

sequences at contiguous 1-cm intervals. The total mass of the samples was recorded before 

and after drying at 105°C for 24 hours. OM content was obtained by measuring the loss on 

ignition of the previously dried 1.2-cm3 samples after combustion at 550°C for 5 hours in a 

muffle furnace (Bengtsson and Enell, 1986).  

        Analyses of carbon (C) and nitrogen (N) content were conducted at the laboratories of 

the University of Iceland. Subsamples were carved out from the split cores at contiguous 2-

cm intervals. All samples taken from Barðalækjartjörn were dried at 50°C for 24 hours. In 

the case of Hafratjörn, only 22 samples (from 2 to 86 cm depth) were dried at 50°C. Because 

of the large number of samples and the long drying period (24 hours), a different drying 

process was chosen for the remaining samples from the Hafratjörn core (i.e. from 88 to 414 

cm depth), which were dried for 4 hours at 70°C along with all of the Bungutjörn samples. 

To ensure that no discrepancies in C and N measurements resulted from the different drying 

temperatures and times, a comparison test for H2O loss was made for the 22 Hafratjörn 

samples that were dried at 50°C for 24 hours. For this measurement, an equal number of 

samples were carved out from the Hafratjörn core at the same depths. These samples were 

weighed before and after drying at 50°C for 24 hours, then were dried again at 70°C for 4 

hours. The test indicated no significant weight changes in the samples after the second drying 

(Appendix 4).  

       The samples were ground and sieved through a 150-μm mesh before weighing and 

packing them in tin containers. Based on the OM content, several weight ranges were 

selected that spanned the lowest OM content values (0–10% OM = 60–70 mg) to the highest 

OM content values (>40% OM = 30–40 mg). The C and N contents were determined by dry 

combustion at 950 °C on a Flash 2000 Elemental Analyser. C/N ratios were calculated based 

on the carbon and nitrogen contents and the molar weight of the two isotopes. The carbon 

sequestration rate (Cseq) (g C m-2 yr-1) was computed using the combined sediment dating, 

C concentration and DBD results.  



35 

 

 

 

 

 

  

 

 

 
Figure 4.1 Age-depth models for the Barðalækjartjörn (a), Hafratjörn (b) and Bungutjörn (c) cores. Green symbols indicate previously 

dated tephra layers and blue symbols indicate radiocarbon dates. Horizontal grey crossbars indicate tephra layers of 2-cm thickness or 

greater. The grey areas surrounding the black lines represent the 95% confidence intervals and the black lines display the best fit of the 

model (Eddudóttir, 2016; Eddudóttir et al., 2016).     
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4.5 Assessment of environmental effects of 

Hekla 3 and 4 tephras 

The impacts of the Hekla 3 and 4 tephras on landscape (in)stability were determined using 

the cores from Hafratjörn and Barðalækjartjörn. The Bungutjörn core was excluded for this 

purpose because of the sediment discontinuity above the Hekla 4 tephra layer. C and N 

contents were determined at the Cornell University Stable Isotope Laboratory in New York, 

USA. Sediment subsamples were carved out from the Barðalækjartjörn and Hafratjörn cores 

at contiguous 1-cm intervals from 10 cm below the Hekla 4 tephra, through the interval 

between the Hekla 4 and Hekla 3 tephras, and up to 10 cm above the Hekla 3 tephra. The 

subsamples were dried at 70°C for 4 hours, ground and sieved through a 150-μm mesh before 

analysis. 

5 Results  

The sediment sequences analysed from the three lakes cover a time span of approximately 

10,300 years, i.e. from the deposition of the Saksunarvatn tephra (c. 10,300 cal yr BP; 

Rasmussen et al., 2006) to the present. For practical purposes, the sediment records were 

divided into four main subdivisions based on major changes in Holocene climate and post-

settlement impacts (Table 5.1, Fig. 5.2). Furthermore, three supplementary subdivisions 

were added in this study in order to investigate the effects of Hekla 4 (4200 cal yr BP; 

Dugmore et al., 1995) and Hekla 3 (c. 3000 cal yr BP; Dugmore et al., 1995) tephra layers 

on the environment. In the case of Barðalækjartjörn, this subdivision covers the period from 

c. 5000 to 2000 cal yr BP, whereas in Hafratjörn it covers the period between c. 4700 to 

2600 cal yr BP (Fig. 5.3). 

Table 5.1 Main Holocene climate change subdivisions 

Subdivisions  Periods 

Early Holocene c. 10300 - 6500 cal yr BP 

Mid Holocene c. 6500 - 4200 cal yr BP 

Late Holocene c. 4200 - 1080 cal yr BP  

Post-settlement c. 1080 cal yr BP to present 

  

5.1 Sediment morphology 

The morphology and the different colour gradations in the sediment sequences from the three 

lakes (Appendix 1) indicate changes in the type of deposited material. Overall, the sediment 

sequences are brown in colour and are periodically interspersed with fine tephra layers that 

range from black to light grey in colour. The major differences in morphological properties 
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detected in the sediment sequences are related to differences in OM and mineral 

concentrations.  

5.2 Total organic carbon and C/N ratio 

differences between the three lakes 

Differences in %TOC were detected between Barðalækjatjörn, Hafratjörn and Bungutjörn, 

with average values of approximately 16%, 9% and 6%, respectively. The average C/N 

values for the Barðalækjartjörn, Hafratjörn and Bungutjörn records are approximately 16, 

14 and 11, respectively (Fig. 5.1). 

 

Figure 5.1 Summary scatter plot of C/N ratios versus %TOC values. The light grey areas 

indicate the ranges of C/N values for aquatic plants (C/N ratios of 4–10; Meyers, 1994) 

and land plants (C/N ratios ≥20; Meyers, 1994). 
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5.3 Early Holocene: c. 10300-6500 cal yr BP 

Following the deposition of the Saksunarvatn tephra layer in Barðalækjartjörn (Fig. 5.2a), 

DBD and MS exhibit a steeply decreasing trend, with values in DBD shifting from ~1.30 g 

cm-3 immediately above the Saksunarvatn tephra layer to <0.20 g cm-3 after c. 8500 cal yr 

BP. This development is reflected by an increase in OM (%) following the deposition of the 

Saksunarvatn tephra layer, shifting from values of <1% to 27% at c. 8500 cal yr BP. After 

c. 8500 cal yr BP, the trend in OM (%) begins to steeply increase until c. 6700 cal yr BP, 

reaching values of >55%. C/N ratios show a similar increasing trend between c.10,300 and 

8200 cal yr BP, shifting between values of 10 to 18. After c. 8200 cal yr BP, C/N ratios 

remain fairly stable with an average value of 15 until the end of the Early Holocene. Cseq 

and SAR increase steadily from c. 10,300 to 7500 cal yr BP. A considerable increase in Cseq 

and SAR was detected between c. 7400 and 6500 cal yr BP with shifts in values from 4 to 

7.00 g C m2 yr-1 and 0.12 to 0.15 mm yr-1, respectively.  

In Hafratjörn (Fig 5.1b), DBD and MS values decrease rapidly over a period of 

approximately 1300 years. Following the deposition of the Saksunarvatn tephra layer, DBD 

shifts from values of >1.00 g cm-3 to values <0.20 g cm-3 after c. 9000 cal yr BP. After c. 

9000 cal yr BP, DBD and MS remain consistently low and stable with an average DBD value 

of 0.19 g cm-3. OM (%) increases gradually during the Early Holocene from values of <1% 

at the beginning of the record to ~33% at c. 6700 cal yr BP. C/N ratios in Hafratjörn display 

a constant increase during the Early Holocene from values of approximately 13 above the 

Saksunarvatn tephra layer to values of 17 at c. 6700 cal yr BP.  

Within these major trends, our data also indicate an abrupt increase in C/N ratios, 

marked by a shift in values from 13 to 15 between c. 10,100 and 9700 cal yr BP that occurs 

simultaneously with an increase in minerogenic material indicated by an increase in DBD 

values from an average of 0.43 g cm-3 recorded between c. 10,200 and 10,100 cal yr BP to 

an average of 0.45 g cm-3 between c. 10,100 and 9700 cal yr BP. Increases in Cseq and SAR 

values were observed from the beginning of the Hafratjörn record to c. 9400 cal yr BP with 

values shifting from approximately 13.00 g C m2 yr-1 and 1.10 mm yr-1 to about 27.00 g C 

m2 yr-1 and 1.47 mm yr-1, respectively (Fig. 5.2b). 

In Bungutjörn (Fig. 5.2c), MS and DBD decrease abruptly within the first 100 years of 

sediment above the Saksunarvatn tephra layer and remain low throughout the Early 

Holocene. This development is associated with a simultaneous increase in OM (%) from 

<1% at the beginning of the record to slightly >20% at the end of the Early Holocene. Despite 

the increase in OM, C/N ratios decrease between the Saksunarvatn tephra layer and c. 8600 

cal yr BP, with values declining from ~10 at the beginning of the record to ~7 at c. 8600 cal 

yr BP. From c. 8200 cal yr BP to the end of the Early Holocene, C/N ratios increase rapidly 

to >15. Cseq stays relatively constant until c. 7500 cal yr BP with an average value of 4.98 

g C m2 yr-1. A notable increase in Cseq is detected at c. 7400 cal yr BP, reaching the highest 

value (8.60 g C m2 yr-1) at c. 7000 cal yr BP.  

5.4 Mid Holocene: c. 6500-4200 cal yr BP 

From the beginning of the mid-Holocene (6700 cal yr BP), OM (%), %TN and %TOC in 

Barðalækjartjörn begin to follow a decreasing trend (Fig. 5.2a). OM (%) shifts from 43% to 

36% recorded at c. 4500 cal yr BP. After that time, OM (%) decreases significantly to values 

of <10%. DBD and MS remain low and fairly constant until c. 4500 cal yr BP, with an 

average DBD value of 0.18 g cm-3. The same pattern is also observed in C/N ratios, which 
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remain fairly stable throughout the mid-Holocene with an average value of 15. Decreases in 

Cseq and SAR were also detected. Between c. 5600 and 4600 cal yr BP, Cseq and SAR 

increase abruptly, shifting from values of ~9.00 g C m2 yr-1 and 0.24 mm yr-1 to 17 9 g C m2 

yr-1 and 0.48 mm yr-1, respectively. This pattern is also apparent in C/N ratios, which increase 

slightly.  

Decreasing trends in OM (%), %TN and %TOC during the mid-Holocene were also 

identified in Hafratjörn (Fig. 5.2b). OM (%) declines from a value of ~26% above the Katla 

S tephra deposit (c. 6600 cal yr BP; Eddudóttir et al., 2016) to ~13% at c. 4300 cal yr BP. 

DBD and MS remain low and stable during the mid-Holocene. C/N ratios exhibit a steep 

decrease from the beginning of the mid-Holocene to c. 5700 cal yr BP. After that, C/N ratios 

remain largely unchanged with an average value of 14. Cseq and SAR decline notably during 

the mid-Holocene from values of 6.66 g C m2 yr-1 and 0.37 mm yr-1 at c. 6400 cal yr BP to 

2.26 g C m2 yr-1 and 0.17 mm yr-1, respectively, at the end of the mid-Holocene (Fig. 5.2b). 

The physical and chemical proxies in Bungutjörn display trends similar to those 

observed in Barðalækjartjörn and Hafratjörn (Fig. 5.2c). OM (%), %TN and %TOC decrease 

above the Katla S tephra layer throughout the mid-Holocene, with OM (%) values shifting 

from ~20% to 9% at c. 4200 cal yr BP. DBD and MS remain low during this period. C/N 

ratios decrease from a value of 15 at c. 6300 cal yr BP to 12 at c. 4400 cal yr BP. Following 

the deposition of the Katla S tephra layer, Cseq remains stable during this period but is lower 

than in the Early Holocene, with an average value of 1.89 g C m2 yr-1.      

5.5 Late Holocene: 4200 cal yr BP to landnám 

(settlement) 

The environmental impacts of the Hekla 4 and Hekla 3 tephra layers were investigated at a 

greater resolution than other parts of the Barðalækjartjörn and Hafratjörn cores (Fig. 5.3). In 

Barðalækjartjörn, DBD and MS exhibit relatively higher values between the Hekla 4 and 

Hekla 3 tephra layers (Fig. 5.3a; 95-87 cm) compared to the mid-Holocene, with average 

DBD values increasing from 0.18 to 0.37 g cm-3. OM (%) and %TOC are considerably lower 

than in the mid-Holocene records, with average OM (%) values shifting from ~36% during 

the mid-Holocene to 20% during the period between Hekla 4 and Hekla 3. Conversely, C/N 

ratios increase slightly from an average of 15 recorded during the mid-Holocene to an 

average of 16 during the period between Hekla 4 and Hekla 3. Over the period between 

Hekla 4 and Hekla 3, Cseq and SAR values are also lower compared to the mid-Holocene 

values (Fig. 5.2a, 5.3a). Following the deposition of the Hekla 3 tephra (c. 3000 cal yr BP, 

86–85 cm), DBD and MS exhibit a decrease that persists until c. 1080 cal yr BP (the time of 

the deposition of the Landnám tephra layer, Torfajökull 870 AD; Larsen et al., 1999). This 

pattern is also reflected in increases in OM (%), %TN and %TOC following the Hekla 3 

tephra, with values for OM (%) shifting from ~27% to 33% prior to the Landnám tephra 

layer. C/N ratios increase slightly following Hekla 3, shifting from a value of ~17 at c. 2700 

cal yr BP to a value of 18 below the Landnám tephra layer. During the same period, Cseq 

and SAR increase from values of 3.09 g C m2 yr-1 and 0.08 mm yr-1 at c. 2700 cal yr BP to 

21.20 g C m2 yr-1 and 0.74 at c. 1080 cal yr BP, respectively.  

In Hafratjörn, DBD and MS remain low between the Hekla 4 and Hekla 3 tephra layers 

(Fig. 5.3b; 118–110 cm). At the same time, OM (%), %TN and %TOC increase, with OM 

(%) increasing from an average value of 17% recorded during the mid-Holocene to an 

average value of 24% during the period between Hekla 4 and Hekla 3. This is also the case 

for C/N ratios, which increase from an average value of 14 recorded during the mid-
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Holocene to an average value of 16 between Hekla 4 and Hekla 3. Despite lower values 

compared to those prior to the Hekla 4 deposition, Cseq and SAR show a weakly increasing 

trend towards Hekla 3 during the same period (Fig. 5.3b). Following the deposition of Hekla 

3 (Fig. 5.3b, 108-99 cm; Fig. 5.2b), DBD and MS exhibit a decreasing trend until c. 850 cal 

yr BP (the time of deposition of the Hekla 1 tephra layer, 1104 AD; Þórarinsson, 1967). 

Conversely, OM (%), %TN and %TOC values continue to rise, with OM (%) increasing 

from a value of ~17% at c. 2900 cal yr BP, to ~37% at c. 2200 cal yr BP. Afterward, OM 

(%) remains around an average of ~23% until the deposition of the Landnám tephra layer. 

Following the deposition of Hekla 3, Cseq and SAR exhibit a slight increase until the 

deposition of the Landnám tephra. 

DBD and MS values fluctuate over the Late Holocene in Bungutjörn (Fig. 5.2c), and 

DBD values are higher on average than those recorded during the mid- and Early Holocene. 

In contrast to Barðalækjatjörn and Hafratjörn, OM (%), %TN and %TOC display a 

decreasing trend until c. 1100 cal yr BP. C/N ratios consistently decrease to a value of ~11 

at c. 1100 cal yr BP. Cseq values remain low with an average value of 1.47 g C m2 yr-1 until 

the top of the core. Despite the increase in OM (%), C/N ratios continue along the decreasing 

trend that begins above Hekla 4, reaching a value of 10 at the top of the core.  

5.6 Post-settlement 

Following the Norse settlement at c. 1080 cal yr BP, DBD and MS increase markedly in 

Barðalækjartjörn (Fig. 5.2a), with DBD shifting from an average value of 0.31 between c. 

1050 and Hekla 1 to an average value of 0.44 between Hekla 1 and the top of the core. After 

a drop at c. 650 cal yr BP, OM (%), %TN and %TOC resume the increasing trend detected 

following the Hekla 3 tephra until the top of the core. This is also the case of C/N ratios, 

which fall at c. 850 cal yr BP but then continue to increase along the trend observed following 

Hekla 3. This development is also reflected in the Cseq and SAR proxies, which exhibit 

increasing trends. 

Above the Landnám tephra, the average value of DBD in Hafratjörn (Fig. 5.2b) is 

slightly lower (0.19 g cm-3) than that between Hekla 3 and the Landnám tephra (0.20 g cm-

3). DBD and MS increase following Hekla 1, with DBD values shifting from 0.17 g cm-3 

above Hekla 1 to 0.26 g cm-3 detected at the top of the core. OM (%) increases steadily from 

the deposition of the Landnám tephra from values of 16% at c. 1060 cal yr BP to ~33% at 

the top of the core. This trend is also observed in the C/N ratios, whose values increase from 

15 following the deposition of the Landnám tephra to 17. An abrupt increase in Cseq and 

SAR was observed between the Landnám tephra and Hekla 1 with values shifting from 9.64 

g C m2 yr-1 and 0.58 mm yr-1 at c. 1060 cal yr BP to 53.60 g C m2 yr-1 and 2.22 mm yr-1, 

respectively, at c. 940 cal yr BP. After a sharp drop at c. 550 cal yr BP, Cseq resumes the 

increasing trend observed following Hekla 3 until the top of the core, whereas SAR declines. 

In Bungutjörn (Fig. 5.2c), DBD decreases during the post-settlement period while MS 

increases. OM (%), %TN and %TOC exhibit an increasing trend towards the top of the core 

with OM (%) values shifting from ~8% at c. 1100 cal yr BP to approximately 19% at the top 

of the core. During this period Cseq remains low at an average value of 1.58 g C m2 yr-1. 
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Figure 5.2 Summary diagrams for Barðalækjartjörn (a), Hafratjörn (b) and Bungutjörn 

(c). Description of symbols: MS = magnetic susceptibility, displayed with values below 

300 for Barðalækjartjörn, below 160 for Hafratjörn and below 80 for Bungutjörn; DBD 

= dry bulk density; OM (%) = organic matter; %TOC = total carbon percentage; %TN 

= total nitrogen percentage; C/N ratios; Cseq = carbon sequestration; SAR = sediment 

accumulation rate. The horizontal grey lines demarcate boundaries between the major 

Holocene climate transitions. Major peaks and troughs in physical and biological proxies 

are due to the presence of tephra layers in the sediment sequences of the three lakes.   
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Figure 5.3 Summary diagrams illustrating the effects of the Hekla 4 and Hekla 3 tephras 

on the environments surrounding Barðalækjartjörn (a) and Hafratjörn (b). The time 

interval shown for Barðalækjartjörn is between c. 5000 cal yr BP (at a depth of 110 cm) 

and c. 2000 cal yr BP (at a depth of 75 cm). The time interval shown for Hafratjörn is 

between c. 4700 cal yr BP (at a depth of 132 cm) and c. 2600 cal yr BP (at a depth of 

99 cm). The dark grey bands represent the locations of the Hekla 4 tephra (lower) and 

Hekla 3 tephra (upper). Description of symbols: MS = magnetic susceptibility displayed 

with values below 120 for Barðalækjartjörn and below 50 for Hafratjörn; DBD = dry 

bulk density; %TOC = total carbon percentage; C/N ratios; Cseq = carbon 

sequestration; SAR = sediment accumulation rate. 
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6 Discussion  

6.1 Early Holocene: climate warming 

The sediment records of the three lakes cover a period of approximately 10,300 years (Fig. 

5.2). The Saksunarvatn tephra demarcates the beginning of each record. This tephra layer is 

the most important tephra marker of the Early Holocene and is the result of a series of 

eruptions in the Grímsvötn volcanic system (Jennings et al., 2014; Larsen and Eriksson, 

2008). The thickness of the Saksunarvatn tephra and the associated landscape instability 

indicated by the fluctuating trends in MS, DBD and OM values over the first millennium 

following the Saksunarvatn deposition suggest harsh environmental conditions during early 

plant succession at the three sites (e.g. Eddudóttir et al., 2015, 2016; Eddudóttir, 2016). The 

marked rise in C/N ratios detected in Hafratjörn between c. 10,100 and 9700 cal yr BP, 

simultaneously with increases in DBD and MS (Fig. 5.2b), could also reflect harsh 

environmental conditions during that period, as vegetation damaged due to abrasion by 

reworked tephra displaced by wind erosion (Gísladóttir et al., 2005) may have enhanced the 

terrestrial OM (TOM) contribution to the lake. However, the more gradually rising C/N 

values in Barðalækjartjörn and Hafratjörn towards the end of the Early Holocene period 

signify the increased dominance of TOM (cf. Mayers, 1994) in the lakes, suggesting denser 

Betula pubescens woodland (cf. Eddudóttir et al., 2015, 2016) and more developed soils in 

the areas surrounding the lakes (Figs. 5.2a, 5.2b). Conversely, the main source of OM in 

Bungutjörn is probably aquatic production considering the dominance of C/N values <10 

(Fig. 5.2c) (cf. Mayers, 1994).  

Previous lacustrine sediment studies that have quantitatively addressed the way in which 

past climate changes affect regime shifts in biological communities in lakes provide a 

framework that has shown that local environments are the major drivers of this relationship 

(Florian, 2016). Indeed, the different geographical locations (Fig. 1) and the different 

landscape morphologies around the three lakes in this study are likely to be the main drivers 

of organic carbon accumulation and variations in C/N ratios recorded in the lakes. In fact, 

Bungutjörn is the site that has on average experienced the least amount of Holocene TOC 

accumulation, whereas Barðalækjartjörn has the highest values of the three lakes. 

Conversely, Bungutjörn is the site with the highest OM accumulation by aquatic production 

relative to TOM input, with an average C/N value of 11, whereas Barðalækjartjörn has the 

highest TOM contribution with an average C/N value of 16 (Fig. 3) (cf. Meyers, 1994). 

The trend of simultaneously increasing C/N with %TOC suggests that as soils develop 

over time, contributions of SOC to the lakes increase as soils become progressively in-

washed and/or windblown (e.g. Langdon et al., 2010; Larsen et al., 2012; Geirsdóttir et al., 

2013). SOC is easily transported (Gísladóttir et al., 2010) and the distance over which the 

particles are transported is related to the density/weight of the particles and the carrying 

capacity or velocity of the conveying agents (e.g. Lal, 2003). Palaeoecological research by 

Eddudóttir et al. (2015, 2016) at Barðalækjartjörn and at the palaeolake Kagaðarhóll (located 

less than 1 km northeast of Hafratjörn lake), suggest that during the Early Holocene, 

increasing vegetation cover surrounding the lakes dominated by Betula pubescens resulted 

from warmer summers and landscape stabilization. Conversely, the vegetation cover 

surrounding Bungutjörn lake is much poorer compared to Barðalækjartjörn and Hafratjörn, 
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likely due to its proximity to the ocean (Eddudóttir, 2016), as oceanity and chlorine content 

in groundwater affect the location of the habitat boundary in which birch trees can grow in 

Iceland (Wöll, 2008). Similar evidence from wetland soils influenced by oceanity was 

detected in wetland contexts on the western side of the Skagi peninsula (Möckel et al., 2017).  

Cooling period pulses between 8700 and 7900 cal yr BP are well documented in many 

palaeoclimatic investigations conducted in the Northern Hemisphere (e.g. Alley et al., 1995; 

Alley and Ágústsdóttir, 2005; Eddudóttir et al., 2015). Despite the rapid drop in the pollen 

accumulation rate (PAR) for Betula pubescens detected at c. 8700 cal yr BP in Kagaðarhóll 

palaeolake (Eddudóttir et al., 2015), few signs of landscape destabilization were observed in 

Hafratjörn (Fig. 5.2b). Furthermore, in Barðalækjartjörn a transition towards a more stable 

environment after c. 8500 cal yr BP is indicated by low values of DBD and MS and an 

increase in OM (%). This development was also reported in a previous study conducted at 

Barðalækjartjörn by Eddudóttir et al. (2016) (Fig. 5.2a). Conversely, the abrupt increase in 

C/N ratios in Bungutjörn at c. 8200 cal yr BP (Fig. 5.2c) could be related to a climatic cooling 

episode. The expansion of Betula nana in the Skagi peninsula after c. 8200 cal yr BP 

(Eddudóttir et al., 2016) could have had a major role in increasing the contribution of TOM 

to the lake (cf. Meyers, 1994; Meyers and Lallier-Vergès, 1999). At the same time, cooler 

springs and summers could have slowed down autochthonous productivity (Rouse et al., 

1997 cited in Smol et al., 2005). The combination of these two factors may have driven the 

increase in C/N ratios. Similar anomalies are noted in other lacustrine records in the western-

central highlands and in the northwest of Iceland, with two pulses of environmental 

disruption taking place between 8700 and 7900 cal yr BP (Geirsdóttir et al., 2009; Larsen et 

al., 2012; Geirsdóttir et al., 2013; Eddudóttir et al., 2015, 2016).  

A long period of climate stability that lasted approximately 2500 years, known as the 

Holocene Thermal Maximum (HTM), is recorded in most Icelandic terrestrial records (e.g. 

Casaldine et al., 2006; Larsen et al., 2012; Striberger et al., 2012; Geirsdóttir et al., 2013; 

Eddudóttir et al., 2015; Eddudóttir et al., 2016). The high %TOC values reflected by notable 

spikes in SAR and Cseq along with unchanged C/N ratios in Barðalækjartjörn between 7400 

cal yr BP and the end of the Early Holocene (Fig. 5.2a) suggest a high influx of TOM into 

the lake. This was compensated by higher lacustrine productivity driven by enhanced input 

of soil nutrients to the lake (cf. Meyers, 1994; Meyers and Lallier-Vergès, 1999) and higher 

mean annual temperatures driven by the climate stability of the HTM.  Because high-latitude 

lakes are extremely sensitive to climate change, even slight warming episodes can promote 

longer growing seasons for algae (Rouse et al., 1997 cited in Smol et al., 2005). In this 

context, ice cap model simulations of Langjökull conducted by Flowers et al. (2008) show 

evidence that temperatures during the HTM were 3–4°C warmer than those recorded 

recently during the period of 1960–1990, and that Langjökull probably disappeared during 

this period. Eddudóttir et al. (2016) pointed out that a transition from a Betula nana-

dominated dwarf shrub heath to Betula pubescens woodland took place after c. 8000 cal yr 

BP in the landscape surrounding Barðalækjartjörn. In addition, Eddudóttir et al. (2016) 

showed that optimum conditions for Betula pollen deposition occurred between c. 7400 and 

6500 cal yr BP, suggesting open birch woodland in the proximity of the lake at this time.  

        The dense birch woodlands detected by Eddudóttir et al. (2015) around the nearby 

Kagaðarhóll palaeolake might suggest well-developed soils under dense vegetation cover 

within the catchment of Hafratjörn lake. Despite low values of DBD and MS in the sediment 

records, the substantially high values of %TOC and C/N at c. 6700 cal yr BP, concurrent 

with a slight increase in Cseq and SAR values (Fig. 5.2b), may signify that soils in the 

catchment became progressively in-washed or/and windblown to the lake (cf. Langdon et 

al., 2010; Larsen et al., 2012).  
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       Bungutjörn lake shows clear evidence for a biological change beginning at c. 7500 cal 

yr BP in the move from typical values for algae sedimentation with C/N <10 towards an 

increasing contribution of terrestrial material with C/N >10 (Figs. 5.1, 5.2c) (cf. Meyers and 

Lallier-Vergès, 1999; Langdon et al., 2010). This is also reflected by increases in OM (%) 

and in Cseq. In a previous study conducted at Bungutjörn, Eddudóttir (2016) reported the 

presence of Betula nana macrofossils in the lake sediments, indicating a progressive change 

towards a Betula nana-Empetrum nigrum dwarf shrub heath after c. 8200 cal yr BP. This 

study suggests that the simultaneous rise in C/N ratios, OM (%) and Cseq after c. 7500 cal 

yr BP could be the result of larger volumes of displaced TOM in the areas surrounding 

Bungutjörn. 

6.2 Mid Holocene: the transition from warm to 

cold 

With the onset of the mid-Holocene, a trend of gradual decline in OM proxies is observed in 

all three lake records (Fig. 5.2). Major fluctuations in OM (%) correspond to the presence of 

tephra layers in the sediments.  

In Barðalækjartjörn, prior to the deposition of the HUN tephra layer (c. 5530 cal yr BP; 

Eddudóttir et al., 2016), increases in C/N and %TOC values in the Barðalækjartjörn record 

(Fig. 5.2a) suggest greater TOM inputs to the lake (Meyers and Lallier-Vergès, 1999). This 

development is also reflected by substantial increases in Cseq and SAR between c. 5600 and 

4600 cal yr BP. These factors correspond to the changes in vegetation cover surrounding the 

lake observed by Eddudóttir et al. (2016) with an expansion of e.g. the heath taxon Empetrum 

nigrum in the pollen record from Barðalækjartjörn. Similar evidence for environmental 

degradation was observed by Möckel et al., (2017) in the Hrafnabjörg peatland area located 

about 6.5 km. northwest of Barðalækjartjörn. A considerable number of palaeoclimatic 

studies indicate that a substantial shift toward increasingly cool summers took place after c. 

5500 cal yr BP, marking the termination of the HTM and the initiation of Neoglaciation (e.g. 

Wanner et al., 2008; Larsen et al., 2012; Striberger et al., 2012; Geirsdóttir et al., 2013; 

Zhang et al., 2016).  

        Conversely, despite the increasingly open woodland (Eddudóttir et al. 2015) at the 

nearby Kagaðarhóll palaeolake, Hafratjörn proxies do not show any significant anomalies 

after c. 5500 cal yr BP, likely due to its more sheltered location (Fig. 5.2b).  

Initial climate deterioration at the Skagi peninsula began after deposition of the Katla S 

tephra layer (c. 6600 cal yr BP; Eddudóttir et al., 2016) when a considerable decline in Betula 

pollen is seen in the Torfdalsmýri wetland, approximately 10 km northwest of Bungutjörn 

lake (Möckel et al., 2017). Increased fluctuations in MS values in the Bungutjörn record 

additionally suggest landscape destabilization (Fig. 5.2c). 

6.3 Late Holocene: Neoglaciation, Hekla 4 and 

Hekla 3 

In Iceland, major glacial advances were initiated at c. 4200 cal yr BP (e.g. Geirsdóttir et al., 

2009; Larsen et al., 2012) as a result of cooling conditions, and have been detected in both 

terrestrial and oceanic ecosystems in the Northern Hemisphere (e.g. Wanner et al., 2008). 

However, the transition to the intensified Neoglacial conditions occurred 

contemporaneously with the deposition of the Hekla 4 tephra (Fig. 5.2).  
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Environmental deterioration around Bungutjörn began at c. 5500 cal yr BP and 

significant deterioration followed the deposition of the Hekla 4 tephra. This development is 

likely related to reduced vegetation cover (Eddudóttir, 2016; Möckel, et al., 2017) which is 

reflected by the dramatic drop in OM proxies compared to the period before Hekla 4 and the 

vulnerability of low-stature vegetation to the thick Hekla 4 tephra deposit (e.g. Eddudóttir et 

al., 2017). The deposition of the Hekla 3 tephra and an abrupt cooling event at c. 2900 cal 

yr BP (Larsen et al., 2012; Geirsdóttir et al., 2013) may explain the increasing fluctuation in 

DBD and MS values, which indicate landscape destabilization (Fig. 5.2c). This interpretation 

is consistent with the inferred reduction in vegetation cover determined palynologically at 

Torfdalsmýri on the western side of the Skagi peninsula (Möckel et al., 2017).  

6.3.1 Environmental changes associated with Hekla 4 and Hekla 

3 tephra layers 

Barðalækjartjörn 

At Barðalækjartjörn, the pre-Hekla 4 scenario represents a relatively stable landscape (Fig. 

5.2a, 5.3a) indicated by low DBD and MS values and relatively high values in OM proxies. 

Nevertheless, decreasing trends in SAR and Cseq (Fig. 5.2a) suggest that the environment 

was under pressure from declining summer temperatures in the latter half of the Holocene 

(e.g. Larsen et al., 2012; Striberger et al., 2012; Geirsdóttir et al., 2013). This development 

is supported by Eddudóttir et al. (2016), who demonstrated that the landscape surrounding 

Barðalækjartjörn during the last two centuries before the Hekla 4 eruption was characterised 

by progressively more open Betula pubescens woodland.  

Increasing landscape destabilization and aeolian activity around Barðalækjartjörn 

following the Hekla 4 eruption are indicated by higher MS and DBD (Fig. 5.3a). Substantial 

increases in C/N ratios (Fig. 5.3a) further indicate larger contributions of TOM into the lake 

(cf. Meyers and Lallier-Vergès, 1999) as a result of soil erosion. The Hekla eruption around 

4200 cal yr BP was responsible for the deposition of one of the most voluminous tephra 

ejections (resulting the Hekla 4 tephra layer) during the Holocene in Iceland (Larsen and 

Eiríksson, 2008). The Hekla 4 tephra represents the boundary of a cooling episode suggested 

by several Icelandic lacustrine records (Larsen et al. 2012; Geirsdóttir et al. 2013; Blair et 

al. 2015). A major transition in the vegetation communities at Barðalækjartjörn occurred 

following the deposition of the Hekla 4 tephra (Eddudóttir et al., 2017). The most significant 

change was the expansion of Betula nana in place of B. pubescens, which suggests that 

harsher climatic conditions prevailed (Eddudóttir et al., 2017). The pollen record also shows 

increases in moisture-loving taxa as the climate becomes cooler and wetter (Eddudóttir et 

al., 2016). Elevated values of MS and DBD and drops in OM proxies beginning 

approximately 500 years after the deposition of the Hekla 4 tephra (Figs. 5.2a, 5.3a) suggest 

that the environment did not recover to the conditions in place before the eruption. The 

intensification of cooler summers in tandem with the impacts of the Hekla 4 tephra may be 

the main causes of environmental degradation observed at Barðalækjartjörn.  

Simultaneous increases in OM proxies, C/N, SAR and Cseq (Figs. 5.2a, 5.3a) support 

enhanced transport of TOM into the lake following the deposition of the Hekla 3 tephra (cf. 

Meyers and Lallier-Vergès, 1999), which suggests that larger quantities of SOC eroded from 

well-developed soils were displaced in the area surrounding Barðalækjartjörn. However, this 

could also have resulted from reduced aquatic production driven by cooling (Rouse et al., 

1997 cited in Smol et al., 2005). According to previous palaeoclimatic studies, a climate 

cooling event occurred at c. 2900 cal yr BP (e.g. Eiríksson et al., 2000; Larsen et al., 2012; 

Geirsdóttir et al., 2013). Furthermore, increase TOM into the lake might also have resulted 
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from increased vegetation damage due to abrasion by reworked tephra around the areas 

surrounding Barðalækjartjörn, which can easily be displaced by wind erosion (Gísladóttir et 

al., 2005; Arnalds et al., 2016).  

Hafratjörn  

Higher values of DBD and MS and concurrent drops in OM proxies prior to Hekla 4 

deposition signify environmental degradation (Figs. 5.2b, 5.3b). Eddudóttir et al. (2015, 

2017) suggest that during this period Betula pubescens woodland surrounding Kagaðarhóll 

palaeolake was less dense as a result of climate disruption initiated at c. 5500 cal yr BP (e.g. 

Larsen et al., 2012; Striberger et al., 2012; Geirsdóttir et al., 2013). C/N ratios during this 

period have an average value of 14, indicating a balanced mixture of aquatic production and 

terrestrial vascular plant contributions, which is expected for most lakes (Meyers and Lallier-

Vergés, 1999). This condition is reflected by comparatively low SAR and Cseq values that 

indicate a relatively stable landscape.  

Following the deposition of the Hekla 4 tephra, %TOC and C/N increase over the first 

c. 500 years (Figs. 5b), suggesting increased contributions of terrestrial OM into the lake, 

indicating increased soil erosion and/or larger inputs of damaged vegetation in the wake of 

the tephra fall. Conversely, the minerogenic content decreases following the deposition of 

Hekla 4 tephra, suggesting that the tephra was not extensively reworked by wind, likely due 

to compacting and burial of the tephra that was trapped in the woodland (e.g. Cutler et al., 

2016). The Hekla 4 tephra layer may have reached a thickness of 16 cm immediately after 

deposition in some areas in the lowland valley, hence suffocating the lowest vascular plants 

(Eddudóttir et al., 2017). However, pollen analysis indicates that the Hekla 4 tephra did not 

have long-term adverse effects on the woodland in the lowland areas nearby Hafratjörn, and 

that the environment recovered quickly after the eruption (Eddudóttir et al., 2017). Indeed, 

about 600 years later, C/N ratios revert to the values observed before the Hekla 4 tephra, 

while OM proxies display even higher values, indicating that the catchment had recovered 

(Figs. 5.2b, 5.3b).   

          A substantial peak in DBD and MS occurred over the first decades following the 

deposition of Hekla 3 tephra, likely as a result of reworked tephra, after which the 

minerogenic content in Hafratjörn records drops notably (Figs. 5.2b, 5.3b). This could 

indicate a relatively dense and stable vegetation cover that may have prevented mobilization 

of the tephra by wind activity (Cutler et al., 2016). Eddudóttir et al. (2015) indicate that 

despite the transition into Neoglaciation detected from c. 6000 cal yr BP, the vegetation 

cover at the Kagaðarhóll palaeolake continued to be dominated by birch woodland. 

However, sharp increases in %TOC, C/N, SAR and Cseq values (Fig. 5b) point to enhanced 

displacement of TOM within the lake area and consequently higher inputs from terrestrial 

sources to the lake (Meyers and Lallier-Vergés, 1999). This development could be also a 

consequence of vegetation damage due to abrasion of reworked tephra during wind erosion 

(Gísladóttir et al., 2005; Arnalds et al., 2016). 

6.3.2 Environmental changes driven by land use and the Little 

Ice Age event 

Both the Barðalækjartjörn and Hafratjörn records demonstrate abrupt landscape 

destabilization during the first century following the Norse settlement (Figs. 5.2a, 5.3b). The 

increased values of %TOC and C/N observed in Barðalækjartjörn and Hafratjörn following 

the Norse settlement (Figs. 5.2a, 5.3b) indicate that a higher proportion of TOM was 

deposited into the lakes (cf. Meyers and Lallier-Vergès, 1999) following deforestation (e.g. 



48 

Hallsdóttir, 1987). Human impacts on lake sedimentation processes through land use may 

produce contrasting effects on C/N ratios in lake sediments (e.g. Enters et al., 2006). In a 

study conducted at Lake Pleasant (Massachusetts, USA), Kaushal and Binford (1999) 

detected a trend of increasing C/N ratios in the lake sediment records associated with 

intensive forest clearance following European settlement, similar to those detected in the 

Barðalækjartjörn and Hafratjörn records. According to Gísladóttir et al. (2010), land use and 

climate deterioration after the Norse settlement led to extensive losses of soil and SOC from 

areas with scarce vegetation cover, while vegetated areas were subjected to larger influxes 

of sediments, hence the observed rise in Cseq. Signals for increased landscape instability in 

the Hafratjörn record after c. 700 cal yr BP include steadily rising C/N and Cseq values, 

suggesting that soil erosion during the LIA became a significant process in the area around 

Hafratjörn (Fig. 5.2b). The transition into the LIA in the Barðalækjartjörn record is, however, 

not as clear as in Hafratjörn (Fig. 5.2a). Nevertheless, pronounced increases in DBD, MS, 

C/N, SAR and Cseq in Barðalækjartjörn also underline pronounced instability at the 

highland margin during the LIA. 

7 Conclusions 

Physical and organic matter proxies preserved in well-dated sediment records from 

Barðalækjartjörn, Hafratjörn and Bungutjörn lakes provide a continuous reconstruction of 

natural and human-induced environmental changes in Northwest Iceland. Different 

geographical settings, landscape morphologies and vegetation cover appear to have played 

major roles in controlling biological processes in the lacustrine environments of the three 

study sites. The samples with lower C/N ratios were collected in a coastal area, whereas 

those with higher inputs from terrestrial sources were located at the highland margin.  

The environmental reconstructions derived from the three lakes reveal changes that 

constitute terrestrial evidence of the impacts of Holocene climate shifts on landscape 

stability in the areas surrounding the lakes. Despite the different geographical locations of 

Barðalækjartjörn, Hafratjörn and Bungutjörn, these records indicate simultaneous transitions 

from climate warming into climate cooling around 6500 cal yr BP. Decreases in minerogenic 

material reflected by increases in OM in the sediments indicate that during the Early 

Holocene, the development of a vegetation cover from the pioneer to the climax stages in 

response to an ameliorated climate resulted in improved landscape stability. Similarly, the 

transition to a colder period at c. 6500 cal yr BP is marked in all three lakes by a decrease in 

sedimentary OM during the mid-Holocene. Lower or stable C/N over this period shows that 

the cooling did not facilitate or increase soil erosion to a discernible degree.  

A reversal to elevated values in OM, TOC, C/N probably reflects displacement of soil 

around Barðalækjartjörn and Hafratjörn into the lakes during continued cooling. The 

opposite trends observed in Bungutjörn can be explained by the different landscape 

morphology, decreased aquatic production, but unclear stratigraphy of this part of the 

sequence makes this comparison ambiguous.    

Investigation into the effects of the deposition of the Hekla 4 and Hekla 3 tephra layers 

shows that the environment surrounding Hafratjörn recovered more rapidly compared to that 

at Barðalækjartjörn. Hence, despite the voluminosity of these two tephra layers, the better-

developed vegetation in the area surrounding Hafratjörn had a major influence on landscape 

resilience. 
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A simultaneous abrupt shift in both physical and chemical proxies in all three lake 

records at c.1100 cal yr BP marks the arrival of humans in Iceland. The severe impact caused 

by human-induced destruction of vegetation on an environment already under pressure from 

climatic deterioration was dramatic and irreversible. 
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Appendices 

                  Appendix 1. Summary of the sediment morphology of the three lakes sediment sequence 

Depth (cm) Composition  (Troel-Smith system) Fibrosity Munsell code and colours Lower boundary 

Barðalækjartjörn       

0-24 → Sh1Tl1Ag1Ga1Dl+Dh+ Pseudofibrous 10YR 3/6 "Dark yellowish brown" Gradual 

24-31 Sh1Ag1Ga1Tl1 Pseudofibrous 10YR 3/6 "Dark yellowish brown" Abrupt 

31-32 Tephra (Hekla ~1104 AD)  10YR 7/2 "Light gray"  

32-34 → Sh1Ag1Ga2Tl+Dl+Dh+Th+ Pseudofibrous 10YR 4/4 "Dark yellowish brown" Abrupt 

34-35 Tephra  5YR 2.5/1 "Black"  

35-78 Sh1Ag2Tl1Th+Dl+Dh+ Pseudofibrous 10YR 3/3 "Dark brown" Gradual 

78-81.5 Sh2Ag2Ga+Th+Tl+ Amorphous 10YR 3/6 "Dark yellowish brown" Abrupt 

81.5-83 Tephra (Hekla ~3000 cal yr BP)  10YR 7/1 "Light gray"  

83-88.5 Sh2Ag2Ga+Th+Tl+ Amorphous 10YR 3/4 "Dark yellowish brown" Abrupt 

88.5-90.5 Sh1As2Ag1Dh+Dl+Th+Tl+ Amorphous 2.5Y 4/4 "Olive brown" Abrupt 

90.5-95 Tephra (Hekla ~4200 cal yr BP)  10YR 7/1 "Light gray"  

95-97 Sh2As2Ag+Ga+ Pseudofibrous 2.5Y 4/4 "Olive brown" Gradual 

97-130 Sh1As2Dl1Dh+Ga+ Pseudofibrous 10YR 3/3 "Dark brown" Abrupt 

130-130.5 Tephra  5YR 2.5/1 "Black"  

130.5-131 Sh1Ag2Dl1Ga+Dh+ Pseudofibrous 10YR 3/2 "Very dark grayish brown" Abrupt 

131-132 Tephra  10YR 6/1 "Gray"  

132-148 → Sh2Ag2Dl+Ga+Dh+ Pseudofibrous 10YR 3/1 "very dark grey" Abrupt 

148-150 → Tephra (Katla S ~6600 cal yr BP)   5YR 2.5/1 "Black"   
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Depth (cm) Composition  (Troel-Smith system) Fibrosity Munsell code and colours Lower boundary 

150-203 Sh2Ag2Dl+Ga+Dh+ Pseudofibrous 10YR 3/1 "very dark grey" Abrupt 

203-220 Sh2Ag1As1Tl+ Amorphous 2.5Y 3/3 Gradual 

220-227.5 Sh2Ag2Ga+Dl+Tl+ Pseudofibrous 2.5Y 4/4 "Olive brown" Abrupt 

227.5-241 → Sh1Ag2Ga1Dh+Dl+Th+Tl+ Pseudofibrous 2.5Y 3/3 "Dark olive brown" Clear 

241-258 → Sh1Ag1As1Ga1Dh+Dl+ Pseudofibrous 2.5Y 3/2 "Very dark grayish brown" Abrupt 

258-295 Tephra (Saksunarvatn ~10300 cal yr BP)  5YR 2.5/1 "Black"  

Hafratjörn 

0-29 Ag2 Ga1 Sh1 Th+ Amorphous 2.5Y 3/3 "Dark olive brown" Gradual   

29-30.5 Tephra (Hekla 1)    

30.5-54 → Ag3 Ga+ Sh1 Th+ Amorphous 2.5Y 3/2 "Very dark grayish brown" Linear 

54-56 Tephra    

56-58 → Ag3 Ga+ Sh1 Th+ Amorphous 2.5Y 3/2 "Very dark grayish brown" Linear 

58-60 Tephra (Torfajökull 870 ±1 AD)    

60-73 → Ag3 Ga+ Sh1 Th+ Amorphous 2.5Y 3/2 "Very dark grayish brown" Linear 

73-74 Tephra (Snæfellsjökull ~1850 cal. Yr BP)    

74-88 → Ag3 Ga+ Sh1 Th+ Amorphous 2.5Y 3/2 "Very dark grayish brown" Linear 

88-103 Ag3 Ga+ Sh1 Amorphous 2.5Y 2.5/1 "Black" Linear 

103-105 Tephra 
 

  

105-107 Ag3 Ga+ Sh1 Amorphous 2.5Y 2.5/1 "Black" Linear 
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Depth (cm) Composition  (Troel-Smith system) Fibrosity Munsell code and colours Lower boundary 

107-108.5 Tephra (Hekla ~3000 cal yr BP)    

108.5-114 Ag3 Ga+ Sh1 Amorphous 2.5Y 2.5/1 "Black" Linear 

114-117 Ga2 Sh2 Th+ Dg+ Pseudo-fibrous 10YR 2/1 "Black" Gradual  

117-118 Ga1 Sh1 Th+ Pseudo-fibrous 2.5Y 5/3 "Light olive brown" Gradual  

118-122 Tephra (Hekla ~4200 cal yr BP)    

122-131 → Ag3 Ga+ Sh1 Th+ Amorphous   

131-132 Tephra (Snæfellsjökull ~4068 cal.yr BP)    

132-156 → Ag3 Ga+ Sh1 Th+ Amorphous 2.5Y 4/3 "Olive brown" Linear 

156-157 Tephra (Hekla Ö ~6060 cal yr BP )    

157- 174 → Ag3 Ga+ Sh1 Th+ Amorphous 2.5Y 4/3 "Olive brown" Gradual  

174-183 Ag2 Sh1 Th1 Pseudo-fibrous 2.5 4/2 "Dark grayish brown" Gradual  

183-198.5 Ag2 Sh1 Th1 Pseudo-fibrous 10YR 5/3 "Brown" Linear 

198.5-199.5 Tephra (Hekla 5, 7063±255 cal yr BP)    

199.5-226 Ag2 Sh1 Th1 Pseudo-fibrous 10YR 5/3 "Brown" Linear 

226-235 Ag1 Ga1 Gs1 Th+ Pseudo-fibrous 2.5Y 4/3 "Olive brown" Linear 

235-238 Tephra     

238-248 Ag1 Ga1 Gs1 Th+ Pseudo-fibrous 2.5Y 4/3 "Olive brown" Gradual  

248-258 → Ag3 Ga+ Sh1 Th+ Pseudo-fibrous 2.5Y 5/4 "Light olive brown" Gradual  

258-276 Ag3 Sh1 Th+ Pseudo-fibrous 2.5Y 5/2 "Grayish brown" Gradual  
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Depth (cm) Composition  (Troel-Smith system) Fibrosity Munsell code and colours Lower boundary 

276-284 → Ag3 Ga1 Sh+ Th+ Pseudo-fibrous 2.5Y 5/4 "Light olive brown" Gradual  

284-286 Tephra    

286-295 Ag3 Ga1 Sh+ Th+ Pseudo-fibrous 2.5Y 5/4 "Light olive brown" Gradual  

295-297 Tephra    

297-322→ Ag3 Ga1 Sh+ Th+ Pseudo-fibrous 2.5Y 5/4 "Light olive brown" Gradual  

322-324 Tephra    

324-333 → Ag3 Ga1 Sh+ Th+ Pseudo-fibrous 2.5Y 4/3 "Light olive brown" Gradual  

333-335 Tephra    

335-341 → Ag3 Ga1 Sh+ Th+ Pseudo-fibrous 2.5Y 4/3 "Light olive brown" Gradual  

341-343 Tephra    

343-347→ Ag3 Ga1 Sh+ Th+ Pseudo-fibrous 2.5Y 4/3 "Light olive brown" Gradual  

347-349 Tephra    

349-357→ Ag3 Ga1 Sh+ Th+ Pseudo-fibrous 2.5Y 4/3 "Light olive brown" Gradual  

358-363→ Ag2 Ga2 Sh+ Th+ Amorphous 2.5Y 4/2 "Dark grayish brown" Gradual  

364-365 Tephra    

366-390→ Ag2 Ga2 Sh+ Th+ Amorphous 2.5Y 4/2 "Dark grayish brown" Gradual  

391-392 Tephra    

393-408→ Ag2 Ga2 Sh+ Th+ Amorphous 2.5Y 4/2 "Dark grayish brown" Gradual  

409-416.5 Tephra (Saksunarvatn ~10300 cal yr BP )        
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Depth (cm) Composition  (Troel-Smith system) Fibrosity Munsell code and colours Lower boundary 

Bungutjörn 

0-16.5 → Ld1Lso2Ag1 Fibrous 2.5Y 4/4 "Olive brown" Linear 

16.5-17 Tephra    

17-26 Ld1Lso2Ag1 Fibrous 2.5Y 4/4 "Olive brown" Linear 

26-26.5 Tephra    

26.5-29 Ld1Lso2Ag1 Fibrous 2.5Y 4/4 "Olive brown" Linear 

29-30 Tephra (Hekla ~3000 cal yr BP)    

30-38.5 Ld1Lso2Ag1 Fibrous 2.5Y 4/3 "Olive brown" Linear 

38.5-39 Tephra (Hekla ~4 cal yr BP)    

39-66 Ld1Lso3Ag+ Fibrous 2.5Y 3/2 "Brownish black" Linear 

66-71 Tephra (Katla S ~6600 cal yr BP)    

71-119 → Ld1Lso3Ag1 Pseudofibrous 2.5Y 4/3 "Olive brown" Linear 

119-194 Ld1Lso3Ag+ Amorphous 2.5Y 3/2  "Brownish black" Gradual 

194-220 Tephra (Saksunarvatn ~10300 cal yr BP)    

220-231 Ld1Lso3Ag+ Amorphous 2.5Y 4/4  "Olive brown"   

Description terminology. 

Composition [modified version by Aaby and Berglund (1986) of the Troel-Smith (1955) system. Five-point abundance scale was 

employed. where: + = traces but < 1/8 of sediment; 1 = 1/8 to 1/4 of sediment; 2 = 1/4 to 1/2 of sediment; 3 = 1/2 to 3/4 of sediment; 

4 = 3/4 to 1/1 of sediment]: Turfa = Tb (T. bryophytica) – Tl (T. lignosa); Detritus = Dl (D. lignosus) – Dh (D. herbosus) – Dg (D. 

granosus); Limus = Ld (L. detrituosus) – Lso (L. siliceus organogenes) – Lc (L. calcareus) – Lf (L. ferrugineus); Argilla = As (Clay) – Ag 

(Silt); Grana = Ga (Fine sand) – Gs (Coarse sand) – Gg (Gravel); Substantia = Sh ( Humous substance). Fibrosity [based on four 

categories (Erlendsson. 2007)]: 1) Very fibrous = plant material represents bulk of matrix; 2) Fibrous = still shows plant structures: 

fragments apparent when crushed; 3) Pseudo-fibrous = apparently fibrous but when crushed loses structure and is soft and plastic; 4) 

Amorphous = structureless. with no signs of original plant form. Often has significant mineral content.
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Appendix 2. Summary of tephra layers and 14C samples used to construct age-depth 

models for the three lakes sediment sequences 

Depth from 
sediment 
surface (cm) 

Tephra layer              
Lab. Code ¹⁴C 
sample       

Age (Cal. yr BP).     
Present assigned to AD 
1950 

Material Reference 

Barðalækjartjörn 
    

26 Hekla 1300 AD 650 Tephra Larsen et al.. 2002 

32 Hekla 1104 AD 846 Tephra Þórarinsson. 1967 

83 Hekla 3 ~3000 Tephra Dugmore et al.. 1995 

95 Hekla 4 ~4200 Tephra Dugmore et al.. 1995 

125 HUN ~5530 Tephra Eddusdóttir et al.. 2016 

130 Hekla Ö ~6060 Tephra Gudmundsdóttir et al.. 2011 

150 Katla S-layer ~6600 Tephra Eddusdóttir et al.. 2016 

190 Hekla 5 7063±255  Tephra Thorarinsson. 1971 

214.5 ETH-61951 7608–7722 Potamogeton leaf scraps Eddusdóttir et al.. 2016 

229.5 ETH-61952 8453–8592 Potamogeton leaf scraps Eddusdóttir et al.. 2016 

242.5 ETH-61953 9489–9549 Miscellaneous mosses Eddusdóttir et al.. 2016 

250.5 ETH-61954 9549–9882 Miscellaneous mosses Eddusdóttir et al.. 2016 

255.5 ETH-61955 9697–10135 Miscellaneous mosses Eddusdóttir et al.. 2016 

260 Saksunarvatn ~10300 Tephra Rasmussen et al.. 2006 

Hafratjörn     

30.5 Hekla 1104 AD 846 Tephra Þórarinsson. 1967 

59 Torfajökull 870 AD 1080 Tephra Larsen et al.. 1999 

73.5 Snæfellsjökull  1750 ±150 Tephra Steinþórsson. 1967 

108.5 Hekla 3 ~3000 Tephra Dugmore et al.. 1995 

95 Hekla 4 ~4200 Tephra Dugmore et al.. 1995 

132 Snæfellsjökull  3960±100 Tephra Steinþórsson. 1967 

155.5 Hekla Ö ~6060 Tephra Gudmundsdóttir et al.. 2011 

199.5 Hekla 5 7063±255  Tephra Thorarinsson. 1971 

274.5 ETH75693 9058±51 Seeds This study 

319.5 ETH75694 9484±42 Macroffossil This study 

416.5 Saksunarvatn ~10300 Tephra Rasmussen et al.. 2006 

Bungutjörn     

30 Hekla 3 ~3000 Tephra Dugmore et al.. 1995 

39 Hekla 4 ~4200 Tephra Dugmore et al.. 1995 

71 Katla S-layer ~6600 Tephra Eddusdóttir et al.. 2016 

220 Saksunarvatn ~10300 Tephra Rasmussen et al.. 2006 
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Appendix 3. Major element composition of key tephra layers in the Hafratjörn sequence 

SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

Hekla 846, 30-31 cm          

71.18 0.2069 13.73 3.35 0.107 0.1062 1.88 4.15 2.71 0.04 97.46 

70.98 0.281 13.97 3.30 0.0933 0.0881 1.84 2.86 2.79 0.06 96.26 

71.39 0.2407 13.93 3.35 0.1034 0.1026 1.82 4.00 2.69 0.03 97.66 

72.13 0.1816 14.08 3.57 0.1185 0.1101 1.84 4.06 2.63 0.00 98.72 

71.62 0.2669 14.13 3.39 0.1134 0.1153 1.80 4.30 2.70 0.01 98.44 

71.60 0.1903 13.90 3.36 0.1069 0.1015 1.81 3.87 2.59 0.07 97.60 

71.69 0.2034 14.15 3.26 0.1198 0.1137 1.83 4.23 2.68 0.00 98.28 

Bárðarbunga 1080, 58.5-60 cm         

49.31 1.98 13.68 13.35 0.19 6.34 10.88 2.57 0.26 0.20 98.77 

49.60 1.90 13.69 12.91 0.22 6.66 11.45 2.54 0.24 0.15 99.36 

49.73 1.88 13.73 12.67 0.21 6.36 10.95 2.60 0.30 0.18 98.61 

50.06 1.88 13.68 12.62 0.19 6.42 10.91 2.72 0.30 0.25 99.03 

49.48 1.82 13.68 12.79 0.22 6.69 11.43 2.46 0.24 0.21 99.02 

49.14 1.81 13.45 12.78 0.22 6.62 11.30 2.54 0.23 0.15 98.24 

49.81 1.80 13.88 12.64 0.21 6.53 11.22 2.53 0.27 0.19 99.08 

49.36 1.78 13.78 12.66 0.25 6.56 10.82 2.47 0.25 0.18 98.11 

Snæfellsjökull 1750±150, 73-74 cm         

66.41 0.47 15.96 4.53 0.20 0.34 1.89 3.39 3.95 0.06 97.20 

66.28 0.42 15.72 4.02 0.18 0.33 1.80 3.28 4.07 0.09 96.18 

65.78 0.53 15.91 4.90 0.18 0.37 2.01 3.01 3.93 0.02 96.64 

65.77 0.54 16.09 5.28 0.19 0.39 2.11 3.07 4.01 0.08 97.53 

65.64 0.51 15.81 4.85 0.19 0.35 2.06 3.71 3.97 0.08 97.16 

65.36 0.56 16.13 5.36 0.19 0.49 2.20 4.30 3.86 0.14 98.58 

65.15 0.52 16.09 5.11 0.25 0.42 2.17 3.23 3.88 0.07 96.88 

65.07 0.58 16.12 5.47 0.14 0.51 2.26 3.30 3.77 0.12 97.34 

64.97 0.53 16.10 5.01 0.18 0.40 2.14 4.79 3.91 0.05 98.08 

64.92 0.50 16.03 5.31 0.26 0.42 2.16 3.58 3.77 0.10 97.06 

64.88 0.49 15.86 5.37 0.21 0.45 2.16 3.9o 4.03 0.14 97.49 

Hekla-3 ~3000, 108-109 cm         

72.24 0.25 14.32 3.27 0.16 0.11 1.94 4.21 2.57 0.06 99.13 

71.88 0.18 13.97 3.24 0.14 0.12 2.00 3.88 2.42 0.00 97.83 

71.82 0.22 14.30 3.38 0.09 0.13 1.91 2.37 2.52 0.06 96.79 

71.65 0.18 14.09 3.20 0.11 0.11 1.98 4.13 2.53 0.01 97.99 

71.60 0.23 14.22 3.38 0.12 0.10 1.93 4.38 2.51 0.02 98.50 

70.55 0.21 13.98 3.15 0.13 0.13 1.93 3.91 2.24 0.04 96.27 

66.82 0.42 15.12 6.19 0.15 0.43 3.47 3.95 2.09 0.07 98.72 

65.74 0.49 15.34 6.52 0.23 0.52 3.43 3.84 1.94 0.16 98.21 
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

Hekla-4 ~4200, 118-122 cm         

74.18 0.11 13.31 2.00 0.11 0.04 1.24 2.86 2.80 0.00 96.65 

74.08 0.05 13.24 2.07 0.07 0.04 1.26 3.04 2.84 0.00 96.69 

74.01 0.11 13.40 1.97 0.09 0.02 1.27 3.99 2.84 0.03 97.73 

74.01 0.13 13.26 2.15 0.08 0.02 1.24 4.17 2.61 0.00 97.66 

73.83 0.07 12.95 2.05 0.06 0.02 1.27 4.09 2.74 0.00 97.08 

73.43 0.12 13.11 2.07 0.09 0.01 1.22 2.94 2.85 0.00 95.84 

73.10 0.14 12.93 2.05 0.08 0.03 1.28 4.25 2.69 0.01 96.55 

Snæfellsjökull 3960±100, 132 cm         

70.99 0.40 13.27 3.49 0.13 0.65 2.19 3.92 2.58 0.04 97.66 

67.22 0.40 15.96 4.27 0.16 0.25 1.62 3.29 4.24 0.07 97.47 

67.10 0.34 15.81 3.97 0.15 0.28 1.62 3.24 4.24 0.06 96.81 

67.09 0.43 16.02 4.03 0.12 0.28 1.58 4.88 4.59 0.05 99.07 

65.02 0.64 16.25 5.63 0.17 0.62 2.51 3.24 3.61 0.13 97.82 

63.65 0.74 16.16 5.92 0.21 0.71 2.71 3.75 3.45 0.14 97.44 

63.12 0.80 16.51 6.33 0.17 0.91 3.07 4.89 3.28 0.18 99.26 

62.67 0.79 16.05 6.56 0.21 0.87 3.24 3.49 3.29 0.20 97.38 

Hekla-Ö ~6060, 155-156 cm         

60.61 1.06 14.45 9.81 0.29 1.24 4.34 3.85 1.89 0.53 98.08 

60.60 1.12 14.38 10.34 0.25 1.25 4.37 3.22 1.84 0.48 97.85 

60.48 1.14 14.39 10.63 0.28 1.38 4.30 3.96 1.73 0.39 98.68 

56.99 2.13 15.29 10.23 0.22 2.52 5.77 3.53 2.24 0.36 99.28 

Hekla-5 7063±255, 200-201 cm         

75.07 0.09 12.79 1.71 0.12 0.02 1.12 3.75 2.79 0.03 97.50 

75.00 0.12 12.89 1.82 0.06 0.03 1.24 3.67 2.79 0.03 97.65 

74.77 0.11 13.05 1.74 0.08 0.04 1.31 4.02 2.70 0.00 97.82 

73.86 0.09 12.57 1.67 0.05 0.02 1.20 3.56 2.64 0.00 95.67 

73.82 0.10 12.63 1.62 0.06 0.04 1.30 3.83 2.66 0.00 96.06 

73.65 0.06 12.85 1.79 0.10 0.02 1.24 3.90 2.48 0.02 96.11 

73.61 0.08 12.67 1.69 0.09 0.03 1.21 3.46 2.67 0.00 95.50 

73.47 0.10 12.71 1.73 0.09 0.05 1.22 3.70 2.61 0.00 95.67 

73.30 0.10 12.45 1.63 0.05 0.03 1.33 3.73 2.58 0.00 95.20 

Saksunarvatn ~10300, 416-417 cm         

48.94 3.10 13.34 14.70 0.26 5.38 9.73 2.75 0.47 0.34 99.01 

49.33 2.99 13.21 14.26 0.26 5.55 9.80 2.67 0.44 0.34 98.86 

49.25 2.95 13.08 14.32 0.23 5.51 9.90 2.57 0.47 0.35 98.62 

49.17 2.90 12.94 14.59 0.25 5.36 9.80 2.68 0.48 0.32 98.48 

49.26 2.88 12.79 14.34 0.26 5.37 9.88 2.64 0.46 0.32 98.20 

48.91 2.88 13.29 14.15 0.22 5.54 9.81 2.63 0.45 0.35 98.23 

49.04 2.87 13.20 14.22 0.24 5.55 9.74 2.69 0.46 0.34 98.34 

49.27 2.85 13.32 14.20 0.25 5.51 9.91 2.57 0.45 0.30 98.63 
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SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Total 

49.23 2.81 13.30 14.10 0.26 5.63 9.90 2.69 0.43 0.29 98.64 

49.42 2.70 13.39 14.28 0.20 5.52 9.79 2.65 0.45 0.34 98.74 

48.98 2.63 13.30 14.28 0.21 5.96 10.33 2.52 0.40 0.29 98.90 

48.92 2.53 13.55 13.79 0.22 6.01 10.53 2.32 0.37 0.28 98.52 

 

Appendix 4. Results for H2O loss test of 22 samples from Hafratjörn core for drying                

comparison at 50 °C and 70 °C. 

Depth from 
sediment 
surface (cm) 

g sample for        
50 °C/24 h     

drying 

H2O loss             
50 °C/24 h     

drying 

% H2O loss         
50 °C/24 h    

drying 

g sample for         
70 °C/4 h      

drying 

H2O loss             
70 °C/4 h       

drying 

% H2O loss         
70 °C/4 h      

drying 

Ratio                   
50 °C/70 °C     

H2O loss 

0-2 0.06 0.00 1.63 0.06 0.00 1.64 1.67 

4-6 0.03 0.00 0.00 0.03 0.00 0.00 0.00 

8-10 0.03 0.00 0.00 0.03 0.00 2.94 2.94 

12-14 0.06 0.00 0.00 0.06 0.00 0.00 0.00 

16-18 0.05 0.00 0.00 0.05 -0.00 -1.92 -1.92 

20-22 0.04 0.00 0.00 0.04 0.00 0.00 0.00 

24-26 0.03 0.00 0.00 0.03 0.00 0.00 0.00 

28-30 0.02 0.00 0.00 0.02 0.00 4.35 4.35 

32-34 0.04 0.00 0.00 0.04 0.00 0.00 0.00 

36-38 0.04 0.00 0.00 0.04 0.00 0.00 0.00 

40-42 0.04 0.00 0.00 0.04 0.00 0.00 0.00 

44-46 0.02 0.00 0.00 0.02 -0.00 -5.00 -5.00 

48-50 0.04 -0.00 -2.70 0.04 0.00 0.00 0.00 

52-54 0.05 0.00 0.00 0.05 0.00 0.00 0.00 

56-58 0.09 0.00 0.00 0.09 -0.00 -1.12 -1.12 

60-62 0.04 0.00 0.00 0.04 0.00 0.00 0.00 

64-66 0.06 0.00 0.00 0.06 0.00 0.00 0.00 

68-70 0.05 0.00 0.00 0.05 0.00 0.00 0.00 

72-74 0.06 0.00 0.00 0.06 0.00 0.00 0.00 

76-78 0.05 -0.00 -2.27 0.05 0.00 0.00 0.00 

80-82 0.05 -0.00 -1.89 0.05 0.00 0.00 0.00 

 84-86 0.06 -0.00 -1.64 0.06 0.00 0.00 0.00 

Standard deviation 0.00     0.00     

 

 

 


