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Abstract

Across the central highlands of Iceland soil sections are accessible in rofabord were they
can reach back to the time of initial soil formation after the deglaciation around 11.5 ka.
These soil sections have been used to reconstruct tephrochronology and also to study soil
erosion in Iceland. The main focus of this project is to study soil sections by Kjolur for the
purpose of reconstructing the environmental and climate changes that have occurred during
the Holocene with the help of tephrochronology and geochemical researches. Five soil
sections were in total measured and samples collected for studying carbon content as well as
for the branched glycerol dialkyl glycerol tetraether (brGDGT) paleothermometer to
estimate temperature changes for the Holocene. Numerous tephra layers can be found in the
soil sections which were identified to their volcanic source and age which made it possible
to obtain age models for each section. By identifying the tephra layers it was also possible
to correlate between sections and calculate the soil accumulation rate for each section. By
interconnecting the results from the identification of tephra layers, calculation of soil
accumulation, carbon content and the brGDGT it was possible to reconstruct environmental
and climate changes for the area and compare the results to similar studies that have been
done on sediment from Hvitarvatn by Langjokull and Arnarvatn Stéra. The main results of
studying the soil sections reflect the results from the lake studies and indicate that a gradual
cooling has been occurring for the last 10 ka superposed by more stepped changes at 8.2,
6.0, 4.4, 2.7, 1.4 and 0.6 ka when increased soil erosion took place. Soil erosion was most
active during the Little Ice Age (LIA 1300-1900 CE) when soil accumulation rate was
highest in the sections located furthest to the southwest in the research area. This indicates
that strong northerly winds were dominant during that time. Although a brGDGT
temperature calibration of Icelandic soils is yet to be developed to accurately quantify
Iceland’s Holocene summer temperature history, relative temperatures can be estimated
from the measurements and appearance of the soil showing the coldest temperatures during
the L1A with possible local permafrost conditions in the Kjolur area at that time.






Utdrattur

Vida & halendi Islands er ad finna rofabord par sem opnast hafa snid i jardveg sem ner allt
aftur til upphafstima jarovegsmyndunar & natima eftir horfun isaldarjokla fyrir um 11.5 pas.
arum. Jardvegssnid pessi hafa nyst vel til uppbygginga gjoskulagatimatals og ekki sidur til
rannsokna & jardvegsrofi & Islandi. Meginahersla pessa verkefnis er ad rannsaka jardvegssnid
a Kili i peim tilgangi ad draga fram umhverfis- og loftslagsbreytingar sem att hafa sér stad a
natima med adstod gjoskulagafreedinnar og jardefnafreedilegra rannsokna. Alls voru fimm
snid meld og fjéldi syna tekinn til rannsokna a kolefnisinnihaldi, auk rannsokna a
hitaneemum bakterium til deetlunar & hitastigsbreytingum & natima. Fjolda gjoskulaga er ad
finna i jardvegssnidunum sem greind voru til uppruna og aldurs, pannig ad unnt var ad setja
fram aldursmaodel fyrir hvert snid. Med greiningu gjoskulaga var hvort tveggja heaegt ad
tengja & milli mismunandi snida og reikna Ut upphledsluhrada jardvegs i hverju snidi. Med
samtengingu nidurstadna gjoskulagagreininga, Utreikninga & jardvegssupphledslu,
kolefnisgreininga og greininga & hitaneemum bakterium var unnt ad endurbyggja umhverfis-
og loftslagsbreytingar & sveedinu og bera saman vid sams konar rannsoknir sem gerdar hafa
verid a seti Hvitarvatns vid Langjokul og Arnarvatns Stora. Helstu nidurstodur rannsdkna a
jardvegssniounum endurspegla nidurstéour rannsdékna & stéouvotnunum og benda til
stigvaxandi kolnunar sidustu 10 pus. ar. Aukid jardvegsrof atti sér stad fyrir um 8200, 6000,
4400, 2700, 1400 og 600 arum. Jardvegsrof var virkast & timum Litlu isaldar (1300-1900
CE) pegar mest upphledsla jardvegs atti sér stad i peim opnum sem liggja sudvestast &
rannsoknarsveedinu, sem hugsanlega bendir til sterkrar nordanéattar & timabilinu. P6 enn sé
ekki til islensk vidmidunargogn fyrir hitaneemu bakteriurnar ma azetla Gt fra meelingunum og
asynd jardvegs, ad hitastig var kaldast & Litlu is6ldinni sem bendir til pess ad sveedisbundinn
sifreri geeti hafa verid til stadar i jardveginum.
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1 Introduction

Paleoclimate reconstruction is important in Iceland due to its strategic location relative to
changes in both air and ocean surface currents. Iceland lies at the polar oceanic front a
boundary between two water masses that highly influence the climate; the cold and relatively
fresh East Greenland current (EGC) and the warmer and more saline North Atlantic Current
(NAC; see Figure 1). Any changes in the relative strength of these two water masses is
reflected in the climate of Iceland and recorded in lake and marine sediments in and around
Iceland. Thus, by studying those two archives it is possible to reconstruct paleoclimate at
least back 10 ka (e.g. Massé et al., 2008; Geirsdottir et al., 2009a). Presently, there are rapid
climate and environmental changes taking place and it is important to look into the past to
get an idea about what to expect in the future. Information on Holocene (the last 11.7 ka)
climate fluctuations can provide critical context for understanding the details of current
climate change. The central highlands of Iceland is a large study area for Holocene climate
as it has been highly affected by climate fluctuations since it became ice free after the last
glaciation. The central highlands are also vulnerable and sensitive towards fluctuations in
climate as the area has limited vegetation cover and experiences active soil erosion (Arnalds,
2008), thus it responds quickly towards changes occurring in the climate. Lakes in the central
highlands, such as Hvitarvatn and Arnarvatn Stora, have been studied regarding to Holocene
climate and provide continuous and well dated records for environmental changes. Soil
erosion has been severe across Iceland for centuries. The prevailing argument is that the
onset of soil erosion began with the Settlement of Iceland (871 + 2 CE). However, proxy
reconstruction from Haukadalsvatn in western Iceland has led to the conclusion that periods
of landscape instability and soil erosion are also likely due to both volcanic activity and
cooling climate rather than only grazing of livestock (Geirsddttir et al., 2009a). The
Settlement of Iceland mostly took place around the lowlands rather than the highlands, which
emphasizes the importance of studying paleoclimate in the highlands when obtaining
information that can differentiate climate driven landscape instability and human impact.

The dominating soil type in Iceland, Andosols, is mostly derived from volcanic material due
to active volcanism. The soil lacks cohesion making it fragile to aeolian activity and erosion.
Active soil erosion in Iceland has caused the formation of rofabdrd, which provide easy
access to soil sections which contain Holocene tephra layers. The tephra layers play a key
role in observing soil sections as they give timing of eruptions which provides a chronology
for the soil sections (Arnalds, 2004; Arnalds, 2008; Dugmore et al., 2009). When soil erosion
is active, soil organic matter gets diminished with reduced vegetation cover. Thus, soil
sections can provide information about periods of significant erosion by measuring the
carbon content (Oskarsson et al., 2004). Another measurable factor in soils is a proxy based
on the branched glycerol dialkyl glycerol tetraether (orGDGT) which is a paleothermometer
that uses microbial communities and the chemical structure of their cell membranes in
response to environmental temperature (e.g. Weijers et al., 2007).

The aim of this study is to:

e Develop a story of Holocene landscape evolution using soil profiles along a strike
from NE to SW across the central highlands of Kj6lur located between Langjokull



and Hofsjokull ice caps (Figure 2). The soil sites were chosen based on their
likelihood to record the whole of Holocene with the aim to retrieve information about
Holocene landscape responses to climate change. This is done by comparing
lithofacies changes detected in the soil sections, sediment accumulation rate and
carbon content.

Use a new method, the brGDGTs temperature estimates to obtain information about
Holocene temperature fluctuations in the area.

Establish the tephra stratigraphy from Holocene volcanic eruptions of known age and
thus facilitate accurate age control and direct comparison between all soil sites.
Conclude whether soil profiles indicate similar climate changes as research has
shown in lacustrine sediment. Thus, the environmental parameters contained in the
soil archives were analyzed at multi-centennial resolution and compared to existing
paleoenvironmental records from the nearby lakes Hvitarvatn and Arnarvatn Stora
to provide insight into the landscape responses to periods of known Holocene
climatic change, as well as, the timing of human settlement in Iceland.



2 Geographical and geological
background

2.1 Position of Iceland and geology

Iceland is strategically located at the polar oceanic front, which is a boundary between the
East Greenland current (EGC) from the Arctic Ocean and the North Atlantic Current (NAC)
from the tropical areas in the south (Figure 1). These two currents have different
temperatures and salinity, the EGC is relatively cold and fresh while the NAC is warmer and
salty. The Irminger current (IC) is a branch of the NAC, which travels along the western and
north-western coasts of Iceland where it becomes the North Iceland Irminger Current (NI1C)
and the EGC flows along the eastern coast of Greenland from the Arctic Ocean. The East
Iceland Current (EIC) is a branch of the cold Arctic current and flows from west to east along
the northern coast of Iceland. Any shifts in the balance between these two water masses will
influence the position of the polar oceanic front, which in turn affects the climate of Iceland.
Studies of lake and marine sediments in and around Iceland show that any changes
associated with the strength of these ocean surface currents through time are reflected in the
two archives (e.g. Massé et al., 2008; Geirsdattir et al., 2009a).

Figure 1. Map showing Iceland’s position in the
North Atlantic and the ocean currents that
influence the island ’s climate (Geirsdottir et al.,
2013).



Atmospheric and oceanic variability on decadal to centennial time-scales have a strong
impact on Iceland’s climate; the North Atlantic Oscillation (NAO) being an important
example of such a source. The NAO shows decadal-scale variability and displays the
fluctuations in the difference of sea level pressure between the Icelandic Low and the Azores
high. The strength and direction of westerly winds and storm tracks across the North Atlantic
are controlled by the NAO. In its positive phase the NAO causes low-pressure anomalies
over Iceland, which in turn produces strong Atlantic westerly winds (Hurrell, 1995). The
Atlantic Multi-decadal Oscillation (AMO) is another important process causing multi-
decadal variability. This process is a coherent pattern of oscillatory changes in North Atlantic
sea surface temperature (SST), with a period of around 60-90 years (e.g. Knudsen et al.,
2011). One important factor which affects the Atlantic sea surface temperature and the
thermohaline circulation is the North Atlantic meridional overturning circulation (AMOC),
which transports warm and salty surface waters to high latitudes causing the waters to cool,
sink and return southwards again as deep water (Thornalley et al., 2009).

Iceland is a volcanic island situated on the North Atlantic Ridge and is affected by a
spreading plate boundary and a mantle plume. Iceland rises more than 3000 m above the
surrounding sea floor. The formation of Iceland is thought to have begun about 24 million
years ago although the mantle plume underneath the island has been active for the last 65
million years. The mantle plume formed the 2000 km long North Atlantic Igneous Province
which includes Iceland which is the only part that is still active (e.g. Seemundsson, 1979;
Vink, 1984; Saunders et al., 1997; Gudmundsson, 2000; Thordarson & Larsen, 2007). The
arrangement of the active volcanism in Iceland results from superposition of the spreading
plate boundary over the Iceland mantle plume and also the relative motion of these two
structures. The interaction is seen on the surface as discrete 15-50 km wide belts of active
faulting and volcanism (e.g. Semundsson, 1979; Vink, 1984). The most prominent belt is
the axial volcanic zone where active spreading and plate growth follows the plate boundary
across Iceland from Reykjanes in the southwest to Oxarfjérdur in the north. Tholeiitic
magmatism characterizes the axial zone and it is divided into the West (WVZ) and the North
(NVZ) Volcanic Zones, these two are connected by the Mid-Iceland Belt (MIB) and linked
to the Mid-Atlantic Ridge system by the Reykjanes Volcanic Zone (RVZ) in the south and
the Tjornes Fracture Zone (TFZ) in the north. An axial rift in the making is the East VVolcanic
Zone (EVZ) which will in the future take over from the West VVolcanic Zone (e.g. Thordarson
& Hoskuldsson, 2008; Figure 2).



. Plate boundary - axial riftsfvolcanic zones
Veleanic system

. . Plate boundary - propagating rift
fissure swarm - Teitiary Basalt Formation ’

-central volcano

summit crater - Plio-Pleistocens Formation

or . .
caldera - Upper Pleistocene Formation

‘ Plate boundary - fracture zones

# Intraplate volcanic belts

Figure 2. Location and distribution of active volcanic systems as well as
volcanic zones and belts found in Iceland. The volcanic systems marked
green are the ones expected to have influenced the study area the most,
Bardarbunga-Veidivotn, Grimsvotn, Hekla and Katla (modified from
Thordarson & Hoskuldsson, 2008).

2.2 Study area

The landscape of the central highlands of Iceland displays the results from the sculpturing
effect of the Icelandic ice sheet (11S), which developed during the last glacial period, the
Weichselian, and reached its maximum extent during the Last Glacial Maximum (LGM)
around 20 ka. The IS was mostly marine-based reaching out onto the shelf of Iceland during
the LGM (Hubbard et al., 2006). It started to retreat from the shelf possibly a little after 18.6
ka (Norddahl & Ingo6lfsson, 2015). The deglaciation was rapid and the 1IS most likely
collapsed from its marine-based sector between 15 and 14.7 ka. It is thought that the collapse
of the I1S occurred due to rapid sea level rise associated with meltwater pulses into the ocean
(Syvitski et al., 1999; Norddahl & Ing6lfsson, 2015). Most of the central highlands became
ice free in the early Holocene, or around 10.5 ka (Geirsdottir et al., 2009a; Larsen et al.,
2012; Gunnarson, 2017; Harning et al., 2018a).

The Holocene is the present interglacial period, which started around 11.5 ka, at a time when
summer insolation reached a maximum and since then has been steadily declining (Berger
& Loutre, 1991). The Northern Hemisphere shows influences from this decrease in summer
insolation on millennial timescales, but on decadal to centennial timescales the Holocene
climate shows more fluctuating climate, varying between warmer and colder, more humid
and more arid states (Wanner et al., 2011). The northernmost North Atlantic indicates



complex changes in atmospheric and ocean surface currents occurring through the Holocene
(e.g. Alley & AgUstsdattir, 2005; Geirsdottir et al., 2013). With maximum summer insolation
the Holocene Thermal Maximum (HTM) occurred around 11 ka, although the warm
conditions did not start until a couple of thousand years later in the North Atlantic due to the
lingering effect of the meltwater from the disintegrating Laurentide Ice Sheet (LIS). Thus,
the HTM conditions did not occur in Iceland until between 8 and 6 ka (Kaufmann et al.,
2004; Geirsdottir et al., 2009b). This cooling caused spatiotemporal variabilities through the
HTM (Renssen et al., 2009; Renssen et al., 2012). The smooth linear decline of the Northern
Hemisphere summer insolation resulted in a change in the distribution of total solar
irradiance especially after ca 5 ka. The Earth’s climate responded to these changes with non-
linear responses, such as glacier nucleation and advances which marked the beginning of the
Neoglacial. The Neoglacial spans the mid-to-late Holocene, reaching its maximum with the
Little Ice Age (LIA) between 0.6 and 0.1 ka (Wanner et al., 2008). During the LIA most of
Iceland’s glaciers advanced and reached their Holocene maximum extent (e.g. Geirsdottir et
al., 2009b; Larsen et al., 2013; Harning et al., 2016). Severe soil erosion during the LIA is
evident in the central highlands based on studies of both Hvitarvatn and Haukadalsvatn lake
sediments indicating reduced summer temperatures and windy conditions (Geirsdéttir et al.,
2009a; Larsen et al., 2011). A widespread area has still yet to recover from the active aeolian
processes during the LIA. Due to the large impact of this cooling on the highlands of Iceland
it is an important area to study late Holocene climate in Iceland (e.g. Geirsdottir et al.,
2009Db).

The study area is within Kjolur the highland between Langjokull and Hofsjokull (Figure 3).
The soil sites were chosen based on their possibility to cover the whole of Holocene in order
to retrieve information about Holocene environmental change. The area is a part of the
Western Volcanic Zone (WVZ), thus the bedrock consists mostly of basalt lava flows from
early Holocene and subglacial volcanic material, such as pillow lavas and hyaloclastite, from
late Pleistocene, covered by fluvial sediments (Sinton et al., 2005). In the vicinity of
Langjokull is a sandy desert. The majority of this desert area is found southward from the
glacier and often experiences intense aeolian activity. The dominating dry wind direction for
this area is from the north and northeast, resulting in material being transported to the south
and southwest towards the sandy desert (Gisladéttir et al., 2005; Arnalds, 2010). The
Hveravellir weather station is located approximately 30 km northeast from Hvitarvatn at 500
m a.s.l. The average annual temperature from that station for the years 1966-2003 is -0,87°C
(Vedurstofa Islands, 2018). The location of this weather station is quite useful since
temperature estimates will be presented in the current study.

The locations and paleoclimate records available for Hvitarvatn (Larsen et al., 2011; Larsen
etal., 2012) and Arnarvatn Stora (Gunnarson, 2017) make the two lakes ideal for comparison
to the results from the soil sites by Kjolur. The study area is highly influenced by the glacier
Langjokull and the proglacial lake Hvitarvatn. Hvitarvatn is situated 422 m a.s.l., it spans an
area of 28,9 km?, a maximum depth of 83 m and is located adjacent to the eastern margin of
Langjokull. Langjokull has two outlet glaciers, Sudurjokull and Nordurjokull, both of which
are major sediment sources for the lake. The outlet glaciers are warm-based and both
advanced into Hvitarvatn during the LIA, but have since then retreated leaving behind
moraines marking their maximum extent (Larsen et al., 2011), which can be seen in the lake
with bathymetric data and multibeam studies (Geirsdottir et al., 2008). Sudurjokull retreated
from the lake around 60 years ago, while Nordurjokull retreated from the lake in 2009
(Larsen et al., 2011).
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Figure 3. Aerial photograph of the study area (Google Earth) showing the location of the
three soil sites chosen for measurements.

Arnarvatn Stéra is also located in the central highlands at 476 m a.s.l. and is a shallow
bedrock-controlled lake in Arnarvatnsheidi, about 18 km NW of the northern lobe of
Langjokull. The maximum depth of the lake is 3 m and the total area is 4 km?. Arnarvatn
Stora does not receive water directly from Langjokull as it has inlets connected to other
smaller lakes to the east and south. One core has been recovered from Arnarvatn Stdra, taken
from the deepest part of the eastern basin of the lake and is 8 m long (Gunnarson, 2017).

Numerous sediment cores have been obtained from Hvitarvatn sediments providing valuable
data for multi-proxy reconstruction of Holocene climate in Iceland. The records are well
dated with high resolution for environmental changes and glacier activity. The Hvitarvatn
record shows that the climate changes during the Holocene were non-linear and stepwise
(Larsen et al., 2012). Haukadalsvatn, a lake in northwest Iceland has also provided a high-
resolution climate reconstruction for the Holocene (Geirsdottir et al., 2009a; Geirsdottir et
al., 2013). Both records show a great increase in soil erosion for the past 2 ka, as well as
following a large explosive eruption through the last 10 ka. Thus, it is of great interest to
compare the records of climate and landscape stability in the central highlands of Iceland
using lake and soil stratigraphic archives. Paleoclimate reconstruction from Arnarvatn Stéra
correlates well with Hvitarvatn record and provides a regional climate signal for the central
highlands (Gunnarson, 2017).

Hvitarvatn was formed before 10.5 Kka, indicated by sedimentological and
seismostratigraphic studies (Geirsddttir et al., 2009b; Larsen et al., 2013). The presence of
the 10 ka Grimsvotn tephra series in cores from the post-glacial sediment fill in the lake,



confirms that the IS had retreated from Hvitarvatn prior to 10.3 ka (e.g. Johannsdéttir, 2007;
Larsen et al., 2012). The same tephra layer is found in the bottom parts of the core from
Arnarvatn Stéra (Gunnarson, 2017). In the hillslopes on the north and west side of Hvitarvatn
are multiple paleo-shorelines, which reach up to 200 m higher than the present lake level.
These shorelines formed during the retreat of the IIS from the region, marking multiple
stages of an ice-dammed lake and subsequent jokulhlaup activities (Témasson, 1993).
Although, after 10.3 ka there is no evidence for significant lake level changes (Larsen et al.,
2012).

2.3 Soil around Kjolur

Due to active volcanic activity in Iceland, the Icelandic soils differ from most other soils of
Europe. There are three dominating types of soils in Iceland, the main one is Andosols which
is black or dark brown soil formed from volcanic material and is covered by vegetation. The
second type is Vitrosols, which contains less than 1% organic carbon and is found in desert
areas, and the third one is Histosols, dominated by organic material and located in some
wetland areas. Andosols is the dominant soil type in Iceland, which is also the largest area
of Andosols in Europe. Andosols cover about 78.000 km? or 86% of Icelandic soils, which
Is equal to >5% of all Andosols in the world. Andosols are not that common in other areas
in Europe, but are found in active volcanic areas of the world (Arnalds, 2004; Arnalds, 2008).

Soil erosion is an active process, particularly in the highlands of Iceland, as the Icelandic
soil types lack cohesion making them more vulnerable to erosion processes (Arnalds, 2008).
At present the wind is the dominant process eroding the soil, especially cold and dry north-
easterly winds and it is thought that this has been the case throughout the past 2 ka. Soil
becomes most vulnerable to aeolian erosion and transport when vegetation cover is reduced
and wind velocities are high, which is most likely to occur after a series of unusually cold
and dry summer. After vegetation cover becomes reduced, the soil erosion can continue even
during warmer summers (Arnalds, 2000; Geirsdottir et al., 2009a). Almost 41.000 km? or
about 40% of Iceland is affected by severe soil erosion, which has created a variety of
landforms. Deserts are the largest areas of severe soil erosion, with sandy surfaces covering
nearly 22.000 km?2. Another erosional form is rofabord, vegetated islands of eroded soil and
separate areas stripped of soil from surviving areas of soil and vegetation. Rofabdrd cover
about 3600 km? (Arnalds et al., 2001; Dugmore et al., 2009). Organic matter in soil, such as
carbon content, is an important factor when dealing with soil and soil erosion. Andosols and
Histosols store a great amount of carbon and thus are characterized as non-degraded when
they contain high levels of organic carbon but when soil erosion is severe, large vegetated
areas become barren and reduced in carbon content (Arnalds, 2004; Oskarsson et al., 2004).

Tephra layers preserved in the landscape and soil sections document the eruption history of
explosive volcanism and the volcanoes or volcanic systems that produced them. Individual
eruptions are preserved with the tephra layers and they form time marker horizons that span
across large areas. The tephra record may cover the last 9000-10000 years in Icelandic
terrestrial soils, depending on the timing of deglaciation and sea level changes. The record
in lacustrine sediments may reach into the Lateglacial and the extent is much further back in
time in marine sediments. Explosive volcanic eruptions are a sizable part of Holocene
volcanism in Iceland. During the Holocene the East VVolcanic Zone (EVZ) was most active
regarding explosive eruptions, thus producing the majority of tephra layers found in the
highlands (Larsen & Eiriksson, 2008). Due to active erosion in the central highlands soil



sections containing tephra layers are exposed in rofab6rd, enabling both dating the soil
accumulation and events of erosional activity (e.g. Dugmore et al., 2009).

Based on a soil map (Figure 4) from Arnalds & Grétarsson (2001) the soils by Kjolur can be
divided into three main soil types, Brown and Gleyic Andosols, and Vitrisols. Gleyic
Andosols are wetland soils with organic carbon <12% in surface horizons, these soils are
found in wetland areas in the central highlands where rapid aeolian deposition occurs. Brown
Andosols have the same carbon content as Gleyic Andosols, and are freely drained Andosols
found in Iceland, both dark basaltic and light colored rhyolitic tephra layers can easily be
identified within those profiles. The soil surface of Vitrisols usually have limited plant cover,
around 5-10%, and often have a stone pavement resulting from frost heaving of coarse
fragments. Due to Iceland’s moist climatic conditions and temperatures (Boreal and Sub-
Arctic climate), the Icelandic Vitrisols are unusual because these climatic conditions would
elsewhere sustain vegetation growth. Vitrisols contain <1% organic carbon and are sandy
and shallow, they develop from aeolian deposits. If vegetation is able to stabilize at the
surface, the Vitrisols soils can develop characteristic Brown Andosols (Arnalds, 2004).
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Figure 4. A soil map showing the dominating soil types in Iceland (modified from Arnalds
& Grétarsson, 2001). The research area is marked with red and in the upper left corner is a
zoomed in image of the area. The brown color represents Brown Andosol, the gray color is
Vitrosol. There might also be some indication of Gleyic Andosol.

The dominating soil type within the Kjolur area are Andosols, made up of aeolian sand and
tephra, and are found in small vegetated areas or rofabérd, often found near stream channels.
Andosols lack cohesion and thus are very vulnerable to erosion by wind or water. Soil
erosion is very active in the highlands and due to that fact, rofabord in the area contain soil



profiles that include continuous records of mid-to-late Holocene age interbedded by tephra
layers, indicating that the soil has been developing steadily (Arnalds, 2004; Geirsdottir et al.,
2009a; Larsen et al., 2011).

Since the soil lacks cohesion and soil erosion is an active process in the highlands of Iceland,
the soil there is continuously modified by aeolian processes, as well as frequent tephra
deposition events and freeze-thaw cycles due to the sub-arctic climate. Even though the
climate is moist in much of the country, one of the unique characteristics of Icelandic soil
environments is the existence of extensive deserts, such as the area around Langjokull.
Resulting from the active aeolian processes there is a steady flux of aeolian materials
deposited to the surface of preexisting soils. The majority of the Icelandic highlands are
made up of sandy deserts, which makes them a primary source for aeolian materials (Arnalds
et al., 2001; Arnalds, 2008). The highlands were covered by glacier/ice sheet during the last
glaciation that sculptured the landscape. During the deglaciation and particularly during the
HTM (between 9 and 6 ka), soil and vegetation started to form and develop (e.g. Larsen et
al., 2012). Thus there is no soil older than of Holocene age found in the central highlands.

2.3.1 brGDGT measurements in soil

The development of proxies such as the lipid-based paleothermometer branched glycerol
dialkyl glycerol tetraether (brGDGT) is possible due to the reason that microbial
communities adjust the chemical structure of their cell membranes in response to
environmental temperature. By calibrating surface sediment a strong empirical relationship
between the relative distribution of brGDGTs and temperature, is obtained. As long as the
organic material is not thermally mature, this temperature proxy can be used in marine,
lacustrine and paleosol sequences (Tierney, 2012). This paleothermometer is rather newly
developed and is providing new and exciting possibilities to estimate quantitatively past
temperatures. This is an important factor for paleoclimate reconstructions.

2.4 Tephra layers found in the area

Tephra stratigraphy has been studied in Hvitarvatn and Arnarvatn Stéra (JOhannsdottir,
2007; Larsen et al., 2011; Gunnarson, 2017) providing an insight in what tephra layers can
possibly be found by Kjélur. The oldest tephra expected to be found in the soil sections is
the Saksunarvatn tephra (10.3 ka) which is a part of the 10 ka Grimsvotn tephra series and
has been found in both lakes. Then there are three silicic tephra layers from Hekla present in
Hvitarvatn and Arnarvatn Stora, all of them being important tephra marker layers, they are
~ 7 ka H5, ~ 4.2 ka H4 and ~ 3 ka H3 (Larsen & Thorarinsson, 1977; Dugmore et al., 1995;
Jéhannsdottir, 2007; Gunnarson, 2017). The Settlement layer (871 + 2 CE; e.g. Gronvold et
al., 1995) is another important tephra marker layer and is originated from the Bardarbunga-
Veidivotn volcanic system. This layer is generally seen above a black tephra layer from
Katla (1.2 ka) referred to here as Katla prehistoric. Both of these tephra layers are found in
Hvitarvatn, however the Settlement layer is only present in Arnarvatn Stéra. Hekla 1104 is
present in both lakes and Hekla 1300 is present in Hvitarvatn. Bardarbunga-Veidivétn 1477
is a tephra layer which was identified in both lakes as well as Katla 1721, that is the youngest
tephra found in Arnarvatn Stéra. The youngest tephra layer found in Hvitarvatn is Hekla
1766 (Larsen et al., 2011; Gunnarson, 2017; Figure 5). Tephra dispersal maps also indicate
that tephra layers that are present in Hvitarvatn should be in the soil at Kjolur (Figures 6 and
7).

10



H1766

K1721

Bar1477

H1300

H1104

Settlement

[

Katla prehistoric

H3
- black basaltic tephra
H4
- gray basaltic tephra
- andesite tephra
HE rhyolite tephra

10 ka Grimswviitn

Figure 5. Schematic stratigraphic column
displaying the most common tephra layers
present in the area. All of these tephra layers are
found in Hvitarvatn.

11



Hekla H5 ~5100 BC,

V - 871/877 Settlement layer

Figure 6. Examples of tephra dispersal maps for known tephra marker layers expected
to be found by Kjélur. The upper three images show H3, H4 and H5 (Oladéttir et al.,
2011). The two images below display dispersal of two tephra layers from Bardarbunga-
Veidivotn volcanic system, 1477 and the Settlement layer (Larsen et al., 2002).
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Figure 7. Tephra dispersal maps showing two Hekla tephras,
1104 and 1300, with zoomed in images that focus on the
research area (Janebo et al., 2016).
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3 Methods

3.1 Field work and sampling

Sampling and measurements in the field were completed in summer 2017. Three soil sites
were chosen with two profiles measured in the first two sites, thus five profiles measured in
total and samples collected from all of them. Each profile was measured and described in
detail, they were also divided into layers based on appearance and color. When describing
the material in the soil, the Wentworth scale is used to estimate grain size (e.g. Nichols,
2009) and for the tephra layers the pyroclastic grain size terminology is used (White &
Houghton, 2006). Both bulk soil samples and tephra samples were collected. The soil
samples were collected at every few centimeters in 2x2 cm plastic boxes and marked with a
letter J, the tephra samples were put in plastic bags and marked with G. Also, when possible,
a plastic u-tube was pushed up against the section to obtain a continuous sample reaching
from top to bottom of the section, those samples were marked with the letter S.

During the observation and description of the soil profiles in the field, a difference in
appearance of the profiles could be seen. Large parts of some profiles were dominated by
medium to coarse grained sand mixed in with rounded tephra grains. These parts were
determined to be reworked and redeposited and gave the soil a dark gray color mixed with
light colored tephra grains originating from thick primary rhyolite tephra layers that were
present in profiles in the area. This conclusion was confirmed when the tephra samples
examined further in the laboratory for angularity/roundness under binocular microscope.
Rounded grains in a tephra sample indicates that the grains have been abraded during aeolian
transport thus been subjected to reworking and redeposition (e.g. Gudmundsdéttir et al.,
2011).

3.2 Age model development

3.2.1 Sample preparation

First step in preparation for microprobe analysis, the tephra samples were dried and sieved.
The size range used for the sieving was between 125 and 500 pum. Grains from 250-500 pum
were collected and put in an ultrasonic bath to get rid of any finer grains covering the bigger
ones. After the bath they were dried and then the samples were viewed in a binocular
microscope to determine which samples would be suitable for the electron microprobe. Some
samples collected as tephra were in fact not primary tephra layers but redeposited material.
To obtain the best age model possible it is important to differentiate between primary tephra
layers and the ones that are reworked and redeposited.

Some of the samples were put through a magnetic separator to separate out crystalline rock
fragments. When the tephra samples were ready to be analyzed they were put into five probe
plugs, with seven tephra samples in each plug. Thus in total 35 tephra samples were seleted
for chemical analysis. To be sure that the correct grains were analyzed in the microprobe,
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the probe plugs and each sample were photographed under microscope, which in turn were
used as a map to mark each point taken for each tephra sample in the microprobe.

3.2.2 Microprobe analysis

The tephra samples were analyzed in a Jeol JXA-8230 SuperProbe Electron Probe
Microanalyzer (EPMA) at the University of Iceland, which provides accurate quantitative
chemical analysis of elements from a very small volume of solid inorganic material. With
the EPMA it is possible to analyze areas down to 1 um in diameter in a sample. The EPMA
directs a powerful X-ray onto the sample and the beam stimulates the electron shells (K, L,
M) in the atom, each element reflects a certain frequency of the X-ray. The device measures
this frequency and thus also measures the amount of all elements found in the sample. Each
chemical analysis usually takes a few minutes. The EPMA also has an optical microscope,
used to locate the area within the sample, which is ideal for chemical analysis (e.g. Reed,
2005).

The basaltic tephra was analyzed first and a standard basaltic glass (A99) was analyzed
before and after the tephra samples, to verify the precision and the accuracy of the
microprobe setup used in this study. For the silicic tephra samples a standard silicic glass
(ATHO) was analyzed beforehand as well as afterwards. The EPMA is setup differently for
analyzing basaltic and silicic glass, due to possible loss of sodium when using a basaltic
setup for silicic glass. For basaltic and intermediate glass the voltage of the beam was 15 kV
and the current was 10 nA. For silicic glass the voltage was also 15 kV, but the current 5 nA.
The diameter of the beam was 5-10 um, depending on the size of the glass in the samples,
as well as the width of glass bubble walls, and the amount of microliths. In each sample 10-
15 points were obtained for chemical analysis.

3.2.3 Tephra identification

Tephrochronology is very important in research in Iceland and in Quaternary studies, as it
gives information about explosive eruption history as well as providing time markers.
Volcanism was very active during the last deglaciation subsequent to the retreat of the 11S
(e.g. Larsen & Eiriksson, 2008). The Icelandic Holocene tephrochronology is well
established and eases the identification of tephra layers present in the soil sites. The
identification is very important as reaching a conclusion towards the eruption ages also
provides age points for the age models.

By calculating average and standard deviation for the microprobe results for each tephra, it
was possible to identify points in the chemical analysis that did not belong in the results,
such as minerals and non-primary volcanic glass grains. The source identification of the
tephra layers was done by using a setup of geochemical discrimination plots prepared by T.
Thordarson using available chemical data on Icelandic tephra layers from all of the active
volcanic systems (Thorvaldur Thordarson, unpublished data 2018). When applicable,
knowing the source volcanic system of a particular layer enables use of the chemical
composition in conjunction with stratigraphic position to match the layer in question with
known and previously age dated tephra layers (e.g. Grénvold et al., 1995; Thordarson et al.,
1998; Larsen et al., 2002; Oladattir et al., 2008; Oladottir et al., 2011). To be able to use the
geochemical discrimination plots, the sum of Na>O and K>O was calculated for each tephra
sample, as well as the magnesium number and the proportion between titanium and iron.
The first graph estimates if the tephra is basaltic or silicic, depending on the results the plots
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go in different directions displaying known lines for volcanic systems that produce either
basaltic or silicic tephra. Differentiation between alkalic or tholeiitic tephra, is determined
by using the lines provided by Kuno (1966) and, MacDonald and Katsura (1964). Figure 8
shows an example of how the geochemical discrimination plots are used for the tephra
identification, by displaying two well-known tephra layers, the plots used for the analyzed
tephra samples are shown in Appendix A.2.

Some tephra samples reveal more than one dominating rock type, the reason for that might
be because of redeposition of tephra grains into a primary tephra layer or two primary tephra
layers lying together due to short time between eruptions. The pictures obtained from the
probe plugs are used to be able to distinguish which grains are primary by looking at the
texture and angularity of the grains. Using the pictures it is possible to identify if the grains
have fragile corners that would break if the grains would be transported, indicating that those
grains are most likely primary. If grains are rounded that indicates that they have undergone
transport and have been redeposited. Explosive volcanism has been a common eruption type
throughout the Holocene, thus a lot of the same volcanic systems have produced many tephra
layers found in soil sections. Also, the chemical characteristics of these volcanic systems has
remained fairly stable during the Holocene, which causes difficulty in distinguishing
between different tephra layers from the same volcanic system by using major element
chemistry alone. Due to this fact, the stratigraphic position of the tephra layers becomes very
important. The position of the tephra layer in relation to other tephra layers can then be used
as a characteristic (Larsen & Eiriksson, 2008). Thus, in the final steps of tephra identification
it is important to look at the stratigraphy for each section while looking at published chemical
analysis data. When potential volcanic sources were established for the tephra layers after
using the geochemical discrimination plots to conclude their rock types, the stratigraphy of
the soil profiles was used and comparison were made between the tephras found in the soil
sections and the Hvitarvatn and Arnarvatn Stdéra sediments, thus reaching a conclusion
regarding the ages of the tephra layers. By looking at tephra dispersal maps (e.g. Larsen et
al., 2002; Oladattir et al., 2011; Janebo et al., 2016) (Figures 6 and 7) it is clear that the
tephra deposited in Hvitarvatn should also be deposited in Kjolur.
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Figure 8. Example of geochemical discrimination plots and how they are used for different
rock types. The top graph is the initial graph plot used to distingish between rock types using
the lines provided by Kuno (1966) and MacDonald and Katsura (1964). The plots on the left
side show an example of an alkalic basalt sample, Katla 1918 (Oladéttir et al., 2008;
Thorvaldur Thordarson, unpublished data 2018). On the right side is an example of a
tholeiitic basalt sample, Bardarbunga-Veidivotn 1477 (Larsen et al., 2002; Thorvaldur
Thordarson, unpublished data 2018).
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3.2.4 Age model

Age-depth models are necessary when estimating the evolution of climate proxies through
time. Subsequent to the identification of the main tephra layers found in each soil profile the
Clam 2.2 software was used to reconstruct tephra-based age models with linear interpolation.
The software uses calibrated ages (BP) and to obtain a reliable age model the software needs
a minimum of four dating points (Blaauw, 2010). Five age models were created, one for
every section measured. The Clam software was not used on profile 2.2 as it only contains
three data points, not enough to create accurate age-depth model for the profile. Instead a
simple linear interpolation was used to create a tentative age model for that profile.

3.3 Loss on ignition

A common and widely used method to estimate organic matter and carbonate content in
sediments is sequential loss on ignition (LOI). For this research the soil samples were only
measured for organic matter or rather carbon content. The soil samples chosen for the
measurement were 29 in total and first they were all weighted, then dried for a day at 50°C.
After the samples were dried they were weighted again before they were heated overnight at
105°C in ceramic crucibles, to get rid of any remaining water in the samples. Then finally
the soil samples were heated at 550°C for four hours to remove organic matter, which gets
oxidized to CO; and ash at that temperature. After each heating step the samples were
allowed to cool completely without taking in any moisture and then weighted. The LOI of
organic matter is then calculated using the equation below, where the LOlsso represents LOI
at 550°C as a percentage, DW1os is the dry weight of the samples before being heated to
550°C and DWssxo is the dry weight of the samples after the final heating step at 550°C, both
of the dry weight values are in grams. Then the weight loss is proportional to the amount of
organic carbon contained in each sample (Heiri et al., 2001).

DWi95 — DWsso
DWi s

L01550 = ( > X 100

Soils that contain high levels of organic carbon have extensive vegetation and are
characterized as non-degraded. On the other hand, soils that contain low organic carbon have
experienced severe erosion, resulting in extensive barren areas (Oskarsson et al., 2004). With
this in mind the organic carbon content can also provide information about climate evolution,
since erosion is more active during cooler climate when wind strength is increased.
Geirsdottir et al. (2009a) identified higher values of terrestrial organic matter in
Haukadalsvatn sediments during cold intervals of the LIA reflecting unstable catchment and
increasing aeolian activity. Thus, the organic matter that gets eroded away from the soil gets
transported to nearby lakes. The organic carbon concentration in types of Andosols ranges
from 17% in Histic Andosols to 3,3% in Brown Andosols. By observing vertical distribution
of organic carbon between non-degraded soil and areas effected by erosion, a large
difference can be observed. Also, the organic carbon content for non-degraded soil does not
vary much with depth. The formation of soil horizons with less carbon content occurred at a
time with intense soil erosion and mainly contain aeolian material (Oskarsson et al., 2004).
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3.4 brGDGT

In lake and coastal marine sediments, soil and peat branched glycerol dialkyl glycerol
tetraethers (brGDGTSs) are abundant lipids. They are derived from bacteria carrying 4-6
methyls attached to the linear Czs alkyl chains and by internal cyclization, up to two
cyclopentanyl moieties are formed (De Jonge et al., 2013). The brGDGTSs have over the last
decade become very useful and an important part of organic geochemistry and paleoclimate
research, because their distribution correlates with soil pH and mean annual air temperature.
The use of this proxy has been increasingly applied to coastal marine and lake sediments,
and also loess and paleosols to obtain data regarding past terrestrial temperatures (e.g.
Weijers et al., 2007; Naafs et al., 2017). When temperature decreases the number of methyls
increases and when soil pH gets higher the degree of cyclization increases (e.g. Weijers et
al., 2007; De Jonge et al., 2013).

At the University of Colorado Boulder, 13 soil samples weighing 1-4 g, were ground and
homogenized using an agate mortar and pestle, then freeze-dried. Total lipids were extracted
using a Dionex accelerated solvent extractor (ASE 200) with dichloromethane:methanol
(9:1, v/v) at 100°C. Portions of the total lipid extracts were filtered in 99:1
hexane:isopropanol (99:1, v/v) using a 0.45 um PTFE syringe filter. Before the analysis a
Ca6 brGDGT internal standard was added to all filtered. Isoprenoid brGDGTSs were identified
and quantified through high performance liquid chromatography — mass spectrometry
(HPLC-MS) following the methods of Hopmans et al. (2016) on a Thermo Scientific
Ultimate 3000 HPLC interphased to a Q Exactive Focus Orbitrap-Quadrupole MS. Scanning
was performed on full scan (FS) mode. Following recent improvements in the
chromatographic separation of 5-methyl and 6-methyl isomers (De Jonge et al., 2013), the
MBT’sme index was adopted (De Jonge et al., 2014), thus these indices were converted to
quantitative mean annual air temperature (MAT) using the refined global soil calibration
(Naafs et al., 2017):

(Ia+1b+Ic)

MBT sz =
SME T (Ja+1b+Ic+Ila+1Ib + Ilc + I1]a)

MAAT' ,;; = 39.09 X MBT'gpz — 14.50
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4 Results
4.1 Soil profiles

The sites lie along a transect from NE to SW across Kjolur between Kerlingafjoll and
Hvitarvatn (Table 1) and are described from site 1 (Fossrofulaekur) to site 3 (Hvitarvatn)
(Figure 3). Detailed description of each profile is presented in Appendix A.1 and images of
the soil profiles are shown in Figures 9 and 10.

Table 1. GPS coordinates for all
three soil sites.

Site Coordinates
1 N 64°42.832°
W019°25.925°
2 N 64°39.085°
W019°36.465°
3 N 64°35.857°

W019°43.748’

4.1.1 Site 1, profile 1

Site 1 is located within a little creek called Fossrofulaekur, by the road to Kerlingafjoll at 562
m a.s.l. The soil cut where the profile was described and measured is oriented roughly NE-
SW. The first profile (1.1) at this site is 238 cm thick, although the 170 cm at the bottom
were measured and described. The section is divided into 16 layers based on appearance and
color (Figure 11). The measured part of this profile contains three tephra layers and the
organic material has a brown color. There are some rock fragments present through the
profile found in the organic material.

4.1.2 Site 1, profile 2

Profile 1.2 at site 1 is located a few meters NE from the first soil profile. The total thickness
of this section is 327 cm and it is divided into 24 layers (Figure 11). Profile 1.2 contains 13
tephra layers and similar appearance of organic material as for profile 1.1. The organic
material does contain some rock fragments, although some parts are quite homogeneous.
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Figure 9. To the left is the SW end of sit 1 and to the right is profile 2 at site 1.

4.1.3 Site 2, profile 1

Site 2 is located SE from Baldheidi, which is located slightly NE from Hvitarvatn (Figure
2). This site is 495 m a.s.l. The first profile (2.1) at this site is in total 326 cm thick and is
divided into 19 layers (Figure 12). There are 7 tephra layers present in profile 2.1 and the
organic material is characterized by coarser grainsize compared to the profiles in site 1. This
profile also contains some redeposited material as was described in chapter 4.1.

4.1.4 Site 2, profile 2

The second profile (2.2) at site 2 is located on the other side of a dried riverbed, a few
kilometers NW from profile 1 at this site. This profile is divided into 23 layers and has a
total thickness of 305,5 cm (Figure 12). This profile only contains three tephra layers and is
dominated by coarse grained organic material and redeposited material. Due to the
redeposited material, the brown color of the organic material becomes darker and
contaminated by non-primary tephra grains.

4.1.5 Site 3, profile 1

Site 3 with profile 1 is located a few kilometers east from Hvitarvatn by the Hvitarvatn delta.
It is situated at 453 m a.s.l. This profile is divided into 32 layers and is in total 395 cm thick
(Figure 13). Seven tephra layers are found in this profile and the dominating material is
similar to profile 2.2, coarse grained organic material and redeposited material.

Figure 10. Soil profile 1 at site 2 to the left and soil profile at site 3 to the right.
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8 cm light colored tephra layer (H4).

40 cm coarse grained sand with rock fragments.

6 cm silt and fine grained sand.

20 crn coarse grained sand with lamination and rock fragments.

11 cm silt and sand with ©,5-1 cm light tephra layer
(KveB8907).
7 cm coarse grained sand.
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10-12 cm surface layer, plant remains and roots.

0,5-1 cm black colored tephra (K1918).

10 em sand and silt with some vegetation remains.
1-2 cm dark colored tephra (H1845).

10 cm sand and some clay.

2-8 cm light gray colored tephra layer (Settiement).
2-6 cm sand and clay with some rock fragrments.
0.5-8 cm black and disrupted tephra layer (Katla prehistoric).

29 cm sand and clay.

2-6 cm dark colored and coarse grained tephra (H-C).
9 em clay.

11-13 cm light colored tephra layer with coarse grains (H3).

11-16 em fine grained sand.

8 cm light colored tephra layer (Hd).
37 cm alternating coarse grained sand layers with rock
fragments and fine sand layers.

3-5 cm dark brown rather coarse grained sand.
14 cm clay and silt, with sand and rock fragments in the

middle.
0,4-0,6 cm gray-brown colored tephra (W\VZ45007).

45 cm coarse grained sand at the bottom, rock fragments,
sand and clay at the top.

0,4 cm dark gray colored tephra (K6750).

7 cm silt and sant. 250 4 em clay with some lamination
13% grrn'1 g:r{&s\:\l}iih rock fragments, 9 cm light colored tephra layer (H5).
} le‘fﬂlar.%'asllgé grained sand with rock fragments. 24 em coarse grained sand and clay, rock fragments at the

11 cm fine grained organic rich material with some lamination.
3-4 cm light colored organic material.

14 em fine to coarse grained sand with rock fragments.
8 cm silt and sand

24 cm grayish tephra (G10400 and Hekla-\Vatnafjoll).

27

300

BLDR

32

bottorn, at the top only clay with some lamination.

50 ¢m fine grained sand and clay with coarser grained sand and
rock fragments. Three tephra layers (G10400, G10000 and
Hekla-Vatnafjcll).

CL SL SAND

GRAV

BLDR

Figure 11. Stratigraphic columns for site 1, profile 1 is displayed on the left and profile 2 on the right. The grain size of each layer is
displayed by the width and the depth is shown in centimeters on the vertical line. The tephra layers present in both profiles are marked with
their identification in brackets which will be discussed further in chapter 5.2.
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16 cm coarse grained sand at the bottom. Fine sand, silt
and clay at the top.

cL sL SAND GRAV BLDR sL SAND GRAV 8LOR

1-
2
1-
2
0,

Figure 12. Stratigraphic columns for site 2, profile 1 is shown on the left side and profile 2 on the right. The grain size is displayed on the
vertical line, more width a layer has means larger grain size. The horizontal line displays the depth of the profiles, shown in centimeters. By
each tephra layer present in the profiles is their identification in brackets, this will be further discussed in chapter 5.2.
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32 cm surface layer, fine grained sand and at the top
plant remains and roots.

1 em black colored tephra layer (K1918).
13 cm rather fine grained sand.

1-2 cm dark gray colored and rather fine tephra (H1845).

122 em coarse grained sand layers with gray grains,
sand and some clay inbetween in soil layers, Coarse
grained sand layers become less dominating after the
top 74 cm.

40 cm coarse grained sand layers with gray grains, fine
to middle coarse grained soil inbetween,

20 cm coarse grained sand layers with gray grains, fine
grained soil inbetween.

22 cm fine grained sand, coarse sand with gray grains.

1 cm gray-brown radapusnad material.
ral ed sand an

cm fine
iﬁm % rset gﬁlﬁﬁﬁ]
cm gnralne san
-3 E:IEI é; rown and DDar r'E-‘dEPGSItEd material.
n ral ed sand a
rOWn San WI deposlled grains.
m I: al'l I'Ie I'al[‘l
E I::o Dr'ed tg ra?ayer (K1721).

ﬁc rurwn s-m with light ¢ Iur deposited grains.
E r:.rn day and fine grained sand wit tﬁn c%arsﬁa%rers
13 cm redeposited material, light-dark-light.

3 cm fine grained sand, silt and clay.

10 em fine grained sand and clay, coarse redeposited
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19 cm fine and coarse grained sand.

1-2 cm dark gray colored tephra (H1300).

& cm fine grained sand and clay. _
2 em coarse grained redeposited material.

13 em fine grained sand and some clay.

10 em light gray colored tephra layer (Settlement).

10 cm fine grained sand and clay.

2 cm black colored tephra layer (Katla prehistoric).
9cm mostly clay.

BLDR

Figure 13. Stratigraphic column showing how profile 3 is devided into layers. The horizontal
line displays the grain size and the vertical line shows the depth of the profile in centimeters.
The identification of the tephra layers present in this profile is indicated in brackets, but will

be discussed further in chapter 5.2.
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4.2 Tephrochronology

The tephra samples which were analyzed and identified were in total 35. The results from
the chemical analysis and identification is shown in Table 2. The data is reported in weight
percentage (Wt%, uncorrected) and FeO™ is a representative for both Fe(ll) (FeO) and Fe(l11)
(Fe203) oxides. The average for each major component is listed in the table for every tephra
sample and also the standard deviation in italic. The ages for the tephra layers (TL) are
reported in calibrated years BP and all are marked with age references used to help with the
identification. Many tephra layers were present in more than one soil profile which made it
easier to correlate between the profiles and identify tephra layers in between common known
tephras.

4.2.1 Site 1, profile 1

TL 238-214 cm: Grayish and coarse sand grained. Chemical analysis matches partly to the
Grimsvotn volcanic system and also to Hekla. The Grimsvotn part was identified as
Grimsvotn 10.4 ka (G10400) which is the oldest part of the 10 ka Grimsvotn tephra series
and the Hekla part identified as Hekla-Vatnafjoll with an age of 9.100 years BP, which is
often present above the 10 ka Grimsvotn tephra series (Figure 14; Johannsdottir, 2007;
Thorvaldur Thordarson, unpublished data 2018).
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Figure 14. Examples of graphs used to identify G10400, shown on the left, and Hekla-
Vatnafjoll, shown on the right with comparison data from Thorvaldur Thordarson
(unpublished data 2018). The rest of the graphs are shown in Appendix A.2.

TL 146-145 cm: Light colored and fine sand grained. Based on chemical analysis and the
geochemical discrimination plots this tephra was originated from Kverkfjoll. This tephra
was hard to identify due to few grains ideal for chemical analysis in the sample. Although,
based on calculated SAR age the tephra was given an estimated age of 6890 years BP. The
assigned age is supported by data from Oladottir et al. (2011) (Figure 15).

TL 74,5-66,5 cm: Light colored and very fine sand grained. The geochemical discrimination
plots revealed that the chemical analysis for this tephra matches the Hekla volcano. By
observing the stratigraphy and using comparison data the tephra was identified as H4 (Figure
15; Jéhannsdattir, 2007; Thorvaldur Thordarson, unpublished data 2018).

24



Askja
— - — Tindfjoll 2

Grimsvotn = eeeeseneeeens Kverkfjoll — — = Hekla
18 + 30 T — + - — Tindfjoll 1
wvz d G138 1| ] === Sneefellsjokull Oreefajokull
= = = = Torfajokull Katla
Eyjafjallajokull H4
Gl4

g
12
o Lt
I'CE:LO 1,0 + ~ - ] __/’\ [————
L =
/,:_\a
8 0.5 S A
6 0,0 t t
0 1 4 5 1,0 15 2,0 2 4,0 4,5 5,0

2 ) 3 3,0 3,5
TiO2 (wt%) FeO (Wt%)

Figure 15. The left graph shows how the volcano origin was identified for sample G1.3, from
Kverkfjoll. No comparison data was available for that tephra. The right graph shows how
the H4 tephra was identified with comparison data from Thorvaldur Thordarson
(unpublished data 2018). The rest of the plots for these samples are found in Appendix A.2.

4.2.2 Site 1, profile 2

TL 325-322 cm: Black and rather coarse to fine sand grained. The chemical analysis for this
tephra matches the Grimsvotn volcanic system and was identified to be a part of the 10 ka
Grimsvotn tephra series. By using comparison data, observing the stratigraphy and
correlating to profile 1.1, the tephra was estimated to have an age of 10.4 ka (G10400)
(Figure 16; Johannsdéttir, 2007; Thorvaldur Thordarson, unpublished data 2018).

TL 317-314 cm: Gray colored and rather coarse to fine sand grained. Based on chemical
analysis and geochemical discrimination plots this tephra was also identified to be a part of
the 10 ka Grimsvotn tephra series. Comparison data and stratigraphy estimated that the
tephra has an age of 10 ka (G10000) (Figure 16; Jéhannsdottir, 2007; Thorvaldur
Thordarson, unpublished data 2018).
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Figure 16. Comparison data from Thorvaldur Thordarson (unpublished data, 2018) and an
example of a geochemical discrimination plot used to identify samples G1.11 (G10400) and
G1.12 (G10000), more graphs are displayed in Appendix A.2.

TL 300-299 cm: Gray but not very visible and rather coarse sand grained. The chemical
analysis for this tephra matches the Hekla volcano and was identified as Hekla-Vatnafjoll
9.1 ka by using comparison data, stratigraphy and correlation to profile 1.1 (Figure 17;
Thorvaldur Thordarson, unpublished data 2018).
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TL 253-244 cm: Light colored, the bottom 2-3 cm contain coarse sand grains while the upper
6-7 cm have finer sand grains. Due to this difference in appearance, two samples were
collected from the tephra and analyzed. Chemical analysis and geochemical discrimination
plots revealed this tephra to originate from Hekla. The stratigraphy and comparison data
made it possible to identify the tephra with an eruption age, thus this tephra was identified
as H5 (Figure 17; Johannsdattir, 2007; Thorvaldur Thordarson, unpublished data 2018).
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Figure 17. To the left is an example of how Hekla-Vatnafjoll was identified, using a
geochemical discrimination plot and comparison data. To the right is an example from one
out of two samples from the H5 tephra. Comparison data from Thorvaldur Thordarson
(unpublished data 2018). The rest of the plots are shown in Appendix A.2.

TL 240-239,6 cm: Dark gray color and coarse sand grains. This tephra originates from Katla
as was observed using the chemical analysis and geochemical discrimination plots. The
eruption age was estimated to be 6750 years BP, based on comparison data (Figure 18;
Thorvaldur Thordarson, unpublished data 2018).

TL 194,6-194 cm: Brown-gray color and rather coarse sand grained. Identifying this tephra
layer was quite difficult due to the lack of grains in the sample to analyze. Although, the
chemical analysis and geochemical discrimination plots did reveal that the tephra originated
from the WVZ. Not many tephra layers are known from the WVZ but comparing to
published chemical and stratigraphical data by Sinton et al. (2005) gives an estimated
eruption age of 4.5 ka (Figure 18).
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Figure 18. The left graph is an example of how Katla 6750 was identified with comparison
data (Thorvaldur Thordarson, unpublished data 2018). The graph to the right that was used
to reveal the origin of the WVZ tephra and comparison data from Sinton et al. (2005). The
rest of the graphs are listed in Appendix A.2.
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TL 114-101 cm: Light colored and coarse grained, grains are around 1 mm in size. This
tephra originates from Hekla and using stratigraphy and comparison data was identified as
H3 (Figure 19; Johannsddttir, 2007; Thorvaldur Thordarson, unpublished data 2018).

TL 92-86 cm: Dark color and coarse grained, grain size is 2-3 mm. This tephra also matches
chemical data from Hekla and was revealed to be the 2.9 ka H-C tephra by using comparison
data and stratigraphy (Figure 19; Thorvaldur Thordarson, unpublished data 2018).
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Figure 19. H3, to the left, and H-C, to the right, shown in geochemical discrimination plots
and comparison data used for identification (Thorvaldur Thordarson, unpublished data
2018). More plots are found in Appendix A.2.

TL 57-49 cm: Black colored and rather fine grained, this tephra is disrupted due to
cryoturbation. The volcanic origin of this tephra is Katla as the chemical analysis matches
to what has been observed from Katla. Using comparison data and stratigraphy the tephra
was identified to be Katla prehistoric with an age of 1.150 years BP (Figure 20; Thorvaldur
Thordarson, unpublished data 2018).

TL 43-35 cm: Light gray colored and rather fine grained, cryoturbation has also effected this
tephra causing it to have variable thickness. The chemical analysis from this tephra matches
to the Bardarbunga-Veidivotn volcanic system and the tephra was identified to by the
Settlement layer (1.079 years BP) based on stratigraphy and comparison data (Figure 20;
Gronvold et al., 1995; Larsen et al., 2002).
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Figure 20. To the left is an example of a plot used to identify Katla prehistoric. The plot to
the right was used to identify the Settlement layer. Both plots have comparison data from
Thorvaldur Thordarson (unpublished data 2018). Additional data is shown in Appendix A.2.
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TL 25-23 cm: Dark gray or black colored with rather fine sand grainsize. This tephra layer
originates from the Hekla volcano as was confirmed by the chemical analysis and
geochemical discrimination plots. The stratigraphy and comparison data helped in reaching
the conclusion that this tephra is Hekla 1845 (Figure 21; Thordarson et al., 1998; Gudnason,
2017).

TL 13-12 cm: Black colored and rather fine grained. Observing the chemical analysis and
using the geochemical discrimination plots, it was revealed that this tephra matches the Katla
volcano. ldentifying the eruption age was done by using stratigraphy and comparison data,
which concluded that this tephra is Katla 1918 (Figure 21; Oladéttir et al., 2008).
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Figure 21. Sample G1.9 is shown on the graph to the left which was identified as Hekla 1845
based on the plots and comparison data (Thordarson et al., 1998; Gudnason, 2017). To the
right is an example of a graph used to identify Katla 1918 and comparison data from
Oladattir et al. (2008) and from Thorvaldur Thordarson (unpublished data 2018). The rest
of the graphs are listed in Appendix A.2.

4.2.3 Site 2, profile 1

TL 310-303 cm: Light colored and rather fine sand grains. Chemical analysis matches with
the Hekla volcano and this tephra was identified to be H5 by using comparison data (Figure
22; Johannsdottir, 2007; Thorvaldur Thordarson, unpublished data 2018).

TL 292-286 cm: Light colored and disrupted with a fine and coarse grained part. Due to
difference in appearance two samples were collected from this tephra and both analyzed.
This tephra also matches the Hekla volcano and was identified as H4 based on comparison
data and stratigraphy (Figure 22; J6hannsdéttir, 2007; Thorvaldur Thordarson, unpublished
data 2018).
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Figure 22. Examples of graphs used to identify H5 and one out of two H4 samples as well
as comparison data (Thorvaldur Thordarson, unpublished data 2018). The rest of the graphs
are displayed in Appendix A.2.

TL 251-241 cm: Black color with a variable thickness due to cryoturbation, grains are rather
fine sand. The origin volcano was determined to be Katla based on chemical analysis and by
observing the stratigraphy and comparison data the tephra was identified to be Katla
prehistoric (Figure 23; Thorvaldur Thordarson, unpublished data 2018).

TL 238-234 cm: Gray color and rather fine sand grains. The layer has a variable thickness
and shows sign of cryoturbation. The chemical analysis for this tephra concludes that the
origin volcanic system is Bardarbunga-Veidivotn. The stratigraphy and comparison data
identified the tephra as the Settlement layer (Figure 23; Gronvold et al., 1995; Larsen et al.,
2002).
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Figure 23. Example of a plot used for sample G2.4 is shown to the left, which was identified
as Katla prehistoric. To the right is an example of a graph used to identify sample G2.5 as
the Settlement layer. Both examples contain comparison data used for each sample
(Thorvaldur Thordarson, unpublished data 2018). Displayed in Appendix A.2 are the rest of
the graphs used.

TL 225-223 cm: Light colored and coarse sand grains. Hekla is the origin volcano for this
tephra based on the chemical analysis and geochemical discrimination plots. The eruption
age was found based on stratigraphy and comparison data, this tephra is Hekla 1104 (Figure
24; Larsen et al., 1999).

TL 204-203 cm: Dark gray color and rather coarse sand grains. This tephra is originated
from the Bardarbunga-Veidivotn volcanic system and based on the stratigraphy and
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comparison data was identified as Bardarbunga-Veidivotn 1477 (Figure 24; Larsen et al.,
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Figure 24. Hekla 1104 is displayed in a plot to the left which was used to identify it. Graph
to the right shows how sample G2.8 was identified as Bardarbunga-Veidiviétn 1477. Both
tephras were identified based on comparison data from Thorvaldur Thordarson
(unpublished data 2018). More graphs are listed in Appendix A.2.

TL 161-160 cm: Black colored and rather fine sand grains. Chemical analysis revealed that
this tephra is from Katla volcano. The identity of the tephra is Katla 1721 based on
stratigraphy and comparison data (Figure 25; Thorvaldur Thordarson, unpublished data
2018).
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Figure 25. Example of how Katla 1721 was
identified using a geochemical discrimination
plot and comparison data (Thorvaldur
Thordarson, unpublished data 2018).
Appendix A.2 contains the rest of the plots
used.

4.2.4 Site 2, profile 2

TL 289,5-289 cm: Black color and rather fine sand grains. Based on the chemical analysis
and geochemical discrimination plots the origin volcano was determined to be Katla.
Comparison data helped in reaching a final conclusion about the identity of the tephra, which
was concluded to be Katla prehistoric (Figure 26; Thorvaldur Thordarson, unpublished data
2018).
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TL 280-275 cm: Very dark color and coarse sand grains. Chemical analysis matches with
the Hekla volcano and based on stratigraphy and comparison data the tephra was identified
as Hekla 1300 (Figure 26; Larsen et al., 2002).
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Figure 26. To the left is a graph used for Katla prehistoric and to the right an example of a
graph used to identify it as Hekla 1300. Both graphs contain comparison data from
Thorvaldur Thordarson (unpublished data 2018). Appendix A.2 contains the rest of the
graphs used.

TL 239-230 cm: Coarse sand grained, at the bottom the layer is dark colored, in the middle
it is light colored and at the top it is dark colored again. The coarsest grains are in the light
colored middle part. Chemical analysis revealed that this tephra is also from Hekla and was
identified to the Hekla 1766, based on comparison data and stratigraphy (Figure 27; Janebo,
2016).
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Figure 27. Example of a geochemical
discrimination plot used to identify Hekla
1766 and comparison data (Thorvaldur
Thordarson, unpublished data 2018). The rest
of the plots are shown in Appendix A.2.

4.2.5 Site 3, profile 1

TL 386-384 cm: Black color and rather fine sand grained. Katla was determined to be the
origin volcano for this tephra based on the chemical analysis and geochemical discrimination
plots. Using comparison data the tephra was identified to be Katla prehistoric (Figure 28;
Thorvaldur Thordarson, unpublished data 2018).
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TL 374-364 cm: Gray colored, the bottom is a mix of coarse and fine sand grains, then finer
grains. Above that the layer contains coarser sand grains. Two samples were collected from
this tephra due to the changes in appearance, both were analyzed. The results from the
chemical analysis revealed that this tephra originated from the Bardarbunga-Veidivotn
volcanic system. Based on stratigraphy and comparison data this tephra was identified to be
the Settlement layer (Figure 28; Gronvold et al., 1995; Larsen et al., 2002).
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Figure 28. Sample G.31 is displayed on the left which was identified as Katla prehistoric.
The Settlement layer is to the right and an example of a plot used to identify one out of two
samples from that tephra. Both examples contain comparison data from Thorvaldur
Thordarson (unpublished data 2018). The rest of the plots used are displayed in Appendix
A2,

TL 341-339 cm: Dark gray color and the grain size is rather coarse to fine sand, with a bit
larger grains in between. The chemical analysis matches to the Hekla volcano and by using
the stratigraphy and comparison data the tephra was identified to be Hekla 1300 (Figure 29;
Larsen et al., 2002).

TL 272-271,5 cm: Black colored and rather fine sand grains. This part is also quite mixed
with organic rich material. Based on the chemical analysis and geochemical discrimination
plots it was determined that this tephra originated from Katla. Comparison data and
stratigraphy revealed that the tephra is Katla 1721 (Figure 29; Thorvaldur Thordarson,
unpublished data 2018).
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Figure 29. On the left is a graph used to identify Hekla 1300. To the right is an example of
for Katla 1721. Both tephras were identified with comparison data from Thorvaldur

Thordarson (unpublished data 2018). More plots are displayed in Appendix A.2.
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TL 256-255 cm: Black color and coarse sand grains. Hekla was concluded to be the origin
volcano based on the chemical analysis and geochemical discrimination plots. The identity
of the tephra was determined based on comparison data and stratigraphy, the tephra was
identified to be Hekla 1766 (Figure 30; Janebo, 2016).

TL 48-46 cm: Dark gray color and rather fine sand grains. This layer is mixed with light
colored redeposited grains. This tephra was also concluded to originate from Hekla and
determined to be Hekla 1845 based on stratigraphy and comparison data (Figure 30;
Thordarson et al., 1998; Gudnason, 2017).
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Figure 30. Example of a graph used to identify Hekla 1766 is displayed on the left with
comparison data (Thorvaldur Thordarson, unpublished data 2018). Sample G3.13 displayed
on the right in a graph used to identify it as Hekla 1845 and comparison data used
(Thordarson et al., 1998; Gudnason, 2017). The rest of the graphs are shown in Appendix
A.2.

TL 33-32 cm: Black colored with fine to coarse sand grains. Light colored redeposited grains
are found at the bottom boundary. The chemical analysis matches with the Katla volcano
and by using the stratigraphy and comparison data the tephra was identified as Katla 1918
(Figure 31; Oladattir et al., 2008).
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Figure 31. Katla 1918 and an example of a
geochemical discrimination plot used for the
tephra and comparison data (Oladottir et al.,
2008; Thorvaldur Thordarson, unpublished
data 2018). More plots are displayed in
Appendix A.2.
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4.2.6 Tephra

The measured part of profile 1.1 contains four tephra layers (G10400, Hekla-Vatnafjoll,
Kve6890 and H4), although H3 was also present and used to obtain an age model for this
profile. Profile 1.2 contains the most tephra layers with 12 layers (G10400, G10000, Hekla-
Vatnafjoll, H5, K6750, WVZ4500, H3, H-C, Katla prehistoric, Settlement, H1845, K1918)
chemically analyzed and one additional (H4) used for the age model, since that layer was
described in the field but not samples due to easy correlation to profile 1.1.

Profile 2.1 contains 7 tephra layers (H5, H4, Katla prehistoric, Settlement, H1104, Bar1477,
K1721), all of them were analyzed and used to obtain the tephra derived age model for the
profile. Only three tephra layers were found in profile 2.2 (Katla prehistoric, H1300 and
H1766). Profile 3 contains 7 tephra layers (Katla prehistoric, Settlement, H1300, K1721,
H1766, H1845 and K1918).

The oldest tephra layers found are from the 10 ka Grimsvotn series with an oldest age of
10.400 years BP (Thorvaldur Thordarson, unpublished data 2018) and containing the so-
called Saksunarvatn tephra, which has been dated 10.300 years BP in the Faroe Islands
where it was first found (Mangerud et al., 1986). Recent studies show that the 10 ka
Grimsvotn series contains at least seven tephra layers with an age range between 10.400 and
9.900 years BP (Jennings et al., 2014; Thordarson, 2014). Another tephra layer identified as
part of the 10 ka Grimsvotn series was found in the soil sections, estimated to have an age
of 10.000 years BP (Thorvaldur Thordarson, unpublished data 2018). Above the tephras
from the 10 ka Grimsvotn series, is a basaltic Hekla layer which is often found with this
series. The basaltic Hekla tephra has an age of about 9.100 years BP (Thorvaldur
Thordarson, unpublished data 2018; Harning et al., 2018a). The rest of the sections contain
tephra layers spanning the Holocene showing among them the important tephra marker
layers H5, H4, H3, Katla prehistoric and the Settlement layer (Table 2).

By using the geochemical discrimination plots, the different rock types of the tephras were
easily recognized as well as their volcanic source. All of the geochemical discrimination
plots used to determine the origin of the tephra layers are displayed in Appendix A.2. After
estimating the volcanic source for each tephra it was possible to identify their age by using
the stratigraphy of the soil sites and compare to other geochemical data. The graphs in
Appendix A.2 also show comparison samples used to identify the age of each tephra layer.
Most of the comparison samples are from the lacustrine sediment core obtained from
Hvitarvatn (Thorvaldur Thordarson, unpublished data 2018). The comparison samples help
with reaching a final conclusion about the age of the tephra layers, since it is estimated that
tephra layers found in Hvitarvatn should be present in the soil sections. A few other sources
for comparison samples were used when a tephra layer did not correlate to Hvitarvatn, those
sources were Thordarson et al. (1998), Sinton et al. (2005), Oladéttir et al. (2011), Gudnason
(2017) and Thorvaldur Thordarson (unpublished data 2018).

Four major volcanic systems produced the tephra layers found in the soil profiles, they are
Hekla, Katla, Bardarbunga-Veidivotn and Grimsvotn. Additionally, one tephra layer is
present from Kverkfjoll and one from the WVZ. The four dominating volcanic systems all
belong to the East Volcanic Zone (EVZ), where the great majority of explosive Holocene
eruptions took place. The reason for that is partly due to its numerous central volcanoes and
partly because parts of the volcanic zone is currently covered by ice caps which during
eruptions results in explosive volcanism due to water-magma interaction. All four volcanic
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systems produce basaltic tephra that is found in the soil sections, and all of them except
Hekla, are major producers of basaltic tephra through the Holocene with Grimsvétn having
the highest eruption frequency (Larsen & Eiriksson, 2008). The only silicic tephra layers
found in the soil profiles are from Hekla, which is the major producer of silicic tephra in
Iceland. Hekla has produced some large tephra layers during the Holocene such as H3 and
H4, which both are important marker tephras, and caused vegetation in the central highlands
to be temporary destroyed in large areas (Larsen & Eiriksson, 2008).

The microprobe used to analyse major element composition in the tephra samples, requiers
different setups for analysing basaltic and silicic glass. If silicic glass is analysed using the
setup for basaltic glass, the silicic sample looses a part of its sodium content. This problem
is displayed in some of the intermediate and silicic tephra samples when comparing them to
geochemical data from Hvitarvatn sediment cores (Thorvaldur Thordarson, unpublished data
2018), graphs can be seen in Appendix A.2. This loss of sodium is seen when using plots for
sodium content, but when using plots for other major elements, the tephra sample for this
study and a tephra sample from Hvitarvatn compare well together and thus makes it possible
to identify the age of the tephra correctly.
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Table 2. Geochemical results for tephra layers found in the five soil sections. The tephras are sorted by age, the youngest being at the top.

Volcanic Sample Section Depth n  Age Age reference Si0; TiO2 AlkOs FeO MnO MgO CaO Na:O K:0 P:0s Total
source name BP
Katla 1918 G3.14 3 42 6 32 Oladottir et al., 2008 47,59 4,05 13,22 14,31 0,22 5,23 9,98 2,92 0,73 0,46 98,72
0,89 0,32 0,49 0,35 0,01 0,58 0,81 0,18 0,15 0,05 0,35
Katla 1918 Gl.10 1.2 12 7 32 Oladéttir et al., 2008 47,19 4,37 13,02 15,03 0,23 4,97 9,62 3,01 0,73 0,61 98,78
0,25 0,30 0,21 0,29 0,02 0,14 0,11 0,06 0,03 0,11 0,74
Hekla 1845 G3.13 3 56 105 Thordarson et al., 1998;
Alkalic basalt 4 Gudnason, 2017 4729 4,17 13,34 14,46 0,23 5,09 9,97 2,88 0,72 0,49 98,63
0,62 0,44 0,34 0,42 0,01 0,55 0,81 0,15 0,13 0,09 0,03
Tholeiitic 3 60,07 1,34 15,06 9,97 0,28 1,90 5,33 2,75 1,47 0,65 98,80
andesite 4,46 0,65 1,08 2,16 0,06 0,99 1,07 0,17 0,15 0,46 0,66
Dacite 4 67,35 0,46 15,18 6,30 0,20 0,46 3,37 2,52 2,07 0,10 98,01
1,80 0,08 0,35 0,84 0,03 0,12 0,30 0,15 0,18 0,04 0,45
Hekla 1845 Gl.9 1.2 23 105 Thordarson et al., 1998;
Alkalic basalt 4 Gudnason, 2017 46,58 3,44 1435 14,54 0,22 5,99 11,41 2,65 0,49 0,34 99,99
0,49 1,17 2,38 2,29 0,04 1,59 0,66 0,18 0,25 0,11 0,67
Tholeiitic 4 58,57 0,70 20,56 6,05 0,16 0,87 7,54 3,79 1,15 0,28 99,67
andesite 3,86 0,53 7,61 4,39 0,12 0,74 4,06 0,81 0,85 0,26 2,21
Dacite 2 65,95 0,56 16,53 5,02 0,17 0,53 4,23 3,69 2,49 0,33 99,49
1,00 0,73 4,04 4,62 0,15 0,57 0,39 1,22 0,41 0,46 0,53
Hekla 1766 G3.11 3 255 13 184 Janebo, 2016 59,93 1,28 15,64 9,58 0,26 1,78 5,31 2,90 1,52 0,55 98,74
1,32 0,15 0,08 0,44 0,02 0,27 0,31 0,17 0,12 0,10 0,37
Hekla 1766 G2.13 2.2 230 7 184 Janebo, 2016 62,87 0,94 15,23 8,48 0,25 1,34 4,61 2,81 1,69 0,40 98,62
4,15 0,44 0,37 2,00 0,04 0,76 1,08 0,39 0,28 0,24 0,73
Katla 1721 G3.8 3 272 15 229 Thorarinsson, 1975 47,05 4,30 1298 14,71 0,24 5,01 9,67 2,99 0,73 0,61 98,29
0,34 0,33 0,23 0,29 0,02 0,25 0,38 0,09 0,06 0,11 0,44
Katla 1721 G2.9 2.1 160 12 229 Thorarinsson, 1975 47,12 4,53 12,76 14,83 0,23 4,98 9,55 2,93 0,71 0,65 98,29
0,85 0,12 0,15 0,35 0,01 0,12 0,15 0,17 0,02 0,04 1,42
Bardarbunga- G2.8 2.1 203 6 473 Larsen et al., 2002 4955 1,77 13,87 12,70 0,21 6,67 11,38 2,39 0,22 0,17 98,94
Veidivotn
1477 0,16 0,09 0,22 0,18 0,01 0,24 0,29 0,07 0,03 0,02 0,41
Grimsvotn 5 615 4929 2,74 13,14 14,48 0,24 5,51 9,89 2,64 0,41 0,32 98,65
1335? 0,21 0,23 0,47 0,83 0,02 0,60 0,65 0,20 0,04 0,03 0,32
Hekla 1300 G3.4 3 339 8 650 Larsen et al., 2002 64,00 1,17 13,94 9,10 0,25 1,07 4,04 3,13 2,06 0,50 99,25
2,23 0,30 0,66 1,36 0,03 0,32 0,44 0,46 0,19 0,17 0,63
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Volcanic Sample Section Depth n  Age Age reference SiOz TiO2 AlROs FEO MnO MgO CaO NaxO K20 P20s Total
source name BP
Hekla 1300 G212 22 275 15 650 Larsen et al., 2002 59,68 1,35 1549 991 027 195 546 3,13 153 057 99,33
09 015 o017 042 002 029 033 025 010 011 044
Hekla 1104 G2.6 2.1 223 15 846 Larsen et al., 1999 72,28 022 1426 326 011 011 191 343 266 002 9827
0,34 003 023 007 002 001 007 050 006 003 0,66
Settlement G3.2-2 3 364 11 1.079 Gronvold et al., 1995; 49,74 1,77 1386 1280 0,23 645 1125 236 022 015 98,83
Larsen et al., 2002 0,13 006 012 021 001 014 023 004 001 003 0,38
Settlement G3.2-1 3 368 15 1.079 Gronvold et al., 1995; 4980 180 1387 1294 023 635 1131 236 023 017 99,05
Larsen et al., 2002 028 007 011 022 002 010 024 009 001 002 042
Settlement G25 2.1 234 15 1.079 Gronvold et al., 1995; 4961 1,79 1386 1290 0,23 654 1145 237 022 017 99,13
Larsen et al., 2002 021 008 017 032 002 014 025 006 001 002 032
Settlement Gl.8 1.2 35 15 1.079 Gronvold et al., 1995; 49,71 180 13,92 1292 022 647 1133 239 022 017 99,15
Larsen et al., 2002 03 006 017 030 001 024 017 005 001 002 048
Katla G3.1 3 384 13 1.150 Thorvaldur Thordarson, 47,22 4,39 13,09 1490 024 492 955 300 0,75 054 98,61
prehistoric unpublished data 2018 0,27 009 0213 017 001 0,08 020 0,09 002 003 047
Katla G210 22 289 13 1.150 Thorvaldur Thordarson, 47,06 4,48 1292 1497 024 500 951 302 072 063 9855
prehistoric unpublished data 2018 036 024 045 025 002 018 015 010 0,05 0,07 042
Katla G2.4 2.1 241 15 1.150 Thorvaldur Thordarson, 47,23 4,40 13,02 1497 023 487 954 301 0,77 054 98,60
prehistoric unpublished data 2018 030 012 016 031 001 o010 0315 010 003 003 0,63
Katla G1.7 1.2 49 13 1.150 Thorvaldur Thordarson, 4759 439 13,11 1494 024 492 958 289 0,77 055 98,97
prehistoric unpublished data 2018 048 010 013 021 002 006 024 012 003 004 0,57
Hekla H-C Gl.6 1.2 86 10 2.869 Thorvaldur Thordarson, 61,76 1,05 15,68 7,90 0,20 155 477 380 152 0,38 9861
unpublished data 2018 0,79 004 024 016 002 004 016 009 005 004 110
Hekla H3 G15 1.2 101 15 3.000 Johannsdoéttir, 2007; 72,08 0,21 1443 322 009 013 201 350 244 0,02 9814
Dugmore et al., 1995 097 004 021 o046 002 003 018 047 010 0,02 0,92
Hekla H4 G2.2-2 21 293 14 4.260 Johannsdoattir, 2007; 7406 011 1320 199 008 0,02 131 357 278 001 97,14
Dugmore et al., 1995 126 004 024 008 002 002 005 03 007 001 140
Hekla H4 G2.2-1 21 297 14 4.260 Johannsdottir, 2007; 7437 010 1321 193 008 002 1,27 362 2,78 000 97,38
Dugmore et al., 1995 0,79 002 023 012 002 001 007 045 008 000 084
Hekla H4 G1.4 1.1 98 14 4.260 Johannsdottir, 2007; 7361 011 1310 197 008 001 130 345 276 002 96,40
Dugmore et al., 1995 1,04 003 023 003 002 001 006 050 006 002 161
Wwvz G118 1.2 194 6 4.500 Sinton et al., 2005 4852 1,73 1451 12,10 020 729 1205 218 021 0,15 98,95
053 053 058 09 002 o057 069 014 011 0,08 0,36
Hekla? 6 48,45 332 1320 1499 026 471 954 297 068 050 98,61
208 054 047 074 004 077 1,17 022 011 0,19 0,56
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Volcanic Sample Section Depth n  Age Age reference SiOz TiO2 AlROs FEO MnO MgO CaO NaxO K20 P20s Total
source name BP
Katla G1.17 1.2 240 11 6.750 Thorvaldur Thordarson, 47,30 3,95 13,58 14,71 0,23 5,21 9,93 2,87 0,74 0,43 98,94
unpublished data 2018 0,72 0,61 0,93 0,86 0,02 0,86 0,36 0,26 0,18 0,10 0,72
Hekla H5 G2.1 2.1 303 15 7.000 Jéhannsdéttir, 2007; 75,62 0,09 12,92 1,75 0,07 0,03 1,27 3,39 2,73 0,01 97,90
Larsen & Thorarinsson, 1977 0,75 0,03 0,17 0,07 0,02 0,01 0,05 0,38 0,08 0,02 0,93
Hekla H5 Gl1.14- 1.2 244 15 7.000 Johannsdéttir, 2007; 75,95 0,11 13,15 1,77 0,07 0,03 1,29 3,46 2,71 0,02 98,56
2 Larsen & Thorarinsson, 1977 0,65 0,03 0,22 0,08 0,02 0,01 0,09 0,42 0,10 0,02 0,84
Hekla H5 Gl14- 1.2 248 15 7.000 Jéhannsdéttir, 2007; 75,70 0,09 12,93 1,80 0,07 0,04 1,27 3,85 2,74 0,01 98,50
1 Larsen & Thorarinsson, 1977 0,57 0,02 0,18 0,07 0,02 0,01 0,05 0,29 0,06 0,01 0,91
Kverkfijoll G1.3 1.1 147 4  6.890 Oladoéttir et al., 2011 49,35 3,34 13,06 14,57 0,25 4,98 9,17 2,74 0,64 0,46 98,57
0,53 0,36 0,32 0,25 0,02 0,39 0,44 0,32 0,13 0,09 0,47
Hekla- G1.13 1.2 303 12 9.100 Thorvaldur Thordarson, 46,25 2,67 15,04 12,75 0,19 7,08 11,27 2,44 0,43 0,26 98,38
Vatnafjoll unpublished data 2018 028 048 056 114 001 08 08 026 012 0,06 048
10 ka G1.12 1.2 317 7 10.000 Jbéhannsdéttir, 2007 49,02 2,96 13,16 14,49 0,25 5,38 9,68 2,70 0,45 0,32 98,41
Grimsvotn
series 0,78 0,38 0,63 0,64 0,02 0,42 0,40 0,16 0,02 0,05 0,41
10 ka Gl.11 1.2 322 9 10.400 Jbhannsdéttir, 2007 48,97 2,89 13,18 14,41 0,25 5,57 9,87 2,62 0,44 0,33 98,53
Grimsvotn
series 0,35 0,50 0,67 0,98 0,01 0,74 0,61 0,11 0,07 0,06 0,48
10 ka Gil.1 1.1 214 5 10.400 J6hannsdéttir, 2007 48,64 2,72 13,31 14,10 0,24 5,69 10,00 2,69 0,44 0,30 98,14
Grimsvotn
series 0,32 0,13 0,10 0,26 0,01 0,12 0,20 0,16 0,04 0,04 0,32
Hekla- 8 9.100 46,85 3,22 13,75 14,41 0,23 5,69 10,22 2,89 0,61 0,49 98,34
Vatnafjoll 1,05 0,52 1,29 1,18 0,05 1,12 0,86 0,25 0,15 0,27 0,42
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4.2.7 Age model

Identification of the tephra layers in each soil profile made it possible to come up with tephra
derived age model for each profile. Each age model was generated in the Clam 2.2 software
package using a linear interpolation (Blaauw, 2010) resulting in estimated ages for every
centimeter in the section (Figures 32, 33 and 34). The advantage of using the Clam software
Is that it gives a maximum age uncertainty (95% confidence of 1000 iterations, Blaauw,
2010). However, as mentioned in sub-chapter 3.2.4 the software needs a minimum of four
data points (Blaauw, 2010) in order to obtain a reliable age model. Hence, the age model
made for profile 2.2 at Baldheidi was constructed by using a simple linear interpolation
between the three data points available (Figure 33). By observing the incline of the line in
each age model it is possible to get information about soil accumulation rate (SAR). If the
line is more horizontal then the SAR is low, but if the line is more vertical it indicates an
increase in SAR. The age models for profiles 1.1 and 1.2 span the longest times since they
contain Grimsvétn tephras from the 10 ka Grimsvétn series, thus spanning around 10 ka.
Profile 2.1 spans 7.0 ka, while profiles 2.2 and 3 span a bit more than 1.0 ka.

The age model made for profile 1.1 at Fossrofuleekur (Figure 32) is based on five tephra
layers (G10400, Hekla-Vatnafjoll, Kve6890, H4 and H3). The model suggests near linear
accumulation with the greatest change in SAR between H4 (4.2 ka) and H3 (3.0 ka), which
are also among the thickest tephra layers present in the profile. Profile 1.2, also at
Fossréfulaekur (Figure 32), is constricted by 13 tephra layers (G10400, G10000, Hekla-
Vatnafjoll, H5, K6750, WVZ4500, H4, H3, H-C, Katla prehistoric, Settlement, H1845 and
K1918) and spans the longest time interval. Slight increase in SAR is detected after 8.0 ka
and until just after 7.0 ka. The highest rate of soil accumulation took place between 4.5 and
4.0 ka, which corresponds to similar increase in profile 1.1. The final rise in soil
accumulation took place after or around 0.5 ka. As profiles 1.1 and 1.2 are located at the
same site they can be easily correlated. Although section 1.2 gives more information and,
according to the Clam age model, has less age inaccuracy due to higher number of known
tephra layers. Some tephra layers found in profile 1.2 could not be found in profile 1.1, and
since profile 1.1 was not measured to the surface the model does not give accurate
information about the last 3.0 ka.

The age model for profile 2.1 at Baldheidi is shown in Figure 33. There are 7 tephra layers
(H5, H4, Katla prehistoric, Settlement, H1104, Barl477 and K1721) that constrain the
model. Soil accumulation is generally slow but increasing between 7.0 to 2.0 ka, accelerating
after 1.0 ka. Profile 2.2 (Katla prehistoric, H1300 and H1766) shows slowly increasing rates
from 1.0 ka which become very rapid after 0.2 to 0 ka. Profile 3 at Hvitarvatn (Figure 34) is
constrained by 7 tephra layers (Katla prehistoric, Settlement, H1300, K1721, H1766, H1845
and K1918) and displays a similar trend to profile 2.2, with increasing SAR to around 0.3
ka, thereafter the rate becomes very fast until 0.1 ka when it decreases slightly again.
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Figure 32. Clam age models for profiles 1.1 and 1.2, all present tephra layers are marked

for both profiles.
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Figure 33. To the left is the Clam age model for profile 2.1 and to the right is the simple
linear interpolation age model for profile 2.2. The tephra layers that were used for the age
models are marked for both profiles.
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Figure 34. The Clam age model for profile 3.
The seven tephra layers used to obtain the age
model are marked.

Based on the ages and depths of the tephra layers it was possible to calculate SAR for each
profile, thus obtaining further information about SAR based on the age models. By
calculating SAR based on tephra layers a linear interpolation is obtained which assumes
continuous soil accumulation. Accumulation in soil sections is not continuous since soil
undergoes erosion, thus the calculated SAR does not give actual values but rather show how
relative accumulation is changing, rising or declining. The figures showing calculated SAR
are displayed with simple age-depth graphs for each profile and a table indicating the tephra
layers in the profile and accumulation rate (cm/year) for the period between each tephra
layer. Even though SAR changes can be observed with the age models, calculated SAR and
the simple age-depth graphs do indicate more precise changes.

For profile 1.1 (Figure 35) two distinct increases in SAR values are detected. The first
increase occurs between Hekla-Vatnafjoll and Kve6890, starting around 9.0 ka. The second
increase occurs between H4 and H3, from ~ 4.3 ka to 3.0 ka. Profile 1.2 shows the greatest
changes in SAR (Figure 36), as indicated by the age model. The first increase in SAR is
observed between Hekla-Vatnafjoll and H5 tephra layers or between ~ 9.1 to 7.0 ka. The
second rise in accumulation is sharp, seen between 4.5 (WVZ4500) and 4.3 ka (H4). A short
term increase occurs between 3.0 (H3) and 2.9 ka (H-C), and again between Katla prehistoric
and the Settlement layer, around 1.1 ka. The final SAR increase indicated by profile 1.2 is
seen around H1845 and K1918, this increase extends to 0 ka.

Profile 2.1 shows slow SAR between 7.0 and 4.3 ka whereas after that SAR starts to rise
(Figure 37). Between Katla prehistoric and the Settlement layer is an increase in
accumulation, followed by slower rate until around 0.5 ka when SAR rises sharply after the
Barl477 tephra layer and towards K1721. Accumulation increases still towards 0 ka. SAR
for profile 2.2 (Figure 38) shows steady and slowly rising rates towards 0.2 ka, H1766. After
that SAR rises fast towards 0 ka. As observed in the age models, profiles 2.2 and 3 show
similar trends. Profile 3 (Figure 39) also indicates steady and slowly rising rates towards 0.2
ka. Around 0.2 ka the SAR starts to rise and reaches maximum rates at 0.1 ka, H1845. Then
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there is a sharp lowering between H1845 and K1918 tephra layers, and rise again towards 0
ka.
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Figure 35. A simple age-depth graph for profile 1.1 and a table indicating tephra
layers and calculated accumulation rates.
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Figure 36. Age-depth graph for profile 1.2 indicating changes in accumulation rates.
The table to the right lists the tephra layers from the profile and calculated SAR.
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Figure 37. Graph showing the simple age-depth trend for profile 2.1 and to the right
is a table indicating the tephra layers and calculated accumulation rates.
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Figure 38. SAR development for profile 2.2 as indicated by the age-depth graph.
Tephra layers and calculated accumulation rates are displayed in the table to the

right.
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Figure 39. Age-depth graph for profile 3 and a table showing the present tephra
layers in the profile and calculated SAR.

4.2.8 Correlation of soil sections based on tephra stratigraphy

Site 1 at Fossrofulaekur contains tephra layers from the 10 ka Grimsvotn series and thus,
covers most of the Holocene. Profile 1.2 includes in total 13 tephra layers that were identified
based on both visual inspection and microprobe analysis. Site 2, profile 2.1 at Baldheidi is
dated back 7.0 ka based on the identification of H5 at the bottom. Whereas profiles 2.2 and
3 only go back ca. 1.2 ka. These two sites (2 and 3) show very high SAR during historical
times (after the Settlement tephra) in contrast to profiles 1.1 and 1.2 at Fossrofulaekur
(Figures 40 and 41).

The H3 tephra is present near the top of profile 1.1, above the H4 tephra, although that
section was only measured in detail up to H4. The soil profiles containing the oldest tephra
layers are from the soil site located in the northeast part of the research area (profiles 1.1 and
1.2). Soil sections located further southwest do not contain as old tephra layers but show
higher sediment accumulation in the upper part.

The oldest tephra layers identified in this study are from the 10 ka Grimsvotn series and
probably mark the beginning of soil formation in the area. Those tephra layers correlate
profiles 1.1 and 1.2 together as well as the H4 and H3 tephras (Figure 41). Correlation of
sites 1 and 2 is based on H5 and H4. Katla prehistoric and the Settlement layer are likewise
present in both profiles. Profile 2.2 correlates to profiles 1.2 and 2.1 with the presence of the
Katla prehistoric tephra layer. Correlation of profile 2.2 and profile 3 is based on H1300 and
H1766. Profile 3 additionally correlates to profiles 1.2 and 2.1, based on the Settlement layer.
Katla prehistoric is found in profiles 1.2, 2.1, 2.2 and 3 and is used to correlate these profiles.
In addition, profiles 3 and 2.1 correlate with K1721. The youngest tephra layers present in
the soil profiles are found in profiles 1.2 and 3, H1845 and K1918.
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Figure 40. Simple age-depth graph showing all profiles. Profiles 1.1
and 1.2 are displayed on the upper graph as they span the longest
time. Profiles 2.1, 2.2 and 3 are displayed on the lower graph to
make the changes during the last 1.2 ka more visible.

Most of the tephra layers found in the soil sites are present in lacustrine cores from
Hvitarvatn. However, there were also some tephra layers present in the soil sections that
were not found in the lake, such as Katla 1918 and Hekla 1845 the youngest tephra layers
which are found in soil profiles 1.2 and 3. One explanation for this may be that during this
time Langjokull was much affected by the two outlet glaciers that reached the lake basin
during the LIA cooling (Larsen et al., 2011), resulting in unstable conditions not favorable
for grains to settle and accumulate at the bottom. To be able to identify the eruption age for
these youngest tephra layers geochemical data from Thordarson et al. (1998), Oladoéttir et al.
(2008), Gudnason (2017) and Thorvaldur Thordarson (unpublished data 2018) were used
(Appendix A.2). Two other tephra layers were found in the soil sections that are not present
in Hvitarvatn. The first layer is tephra from Kverkfjoll (profile 1.1), which has an estimated
age of 6.890 years BP based on calculated SAR age and Oladéttir et al. (2011). The second
layer is tephra from WVZ (profile 1.2) with an estimated age of 4.500 years BP based on
Sinton et al. (2005). Little data is available about these two tephra layers, since they have
not been found in many places and their age might thus have some error, although, tephra of

45



similar age and affinities to the tephra from the WVZ was found in Gedduvatn sediment in
the Vestfirdir peninsula (Harning et al., 2018a). The age-depth model for profile 1.2 shows
an almost vertical line between WVZ (4.5 ka) and H4 (4.2 ka) which might suggest that the
WV Z tephra has a different eruption age (Figure 32).
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Figure 41. Tephra layers found in each soil section and their connections. On the far right
is profile 1.1, then profiles 1.2, 2.1 2.2 and finally on the far left is profile 3. In the bottom
left corner is also a zoomed in aerial photograph (Google Earth) of the research area
showing the locations of the soil sites.
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4.3 Loss on ignition

All samples measured for LOI are from profile 1.2. Results from the LOI shows fluctuations
in the percentage of carbon through the Holocene at a multi-centennial scale, although with
an increasing first order trend (Figure 42). The LOI results show considerable fluctuations
although less fluctuations in the early- to mid-Holocene compared to the late Holocene (after
5.0 ka). The low values of carbon occur at 9.6, 8.0, 5.9, 4.4, 2.8 and 1.4 ka, while the highest
values occur at 9.2, 6.8, 5.1, 3.7, 2.5 and 0.7 ka. The minimum carbon proportion of 4%
occurs around 9.6 ka. The most abrupt change occurs between 4.5 and 3.7 ka when carbon
content drops from 12 to 4% and back to 17% when it reaches the highest percentage through
the Holocene. After 0.7 ka the amount of carbon increases towards 0 ka, reaching 15%.

Carbon content in lakes and soil is commonly used to identify periods of landscape
instability, which often can be related to climate variations. Since the soil found in the
research area are typical Andosols lacking cohesion it is vulnerable to erosion, particularly
erosion due to aeolian activity. During intervals of active soil erosion, terrestrial material is
transported to nearby lakes, thus an increase in carbon content in lake sediments can indicate
landscape instability (e.g. Geirsddttir et al., 2009a). Comparing the results from this study
with carbon content in sediments from Hvitarvatn gives information on the mobility of soils
in the Kj6lur area.
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Figure 42. Results from LOI measurements, where the carbon content development
through the Holocene of the soil in profile 1.2 is displayed.

4.4 brGDGT temperature estimates

Samples for brGDGT temperature estimates were obtained from the two profiles 1.1 and 1.2
at site 1. These have been correlated based on tephra layers (G10400, H4 and H3). The
sampling took place before the tephra-based age model was made for the two profiles, which
explains the lack of data between 8.0 ka and 4.2 ka. The results from the measurements are
connected based on the tephra correlation and shown as one continuous line (Figure 43).
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Figure 43. The raw results from the brGDGT measurements. The blue line are samples from
profile 1.1 and the orange line from profile 1.2. The black dashed line shows were the two
profiles are connected together.

Similar average distributions of brGDGTs in Fossréfuleekur compared to the global soil
dataset (De Jong et al., 2014, Figure 44) confirms that the extraction and analysis of the
Icelandic soils was successful and that the brGDGT distributions can be converted to
temperature using different calibrations.

The results for the brGDGT measurements are displayed in Figure 45 where five different
calibrations have been used. The calibrations are from three different research papers,
Peterse et al. (2012), De Jonge et al. (2014) and Naafs et al. (2017). All the calibrations show
a similar trend through the measurements. The main difference between the calibrations is
regarding the amplitude of the temperature decreases. The first estimated major temperature
decrease occurs around 8.2 ka, the lowest and coldest calibration displays the largest drop
and then it gets less severe with the warmer calibrations. A similar observation can be seen
with the second temperature decrease which is displayed around 3.7 ka, although this
decrease mostly disappears with the topmost calibration. The temperature change estimated
around 0.6 ka, is displayed as a temperature increase by all calibrations except one, the
calibration MAT-mr (De Jonge et al., 2014) shows this temperature change as a decrease at
the end of the plot.
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Figure 44. The upper graph displays the brGDGT groups present in the soil samples from
site 1 used in the brGDGT measurements. The lower graph shows the brGDGT groups found
in the global soil dataset (De Jonge et al., 2014). By looking at these two graphs together, it
can be observed that the extraction and analysis of the soil from site 1 worked and the data

is usable.
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5 Interpretation

5.1 Soil accumulation rate

Most of the proxies used were sampled from the thickest soil profiles, 1.1 and 1.2 at site 1
encompassing the last ca. 10 ka. Thirteen tephra layers constrain the age model for profile
1.2 which also gives a rough indication of soil accumulation rate. This can be compared to
both the results from the LOI regarding carbon content, and the brGDGT results to help
reconstruct a record of environmental change and landscape stability/instability.

Lithofacies analysis of the soil profiles indicate clear grain size variations between sites with
coarser sand size grains at sites 2 and 3 compared to site 1, suggesting the impact of aeolian
activity in the area and changes in wind strength during the time of soil deposition and
development. Weak winds have the capacity to only carry fine particles of fine sand and clay
size, whereas stronger winds can transport larger particles of coarse grained sand and up to
pebbles (e.g. Jackson et al., 2005). The wind strength can in turn be related to changing
climate and landscape stability suggesting stronger winds in cooler and drier climate
associated with more active erosion, while the parts of the soil sections which contain fine
grains and more brown color (higher organic content) than gray, indicate warmer and more
stable climate with calm wind and little or no erosion (Figure 46). This change in appearance,
from smaller grain size and brown organic rich material to coarser grain size and gray color,
in the soil sections is mostly seen during the last 0.6 ka.

Soil accumulation rates based on the tephra-based age models show in general higher
accumulation subsequent to large volcanic eruptions and production of thick tephra layers
such as at 4.2 ka (H4), 3.0 ka (H3), 1.1 ka (Settlement). However, changes in accumulation
also occur at other times such as around 8.2 ka (site 1) and during the last 0.7 ka (Figure 40).
The soil profiles indicate five periods of landscape instability based on a rise in SAR;
between 9.0 and 7.0 ka, around 4.5 ka, 3.0 ka, 1.2 ka and after 0.6 ka. The timing and
amplitude varies between profiles. Profiles 1.1 and 1.2 indicate the oldest SAR rises,
although all five increases can be observed from profile 1.2 as it contains the most tephra
layers. The final and most severe SAR increase occurs after 0.6 ka and can be observed in
more detail in profiles 2.1, 2.2 and 3.

Visual inspection of the material in each soil profile (see detailed description of each profile
in Appendix A.1) reveals considerable amount of redeposited material mostly found in
profiles 2.1, 2.2 and 3, while little or no redeposited material is found in profiles 1.1 and 1.2.
The redeposited material is seen as gray coarse sand or light colored rounded tephra grains,
most likely derived from thick Hekla rhyolite tephra layers such as H4 or H3 (Figure 46).
The area east of Langjokull and Hvitarvatn is a sandy desert, affected by very active aeolian
activity. The aeolian material is mostly distributed to the south or southwest (Arnalds, 2010;
Gisladéttir et al., 2005). The observed differences in thickness of soil sections and
accumulation rates from northeast to southwest suggests that redeposited material found in
the sections located in the southwest, may be due to aeolian activity and strong, dry northerly
winds. Hence, during cooler times such as the LIA when the northerly winds were strong,
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transportation of material may have occurred from the northeast to the southwest resulting
in the higher SAR in the southwest located sections.

Figure 46. Picture to the left is from profile 2.1 showing soil that does not contain
redeposited material. The soil has a brown color and rather fine grain size. The picture to
the right is from profile 3 where the soil contained a lot of redeposited material. The material
has a dark gray color and coarse grain size, in between the gray grains are lighter colored
grains which are most likely originated from the H4 or H3 tephra layers.

5.2 LOI versus SAR

When SAR rises it indicates colder climate and more soil erosion, causing more material
being transported with aeolian processes and accumulating faster (e.g. Geirsdottir et al.,
2009Db). The LOI shows high peaks when organic matter is high in the soil, indicating warmer
or more stable climate and more vegetation cover. When the LOI decreases it indicates that
with less organic matter there is more soil erosion and less vegetation cover (Oskarson et al.,
2004), while in lake environments, more organic carbon means more terrestrial matter,
indicating more erosion and less vegetation cover (Geirsdéttir et al., 2009b). Therefore,
when looking at SAR and LOI together, an indication to cooler climate would be displayed
as high SAR and low LOI, and vise versa for warmer climate. Cooler climate results in
increasing SAR due to more active aeolian transport associated with stronger wind, which
results in reduced vegetation cover and then LOI values lower. When climate is warm,
erosion and aeolian transport are diminished allowing vegetation cover to strengthen. The
LOI results also display an increasing first order trend. That trend is understandable since
older soil has been undergoing more erosion and decaying, thus loosing its carbon content
for a longer time than the younger soil located closer to the surface. But the relative changes
between increasing and decreasing carbon content does give an indication to climate
fluctuations.

The LOI soil samples were all collected from profile 1.2, thus it is ideal to compare those
results to the SAR observed from the age model for profile 1.2 (Figure 47). The LOI results
do indicate more fluctuations compared to the SAR, yet it is possible to correlate changes
between these two proxies. The first rise in SAR is observed around 9.0 ka, the LOI responds
to this cooling with a change in carbon content going from 9% carbon at 9.2 ka and down to
5,4% at 8.0 ka. The second observed rise in SAR occurs around 4.5 ka and is seen as almost
a vertical line indicating very rapid accumulation. Thus, this increase might be exaggerated
due to misidentified tephra layers. This increase is seen between H4 and WVZ4500 and the
WVZ tephra was difficult to identify and might have another eruption age. At this time the
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LOI results display the largest decline with only 4% organic matter around 4.4 ka. However,
shortly after or around 3.7 ka, the LOI reaches its highest peak with 17% carbon content.
This peak found at 3.7 ka does not correlate with the temperatures expected during this time
(see Larsen et al., 2012), which warns against using the LOI directly as a temperature
measure. One explanation is that this peak is associated with the H4 tephra deposition around
4.26 ka and subsequent sharp cooling identified in biogenic silica record of Hvitarvatn
sediments resulting in accelerated soil erosion (e.g. Larsen et al., 2012) which however also
ended quite sharply around 3.9 ka in Hviatarvatn indicating more environmental stability.
The third rise in SAR is shown at 3.0 ka, then the LOI takes a somewhat long dive again
from 17% to 9% carbon content. Again, this can be associated with the deposition of the H3
tephra. The LOI reaches 13% carbon around 2.1 ka and then decreases down to 8% around
1.4 ka, the fourth rise in SAR occurs around 1.2 ka. Comparing the locations of tephra layers
in section 1.2 to the LOI measurements, some connection between a decrease in LOI and an
occurrance of a tephra layer is apparent indicating that an accumulation of a tephra has
negative effects on soil cover. Although, the thickness of a tephra layer is important in this
case.
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Figure 47. The upper graph shows the simple age-depth model for profile
1.2 and the locations of the tephra layers in that pofile. The lower graph is
the LOI results and the red lines indicate times were SAR rises and LOI
declines, indicating cooler climate.

5.3 LOI, SAR and brGDGTs

Five different calibrations were used for the brGDGT measurements. The trends for the
measurements are shown as one continuous line to make it easier to follow each calibration,
although the samples used for the brGDGT measurements were obtained from two soil
profiles at the same site, profiles 1.1 and 1.2. The soil samples were chosen before any major
tephra identification had been made, thus the measurements do not span the entire Holocene
but rather display two parts of it. The measurements show the early Holocene and then the
last 4.1 ka years. Due to this the HTM is missing from the plot, when the highest
temperatures are assumed and most stable for the Holocene. However, based on comparison
with Hvitarvatn and Arnarvatn Stdra records, an idea of what the trend for this interval might
look like is shown with a hatched line in Figures 48 and 49 (Larsen et al., 2012; Gunnarson,
2017). The calibration from Petersen et al. (2012) does not separate 5 and 6-methyl isomers,
and 6-methyl has been shown to not correlate with temperature (Naafs et al., 2017). The
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trends from MAT-mrs and MAT-5ME (De Jonge et al., 2014) and also from the revised
global calibrations from Naafs et al. (2017) reconstruct negative MAT occurring around 8.2
ka or early Holocene, which is highly unlikely. By comparing the different calibrations it is
suggested to use the MAT-mr calibration (De Jonge et al., 2014) for the brGDGT
measurements. The MAT-mr calibration produced the most likely temperature because all
MAT estimates are positive and the lowest temperature is recorded during the latest
Holocene, which is consistent with other Icelandic paleoclimate reconstruction (e.g. Larsen
et al., 2011; Larsen et al., 2012). Hence the brGDGT results are displayed in the graph in
Figure 48, with the MAT-mr calibration and 4,6°C error bars. The graph also shows how the
measurements lack estimated temperatures for the mid-Holocene. Even though the relative
changes in MAT with this calibration do appear to follow the general trend in the nearby
qualitative lake proxy records (Hvitarvatn and Arnarvatn Stora) (Larsen et al., 2012;
Gunnarson, 2017), the absolute MAT values appear unrealistic since the annual average
temperature for the years 1966-2003 from Hveravellir weather station is -0,87°C (Vedurstofa
Islands, 2018). Also, modeling experiments show that the demise of Langjékull and
Drangajokull during the HTM required summer temperatures to rise ca. 3°C above the late
20" Century average at this time (Flowers et al., 2008; Anderson et al., 2018). Similarly,
numerical simulations show the maximum expansion of both Langjokull and Drangajokull
during the LIA ca. 200 years ago requiring temperature lowering of ca. 1°C below the late
20" Century average (Anderson et al., 2018). The reason for this overestimation of
temperature is because the calibration uses a global dataset, resulting in higher MAT than
which occurred in Iceland at that time. These MAT estimates would likely be improved with
the development of a local Icelandic soil calibration.
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Figure 48. brGDGT measurements showing MAT development for early and late Holocene.
Calibration used for the measurements is from De Jonge et al. (2014). Error bars of 4,6°C
are seen by every estimated MAT.

The distribution and lack of brGDGT samples does not allow interpretation based on
temperature estimates on the period between 8.0 and 4.0 ka. The first part of the brGDGT
estimates temperatures between 9.4 and 8.1 ka. MAT is displayed as relatively high in the
beginning of the trend and then around 8.8 ka temperatures start to lower, this is in phase
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with qualitative temperature estimates based on Arnarvatn Stora and Hvitarvatn (Larsen et
al., 2012; Gunnarson, 2017). Temperature estimates reach lowest values around 8.2 ka and
at 8.1 ka start to rise again. The minimum temperature around 8.2 ka corresponds well with
SAR for profiles 1.1 and 1.2 as they show rise in accumulation after 9.1 ka, and also the LOI
results, with a minimum carbon content occurring around 8.0 ka with 5,4% carbon. Thus,
associated with the temperature decline was increased wind strength and soil erosion. This
cooling is likely connected to the freshening of the North Atlantic following outburst floods
as the LIS was melting (Alley & Agustsdottir, 2005). The 8.2 ka cooling event is widespread
and is seen in both Hvitarvatn and Arnarvatn Stdra. Both lakes show an increase in SAR and
indicate landscape instability during this time (Larsen et al., 2012; Gunnarson, 2017).

From around 7.0 to 5.0 ka is when accumulation rates are displayed as rather even and stable
(profiles 1.1, 1.2 and 2.1), correlating to the HTM conditions. That also correlates with what
is observed in the lakes, with warm conditions (after the 8.2 ka cold event) reached around
7.0 ka. The lakes indicate landscape stability with low SAR and little terrestrial input during
this interval (Larsen et al., 2012; Gunnarson, 2017). SAR for profile 1.2 shows a sharp rise
at 4.5 ka which correlates with a sharp decrease in LOI. As mentioned before, information
on the brGDGT is lacking for this period. The onset of the Neoglaciation is indicated by the
nucleation of Langjokull between 5.5 and 5.0 ka and seen as increasing landscape instability
in Hvitarvatn and Arnarvatn Stora sediments. During this time summers became
progressively cooler and a reduction in lake primary productivity followed in both lakes
(Larsen et al., 2012; Gunnarson, 2017).

The drop at ca. 4.3 ka in carbon content probably reflects disruption of the vegetation due to
the deposition of the H4 tephra with relatively fast recovery around 3.7 ka, thus not
necessarily reflecting temperature increase. The brGDGT estimated MAT after 4.0 ka
indicates declining temperatures until ca. 2.3 ka similar to what is seen in both Hvitarvatn
and Arnarvatn Stora proxy data, when stable conditions with even slightly warmer summer
temperatures are reached until ca. 1.6 ka (Larsen et al., 2012; Gunnarson, 2017). After that
the brGDGT MAT starts to decline again until abrupt summer cooling around 0.6 ka (ca.
1275 CE) takes place, culminating around 0.4 ka, or around the time the LIA cooling was
intensified with increasing summer temperatures accompanied with cryospheric expansion
(Miller et al., 2012). The LIA cooling is also reflected in the increasing SAR in profiles 2.1,
2.2 and 3. These results correlate well with the lake records (Larsen et al., 2011; Gunnarson,
2017) and what is reported from other sites in Iceland for this time period. However, it is
more difficult to interpret the results from the LOI measurements, which show an increase
in carbon content during what would be considered the coldest time of the studied interval.
A likely explanation for this increase in carbon content of the soil might be related to the
ground being frozen for a large part of the year at this time. The continuous frozen ground
would then prevent the mobilization of vegetation and soils, resulting in organic material
being locked into the soils and kept frozen, causing no degradation and thus the LOI do not
display a decline in carbon content (Harning et al., 2016; Florian et al., 2015). What also
supports this hypothesis is that the SAR for profile 1.2, which contains the LOI soil samples,
does not display much effect from the LIA, indicating that there was little or no movement
of material at this time. Although, this continuous frozen ground is only indicated for site 1
where profiles 1.1 and 1.2 are located. The other sites show a large increase in SAR
following the LIA cooling, indicating very active soil erosion and transport of aeolian
material.
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Figure 49. Comparison of all three proxies. The top graph shows all
of the age-depth trends for the profiles. The middle graph is the LOI
results and the bottom graph is the brGDGT temperature estimates
based on the calibration from De Jonge et al. (2014). Additional
black dashed line is shown on the brGDGT trend, giving an idea of
what the mid-Holocene might look like with these results. The red
lines indicate climate fluctuations that can be observed from the
proxies.






6 Discussion — The central highlands
of Iceland through the Holocene

In this chapter the environmental evolution of the central highlands through the Holocene as
seen through the soil sections will be reviewed. The changes observed will be compared to
reconstructions from Hvitarvatn and Arnarvatn Stora. The finding of the 10 ka Grimsvotn
tephra series (10.4 ka) in lacustrine sediment cores obtained from lakes in the central
highlands show that the area was ice free at that time (Johannsdéttir, 2007; Geirsdottir et al.,
2009a; Larsen et al., 2012; Gunnarson, 2017; Harning et al., 2018a). North Atlantic warmth
during early to mid-Holocene is indicated by Holocene lacustrine records from Iceland, such
as have been obtained from Hvitarvatn and Arnarvatn Stéra (Larsen et al., 2012; Gunnarson,
2017). At present the sediment flux into Hvitarvatn is dominated by Langjokull’s outlet
glaciers and the changes observed in the sediment give information about the development
of the glacier. The sediment from the late Holocene is characterized by varve layers, which
cannot be seen in the sediment from early Holocene. The interval between 9.5 and 5.5 ka in
Hvitarvatn is dominated by benthic diatoms which infers that Langjokull disappeared or that
the glacial erosion products were insignificant at that time (Geirsdottir et al., 2009b),
although with an exception of a possible short lived reformation of the ice cap between 8.7
and 8.0 ka. Ice-cap model simulations of Langjokull (Flowers et al., 2007) give the results
that if summer temperatures were at least 3°C higher than the 1961-1990 average, it would
result in Langjokull disappearing. This implies that there were largely ice-free conditions
across Iceland during early to mid-Holocene (Geirsdottir et al., 2009b). With that in mind, it
is possible to expect the soil sites to indicate the warmest and most landscape stability for
the Holocene, during the HTM. After the HTM conditions were terminated climate started
to cool with increasing landscape instability and the appearance of the first varves in
Hvitarvatn, marking the start of the Neoglaciation around 5.5 ka (Larsen et al., 2012). The
Neoglacial cooling trend is observed in both Hvitarvatn and Arnarvatn Stéra, reaching the
highest erosion rates and landscape instability during the LIA between 1275-1900 CE
(Larsen et al., 2011; Larsen et al., 2012; Gunnarson, 2017).

6.1 Landscape evolution of the central highlands

The landscape development of the research area has been highly influenced by fluctuations
in climate since the central highlands became ice free in the beginning of the Holocene.
Temperature fluctuations and changes in wind strength are seen affecting soil development
through the Holocene. By comparing the results from this study to the climate reconstruction
from the proglacial lake Hvitarvatn, which is situated just a few kilometers west from the
soil sites, and Arnarvatn Stora, it helps to underline the interpretations for the climate
evolution in the central highlands of Iceland through the Holocene. These two lakes were
chosen for comparison due to their location being near to the research area and their
Holocene environmental history is well described. The broad overview of the results indicate
that the soil sections show responses to the three largest temperature declines during the
Holocene, the 8.2 ka event, the 4.5 to 4.0 ka decline and the last ca. 0.6 ka (LIA). Figure 50
shows a comparison between the temperature record derived from the soil sections as well
as BSi and C:N records from Hvitarvatn and Arnarvatn Stora (Larsen et al., 2012;
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Gunnarson, 2017) and also composite relative temperature changes for the Holocene based
on proxies from Hvitarvatn and Haukadalsvatn (Geirsdottir et al., 2013). The biogenic silica
(BSi) record from the lake sediment has previously been shown to reflect summer
temperature as it is a measure of diatom primary productivity, thus an increase in BSi
corresponds to warmer climate (Geirsdottir et al., 2009a; Larsen et al., 2012). The ratio
between carbon and nitrogen (C:N) gives information about how much terrestrial material is
being transported into a lake with aeolian and fluvial activity (Larsen et al., 2012). The axis
for C:N is shown in reverse to display rising lines as warmer and more stable climate. By
comparing these records obtained from lake sediment, it underlines that the brGDGT
temperature estimates display a trend that is seen in Iceland for the Holocene climate. All of
these trends show a decline around 8.2 ka and then rising temperatures reaching the HTM,
the comparison plots give an idea of what the conditions were during the HTM, when climate
was the warmest. Then after the start of the Neoglaciation there is a cooling trend, which
culminates during the LIA.
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Figure 50. The top graph shows the brGDGT temperature estimates with the
calibration from De Jonge et al. (2014). The second graph is the BSi from
Hvitarvatn (Larsen et al., 2012) and the third graph contains the BSi from
Arnarvatn Stora (Gunnarson, 2017). The fourth and fifth graphs display C:N
for Hvitarvatn and Arnarvatn Stora (Larsen et al., 2012; Gunnarson, 2017).
The bottom graph shows composite relative temperature changes for the
Holocene from Hvitarvatn and Haukadalsvatn (Geirsdottir et al., 2013).
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6.1.1 10.3 to 8.7 ka

Information about climate and landscape for the beginning of the Holocene is indicated by
SAR at site 1, profiles 1.1 and 1.2, as well as the brGDGT and LOI measurements. The data
indicate quite stable conditions with low SAR around 10 ka. The LOI plot shows a drop in
carbon content around 9.6 ka which declines down to 4% carbon in the soil, indicating that
the soil might have still been unstable at that time and thus more vulnerable to erosion or
cool summers. The brGDGT indicate warm conditions at 9.4 ka with relatively high MAT,
but these warm conditions did not seem to last long as by 8.8 ka MAT is beginning to
decrease and then takes a sharp decline.

These results correlate well with climate reconstruction from Hvitarvatn. For this time
interval the lake indicates unstable, freshly deglaciated landscape which is reaching
equilibrium with the local climate. There was no glacier where Langjokull is at present, at
this time of highest Northern Hemisphere summer insolation. The lake catchment is reaching
increased stabilization from 10.2 to 9.0 ka and the lake primary productivity is increasing
following warm summers. The proxies from the lake indicate a distinct warm interval from
9.0 to 8.7 ka (Larsen et al., 2012) during which there was an increased influence from the
NIIC on the North Iceland Shelf (Castafieda et al., 2004). This warm interval is also recorded
in the brGDGT results with MAT estimated as relatively high compared to the rest of the
plot. Also, elevated C:N which is derived from terrestrial soil, indicates that some regional
soil material was being transported into the lake during this interval as the soil was starting
to develop after deglaciation (Larsen et al., 2012). This again correlates well with the results
as the LOI plot displays that some soil erosion was taking place. Aeolian activity is also
indicated in Arnarvatn Stora with elevated sediment accumulation and also seen in cores
from the North Iceland Shelf. This again, indicates that the soil forming after deglaciation
was vulnerable to high wind speeds and that might have delayed a continuous vegetation
cover to be formed after deglaciation even though climate was starting to warm (Gunnarson,
2017; Castafieda et al., 2004).

6.1.2 8.7 to 8.0 ka

A cooling event after 8.8 ka is indicated by the brGDGT, LOI and SAR for profiles 1.1 and
1.2. The MAT based on the brGDGT during this interval reached the lowest values at 8.2
ka. The soil erosion that had been decreasing with the start of the Holocene enhanced during
this interval, with carbon content in the soil dropping from 9% at 9.2 ka and down to 5% at
8.0 ka. With stronger wind and increasing soil erosion, SAR increased as well showing
increased rates between 9.0 and 7.0 ka. The early Holocene warmth was interrupted in the
highlands of Iceland due to this cold event that occurred at 8.2 ka. The distinct cold climate
identified in the North Atlantic area has been related to the melting of the LIS that caused
outburst floods into the North Atlantic disrupting the thermohaline circulation (Alley &
Agustsdéttir, 2005).

The 8.2 ka cold event has been identified in Hvitarvatn and Arnarvatn Stora as well as in
other lake studies in Iceland (Larsen et al., 2012; Geirsdéttir et al., 2013; Gunnarson, 2017;
Eddudottir et al., 2018; Harning et al., 2018b). In the lakes this cold event is indicated with
two rapid shifts to cooler conditions occurring at 8.5 and 8.2 ka (Larsen et al., 2012;
Gunnarson, 2017). Primary productivity in Hvitarvatn decreased and proxies point towards
rapid increases in water turbitidy. Also C:N become relatively high for this interval,
suggesting that contribution of soil into the lake increased, following more active aeolian
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activity (Larsen et al., 2012). In Vestfirdir a multi-centennial cooling occurred between 8.7
and 7.9 ka with peak cooling at 8.2 ka, correlating to this widespread cooling event. The
cooling is indicated by a gradual reduction in algal productivity and increase in soil erosion
(Harning et al., 2018b).

The effects from this cooling event ceased after 8.0 ka when the carbon content in the soil
started to increase and the brGDGT show a rise in temperature starting around 8.1 ka. This
correlates well with Hvitarvatn as the cooling conditions following this cooling event lasted
until 7.9 ka in the lake (Larsen et al., 2012).

6.1.3 8.0 to 5.0 ka

Around 7.0 ka, profiles 1.1, 1.2 and 2.1 seem to have recovered from the 8.2 ka cool event
and display warmer and more stable conditions with slow SAR. Landscape and vegetation
also became stable as soil erosion slowed down or stopped, with LOI reaching a peak of
12% carbon at 6.8 ka. After 6.8 ka LOI shows a carbon decrease towards 6.0 ka, indicating
that some cooling might have occurred, although this cooling is not indicated by any other
component. The SAR trend for profile 1.2 indicates that the HTM warm conditions were
terminated around 4.5 ka, when rates increased very rapidly, responding to an increase in
aeolian activity. The LOI display a change from warm to cooler climate around 5.0 ka, when
carbon content starts to decrease and reaches its maximum low at 4.4 ka.

Climate started to ameliorate after the 8.2 ka event and the HTM conditions became more
prevailing following the Northern Hemisphere summer insolation. Warmer conditions are
indicated earlier at Hvitarvatn compared to the soil sections, with peak summer warmth
reached by 7.9 ka. Sedimentation rates dropped during this interval as well as terrestrial
material, indicating less erosion and transport of material into the lake (Larsen et al., 2012).

The brief cooling indicated by the LOI between 6.8 and 6.0 ka is also seen in Hvitarvatn,
Arnarvatn Stéra and in other Icelandic lake records (Larsen et al., 2012; Gunnarson, 2017;
Harning et al., 2018a). This cooling may likely be linked to the impact of four fissure vent
eruptions from Katla and Bardarbunga-Veidivotn volcanic systems between 6.8 and 6.5 ka,
causing increased sulfur loading in the atmosphere (Thordarson et al., 2003). The HTM
warm conditions lasted until 5.5 ka as indicated by the proxies from Hvitarvatn (Larsen et
al., 2012).

6.1.4 5.0 to 1.5 ka

Around 4.4 ka aeolian processes were active as indicated by a fast drop in LOI reaching 4%
carbon content. With stronger wind and active soil erosion SAR increased rapidly around
4.5 ka as shown in profile 1.2. Because of lack of brGDGT data between 8.0 and 4.0 ka it is
difficult to see any indication of a cooling at this time. However, the trend from 4.1 and 1.5
ka indicates a steady decline in MAT similar to what is indicated by both LOI and SAR.

The second half of the Holocene is characterized by a decline in temperature following the
Northern Hemisphere summer insolation decline. The Hvitarvatn record indicates that the
Neoglaciation began after 5.0 ka with the nucleation of Langjokull. During this time glaciers
advanced and landscape became unstable (Larsen et al., 2012). The lake records reflect
reduced productivity and increased terrestrial input, as winds became stronger, resulting in
active soil erosion and transport of material. A second cooling step around 4.3 ka near
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coinciding with the production of H4 is apparent in the soil sections, more apparent than the
initial cooling seen in Hvitarvatn between 5.5 and 5.0 ka. This step is marked by a large
increase in sedimentation rate in the soil sections and the first appearance of varves in
Hvitarvatn, signifying a great increase in glacier size (Larsen et al., 2012). This cooling
around 4.5 and 4.2 ka is also apparent in Arnarvatn Stora and other lake records in Iceland
(Geirsddttir et al., 2013; Gunnarson, 2017; Harning et al., 2018b).

There is a close similarity between the soil sections and the lake records indicating the onset
of the Neoglaciation after ca. 5.0 ka. However, because of lower resolution sampling of
proxy data throughout the soil sections the stepped changes seen in the lake records are not
clearly identified in the soils. The brGDGT based MAT shows steady temperature decrease
until ca. 2.3 ka. During this time Langjokull advanced following the accumulation of the H3
tephra (Larsen et al., 2011). The H3 tephra is approximately 12 km? and is thought to be the
most severe eruption from Hekla during the Holocene (Larsen & Thorarinsson, 1977). The
cooler and/or more unstable conditions following the accumulation of the tephra caused
abrasion and increased soil erosion (Larsen et al., 2011). The cooling lasted for more than
100 years and during that time the North Atlantic Deep Water formation was reduced (Oppo
et al., 2003), there was an increase in ice rafted debris (Bond et al., 2001), ocean currents
shifted (Knudsen & Eiriksson, 2002) and sea surface temperature was low (Eiriksson et al.,
2000; Castafieda et al., 2004). The MAT, the LOI and the SAR show that conditions seem
to have recovered and stabilized temporarily between 2.3 and 1.5 ka coinciding with limited
glacier activity in Hvitarvatn (Larsen et al., 2011). The same can be observed from the carbon
content in the soils which reached the lowest values around 2.8 ka but started to rise again
after that, indicating that soil erosion decreased.

6.1.5 1.5 to 0 ka

The SAR trend for both profiles shows a small peak starting around 1.2 ka and then rates
lower after 1.0 ka reaching more stable rates. The LOI plot shows a decrease in carbon
content which correlates to a cooling often known as the Dark Ages Cold Period (DACP),
with a carbon content drop from 13% around 2.0 ka and down to 8% around 1.4 ka. After
the drop at 1.4 ka the carbon content starts to increase and reaches 11% at 1.1 ka, which
correlates to the time the Medieval Warm Period (MWP) occurs.

The effects of cooling during the LIA are indicated in all the results except for the LOI.
However, profiles 1.1 and 1.2 do not display the LIA as well as the other profiles, possibly
due to the dominating dry wind direction from the northeast towards southwest. The
consequence of this dominating dry wind direction is that during colder climate, when wind
strength is increased, transported grains will accumulate further southwest of the area rather
than in the northeastern part. This is clearly indicated in the studied soil sites, as profiles 2.1,
2.2 and 3 contain a great amount of redeposited material that occurs mostly around the time
of the LIA cooling. The SAR graphs for these sections match these interpretations, as they
all show a large increase for the onset of the LIA or when the cooling intensified. Even
though profile 1.2 does not reflect the cooling of the LIA as well as profiles 2.1, 2.2 and 3,
it does show an increase in SAR around 0.3 ka which is a time when the cooling was
intensified (Larsen et al., 2012; Miller et al., 2012). Profiles 2.1, 2.2 and 3 all display the
onset of the LIA around 0.6 ka. The brGDGT estimated temperatures show the coldest MAT
during the LIA at 0.43 ka, when the temperature decline associated with the start of the
Neoglaciation reaches its maximum low. As is indicated by the SAR and the brGDGT
estimates, the research area was highly influenced by the LIA cooling. The cooling might
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also have resulted in a permafrost in the soil (Florian et al., 2015), especially in the area were
profiles 1.1 and 1.2 are located. This inferred permafrost may explain the apparent increase
in carbon content in the soil occurring during the LIA cooling. If permafrost did form in the
soil then organic material would not undergo transportation and thus result in increased
carbon content as opposed to decreased carbon content. The lack of transportation is
supported by the SAR for profile 1.2, as it only shows an increase after 0.3 ka.

After 1.5 ka glaciers in Iceland such as Langjokull advanced as climate became colder with
the start of the DACP. This cold event was short lived and ended around 1.0 ka, after that
the MWP took over with warmer and calmer climate (Larsen et al., 2011). Langjokull
advanced at 1.4 ka and 0.7 ka which coincide with the timing of the DACP and the LIA.
These advances are separated by the MWP with 0.3 ka years of milder conditions. The onset
of the LIA is indicated in the lake by a large increase in varve thickness and C:N, indicating
more soil erosion, occurring at 0.65 ka. Langjokull advanced in two phases after the onset
of the LIA, reaching out into the lake by 0.19 ka (1760 AD) and then reaching its Holocene
maximum extent around 0.05 ka (1900 AD) (Larsen et al., 2012). The LIA marks the largest
glacier advances during the last 8.0 ka and is an extreme example of a superposed century-
scale cold summer anomaly. The origin of the LIA has long been debated since natural
forcings are either weak or as for the case of volcanism, short lived. Recently the cold
temperatures of the LIA have been explained by four large sulfur rich explosive eruptions
occurring within a short interval, resulting in an abrupt summer cooling during a time when
hemispheric summer insolation was at a minimum. This resulted in a strong positive
feedback which led to sea-ice expansion and possible disruption of sea surface currents in
the North Atlantic bringing warmth to the higher latitudes. Thus the cooling was self-
sustained for centuries after the volcanic aerosols were removed from the atmosphere (Miller
etal., 2012).

The soil erosion seen in late Holocene has often been linked to the settlement of Iceland
which occurred around 1.0 ka. However, as the results from this study show the soil erosion
began before the acknowledged settlement with relatively stable conditions few centuries
after the onset of the settlement. Soil erosion becomes most severe during the LIA (e.g.
Geirsdottir et al., 2009b). The effects from the LIA cooling are seen in a number of records
across Iceland with severe impact on the central highlands, an area dominated by soil types
that lack cohesion (Arnalds, 2008).
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7 Conclusion

The five soil profiles chosen for this project contain information on fluctuating climate
during the Holocene and how climate fluctuations influenced the landscape evolution in the
central highlands of Iceland. By observing the stratigraphy in the sections and tephra layers,
it was possible to obtain age models for the research area, which provided information on
SAR. Identification of the tephra layers preserved in the soil sections facilitated comparisons
of proxy records such as the LOI and brGDGTs and similar records from Hvitarvatn and
Arnarvatn Stéra. This study shows that it is necessary to look at all five soil profiles together
to be able to observe and evaluate the main climate fluctuations that occurred through the
Holocene. By comparing all the components a complete picture of the Holocene climate and
landscape evolution for the research area is achieved.

The brGDGT is a new and very useful tool for paleotemperature reconstruction. The
temperature estimates from the brGDGT measurements provide important results that help
to reach a final conclusion regarding climate and landscape evolution for the research area
through the Holocene. However, the brGDGT measurements for this study lack sample
points to reach through the entire Holocene and although they are able to give information
on relative temperature changes they provide an overestimation of temperature for the
central highlands. The overestimated MAT values are due to the applied calibration set,
which uses a global dataset and only reinforces the need for a regional dataset for Iceland to
provide more accurate temperature values. Even though the brGDGT MAT values are
overestimated they do give a temperature trend similar to what is seen in Hvitarvatn,
Haukadalsvatn and Arnarvatn Stéra, for the Holocene. By comparing the brGDGT results to
these lakes it is clear that the estimates are usable and that they give the temperature trend
seen in similar Holocene records across Iceland.

The soil sections and the components used to reconstruct Holocene climate for the research
area indicate three major temperature declines which are detected by almost all components,
they are the 8.2 ka event, the cooling around 4.2 ka and the LIA. All three declines are
indicated by the SAR trends and the LOI results, but only the oldest and youngest
temperature declines are indicated by the brGDGT estimates due to the lack of measurements
between 8.0 and 4.0 ka. When all soil record and components are compared and correlated
additional three cooling events are identified, at ca. 6.0, 2.7 and around 1.4 ka. These cooling
events are indicated as either increases in SAR, decreases in LOI or a decline in brGDGT
estimated MAT. All of these cooling events correlate well with what is seen in climate
reconstruction for Holocene from Hvitarvatn, as well as other areas in Iceland.

The cooling which influenced the research area the most is the LIA which had an onset
around 0.6 ka. During this cooling Iceland’s glaciers reached their Holocene maximum
extent and severe soil erosion occurred. The soil erosion is well displayed in the Kj6lur area
with a dominating dry wind direction going from the northeast and to southwest. Thus, soil
sections located further southwest in the area are dominated by redeposited material during
the time of the LIA. The redeposited material is seen as coarse sand and tephra grains from
thick rhyolite tephras, such as H3 and H4. There is also an indication of regional permafrost
condition in soil during this cold event which caused organic material to stay in place rather
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than erode away. This is concluded from the LOI measurements as they display an increase
in carbon during the LIA, rather than a decrease like is observed for other cooling events.
The brGDGT based MAT also display the LIA as the coldest time during the Holocene,
supporting the conclusion that there might have been a regional permafrost in a part of the
area. All records indicate that the L1A marks the coldest times of the Holocene.
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8 Further work

A few things might be valuable to look into in the future regarding this research to obtain
greater and more coherent results:

More brGDGT measurements are needed from the soil sites in the area, to be able to
estimate the temperature trend throughout the entire Holocene, rather than just the
early and late Holocene. Another aspect concerning the brGDGT is to obtain an
Icelandic calibration dataset for soil in Iceland to be able to get more accurate
temperature estimates for the past. The brGDGT could become very useful in
paleoclimate reconstruction in Iceland.

More geochemical analysis is needed for the tephra layers found in the soil sites, as
some tephra layers were quite hard to identify due to lack of grains present in the
samples to analyze. This would provide better age control for the area as well as
enhance the knowledge of explosive volcanism record for the central highlands.
Measure and sample more soil sections at higher resolution than in this study around
the Kjolur area, to acquire more precise timing on cooling events and soil erosion
that have affected the area.

Higher resolution sampling for both LOI and brGDGT measurements, which would
add important information about timing of severe soil erosion as well as to see if the
interpretation that regional permafrost formed in the soil during the LIA is valid.
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A.1 Description of soil profiles
A.1.1 Site 1, profile 1

238-214 cm: Tephra layer, grayish with some deformed structures.
214-206 cm: Brown sand and silt, showing some lamination.

206-192 cm: Fine to coarse grained sand with coarser material and rock fragments 1 mm to
2 cm in size.

192-188 cm: Very fine grained silt and clay, light colored organic material.
188-177 cm: Rather fine grained silt with some lamination.

177-173 cm: Variable thickness (1-4 cm), coarse sand and rock fragment around 0,5 cm in
size.

173-172 cm: Brown clay and silt.

172-168,5 cm: Brown sand with 1 mm sized rock fragments.

168,5-165,5 cm: Variable thickness (1-3 cm), clay and silt with light brown color.
165,5-158,5 cm: Brown silt and sand.

158,5-151,5 cm: Coarse grained sand with darker brown color.

151,5-140,5 cm: Light brown colored silt and sand, and a 0,5-1 c¢cm thick light and fine
grained tephra layer in the middle part.

140,5-120,5 cm: Coarse to rather coarse grained sand with dark brown color, showing some
lamination and rock fragments around 1 mm in size. At the upper boundary is a 1-2 cm thick
silt lens.

120,5-114,5 cm: Silt and fine grained sand with light brown to brown color and some
lamination.

114,5-74,5 cm: Mostly coarse grained sand with some finer grained sand and rock fragments
in between, in the uppermost part is some clay.

74,5-66,5 cm: Tephra layer, light colored and very fine grained. The boundaries are disrupted
so the layer is contaminated at the bottom and top boundaries.
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Al.2 Site 1, profile 2

327-277 cm: Brown and dark brown color, clay and fine grained sand with coarser sand in
between. This part does not really show laminations but rather some irregular changes
through it. At the upper boundary is a 12 cm thick sand lens with rock fragments. At the
bottom boundary is a 1-3 cm thick black disrupted tephra layer. Around 5 cm above is a 1-3
cm thick gray tephra layer, which is also disrupted and shows signs of cryoturbation. Above
the second tephra layer is another gray tephra layer 14 cm higher in the soil, which is 0,3-1
cm and not as clear.

277-253 cm: Coarse grained sand and clay with some rock fragments at the bottom
boundary, above the sand and clay mixture is mostly clay. The clay part has some
laminations. This part has a brownish color with some darker brown color in between.

253-244 cm: Tephra layer with a light color. The bottom 2-3 cm contain fine grained sand
and silt while the upper 6-7 cm have fine grained silt.

244-240 cm: The same material as in the organic rich layer below the light colored tephra
layer, a clay mix with some lamination.

240-239,6 cm: Tephra layer with a dark gray color.

239,6-194,6 cm: The bottom consists of coarse grained sand with a dark brown color and
some rock fragments. Above the color changes to brown with a mix of sand and clay showing
some lamination, in between are some darker brown silt lenses.

194,6-194 cm: Tephra layer with a brown-gray color and rather coarse grained sand.

194-180 cm: The bottom consists mostly of clay, above that is a 3 cm thick sand lens with
coarse grained sand and rock fragments around 1 cm in size. At the top is a mix of silt and
clay.

180-175 cm: Coarse grained sand with a dark brown or black color.

175-138 cm: Brown colored coarse grained sand and fine grained silty clay layers alternating
mixed with some rock fragments around 0,5 cm in size. The fine layers are around 1 cm
thick and the coarse layers are 1-7 cm thick.

138-130 cm: Tephra layer with a light color and fined grained sand.

130-114 cm: Organic rich fine grained sand of variable thickness (11-16 cm) with some
laminations.

114-101 cm: Tephra layer of variable thickness (11-13 cm), with a light color and coarse
grained. The grains are around 1 mm in size.

101-92 cm: A mix of clay and silt with a light brown color.

92-86 cm: Tephra layer of variable thickness (2-6 cm), with a dark color and coarse grained.
The grain size is 2-3 mm. The layer is disrupted and affected by cryoturbation.
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86-57 cm: Dark brown colored layer of a mix of clay and sand.

57-49 cm: Tephra layer of variable thickness (0,5-8 cm), black colored and very disrupted
due to cryoturbation.

49-43 cm: Variable thickness (2-6 cm), this part is similar to the organic rich material below
the tephra layer. With a mix of clay and sand with a thin line of rock fragments, 0,3-0,5 cm
in size.

43-35 cm: Tephra layer of variable thickness (2-8 cm), with a light gray color and affected
by cryoturbation.

35-25 cm: Sand and clay, brown color and some darker brown in between.

25-23 cm: Tephra (1-2 cm) dark gray or black colored with rather fine grained sand.
23-13 cm: Brown colored silt and sand. In the upper part are some plant remains.
13-12 cm: Tephra layer (0,5-1 cm) black colored.

12-0 cm: (10-12 cm) This is mostly plant remains and roots and is the surface layer of this
section.

A1l.3 Site 2, profile 1

326-310 cm: The bottom 3-4 cm is made up of coarse grained sand and rock fragments with
a dark brown color. The upper 12-13 cm has a brown color and consist of fine grained sand,
silt and some clay.

310-303 cm: Tephra layer of variable thickness (4-7 cm), with a light color and fine grained
sand.

303-282 cm: This part consists of fine grained sand and has color changes through it, at the
bottom the color is dark brown, brown in the middle part and dark brown at the upper
boundary. The upper part also contains a 2-6 cm thick light colored tephra layer. The tephra
layer is disrupted and has a fine grained sand part and coarse grained sand part.

282-274 cm: A mixture of light colored and coarse grained redeposited sand are mixed with
this part, it is also disrupted and has a variable thickness.

274-268 cm: Fine grained sand and silt, with a brown color and some darker color in
between. This part has some light colored redeposited grains from the part below.

268-251 cm: Fine grained sand, silt and some clay. The color is brown and this part has little
to no color change through it.

251-241 cm: (1-10 cm) Tephra layer with a black color and a variable thickness due to
cryoturbation.

241-238 cm: Fine grained sand and some clay, this part is similar to the organic rich material
below the black colored tephra layer.
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238-234 cm: (0,5-4 cm) Tephra layer with a gray color. The layer has a variable thickness
and shows sign of cryoturbation.

234-225 cm: Fine grained sand and silt of variable thickness (3-9 cm), with no color changes
or structures.

225-223 cm: Tephra layer (0,5-2 cm) with a light color and coarse grained sand.
223-215 cm: Fine grained sand and clay with a brown color.
215-214 cm: Dark gray colored and rather coarse grained sand.

214-204 cm: Fine grained sand, silt and some clay. This part shows faint laminations, with
dark and light brown layers alternating.

204-203 cm: Tephra layer with a dark gray color and rather coarse grained sand.

203-161 cm: Fine and coarse grained sand layers alternating. This part is coarser than the
organic rich matter below the dark gray colored tephra layer.

161-160 cm: Tephra layer with a black color and rather fine grained sand.

160-50 cm: Mostly coarse grained sand though with some laminations, brown and dark
brown layers alternating. Fine grained sand and some redeposited grains are found at the
bottom boundary of the layer.

50-0 cm: Coarse and fine grained sand layers alternating, although the coarser layers are
thicker and the fine layers are thinner and fewer.

Al.4 Site 2, profile 2

305,5-289,5 cm: Mostly clay with a brown color.

289,5-289 cm: Tephra layer with a black color and rather fine grained sand.

289-287 cm: Brown colored fine grained sand and clay.

287-282 cm: Variable thickness (1-5 cm), coarse dark and light colored redeposited grains.

282-280 cm: Fine grained sand and clay, similar to the organic rich material below the
redeposited grains.

280-275 cm: (1-5 cm) Tephra layer with a very dark color and coarse grained sand. The layer
is disrupted and has a variable thickness.

275-239 cm: The bottom boundary of this part consists of fine grained sand and clay, above
that are alternating layers with coarser grained sand with dark and light colored grains, and
finer grained sand. The coarser layers are thicker than the finer.
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239-230 cm: Tephra layer with coarse grained sand. At the bottom the layer is dark colored,
in the middle it is light colored and at the top it is dark colored again. The coarsest grains are
in the light colored middle part.

230-227 cm: Rather coarse grained sand and some fine grained sand, this part also contains
redeposited grains which are coarser grained.

227-224 cm: Dark gray fine grained sand with lighter colored coarser grained redeposited
sand.

224-222 cm: Fine grained sand and silt with a brown color.

222-218 cm: Rather fine grained sand with a dark color, this part also contains coarser
redeposited grains with a lighter color.

218-216 cm: Brown colored fine grained sand, silt and some clay.
216-213 cm: Fine grained sand with a dark color and some lighter colored redeposited grains.

213-178 cm: At the bottom boundary is a 3 cm thick sand layer. Above that are alternating
coarse and fine grained layers, showing some laminations. The fine grained layers are made
up of fine grained sand with some clay. The coarser layers have a darker color and often
have small rock fragments around 0,2 cm in size.

178-175 cm: This part is not very visible but is made up of rather coarse grained sand with
a gray color.

175-105 cm: This part shows laminations where coarse and fine grained sand/silt layers are
alternating. The coarser layers are darker in color and mostly made up of coarse grained sand
and small rock fragments. The finer layers contain fine grained sand and some silt. The
coarser layers are thicker than the finer layers.

105-103 cm: Redeposited grains with a light color and coarse.
103-99 cm: Dark brown coarse and fine grained sand.

99-97 cm: Coarse grained sand with a dark color. This part also contains some lighter colored
redeposited grains.

97-94,5 cm: Fine grained sand, this part is not as coarse as the organic rich material below.
94,5-93 cm: Light colored and coarse grained redeposited sand.

93-0 cm: Coarse and fine layers containing sand, showing laminations. The layers are rather
thin, around 0.5 cm, but do seem to get thicker upwards.

A1l.5 Site 3, profile 1

395-386 cm: Mostly clay with a little bit of silt and fine grained sand.

386-384 cm: Tephra layer with a black color and fine grained sand.
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384-374 cm: Rather homogeneous brown colored fine grained sand and clay.

374-364 cm: Tephra layer with a gray color. The layer shows some changes in grain size. At
the bottom there is a mix of coarse and fine grained sand, then finer grained sand. Above
that the layer has coarser grained sand.

364-351 cm: At the bottom boundary this part contains brown fine grained sand and some
clay. The layer has more clay above and shows some change in color.

351-349 cm: Light colored and coarse grained redeposited material.

349-341 cm: Fine grained sand and clay, similar to the soil below the redeposited material.
This part also contains some light colored redeposited grains.

341-339 cm: Tephra layer with a dark gray color and the grain size is rather coarse to fine
grained sand, with a bit larger grains.

339-320 cm: This part shows some laminations. At the bottom boundary the layer contains
fine grained sand and clay, above that is coarse grained sand with some bigger redeposited
grains. The coarser part of the layer has a darker brown color compared to the finer part.
Fine sand and clay appear again at the upper boundary of the layer.

320-310 cm: Organic rich layer with a number of light colored redeposited coarse grained
sand. The bottom 2 cm is the redeposited grains, the next 3 cm is organic rich fine grained
sand and some clay. The redeposited grains are found within the organic rich part of this
layer. Then the redeposited grains and organic rich material alternate up to the upper
boundary, where the light colored material is 2,5 cm thick.

310-307 cm: Laminations shown with alternating brown and dark brown colors. The layer
is made up of fine grained sand with some silt and clay.

307-294 cm: Coarse grained redeposited sand dominates this part. The bottom part is 7 cm
thick with a light color, the middle part is dark with a thickness of 2 cm, and the upper part
is 4 cm thick with a light color.

294-278 cm: The majority of this layer is made up of clay and fine grained sand. There is
some lamination with thin coarse layers.

278-276 cm: Sand with a brown color which contains 1 mm sized light colored redeposited
grains.

276-272 cm: Brown colored fine grained sand and some clay which also contains 1 mm sized
redeposited grains, this part has a larger content of redeposited grains compared to the part
below.

272-271,5 cm: Tephra layer with a black color and rather fine grained sand. This part is also
quite mixed with organic rich material.

271,5-266,5 cm: Fine grained sand and clay with 1 mm sized light colored redeposited
grains. The color of this part is brown, with a bit lighter brown color towards the upper
boundary.
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266,5-265 cm: Sand layer with a gray-brown color and rather fine grained sand. The layer
also has some light colored redeposited grains.

265-263 cm: Brown colored fine grained sand, silt and some clay.

263-260 cm: Coarse grained sand of a light brown color, it also consists of some redeposited
material.

260-256 cm: Fine grained sand and clay, with a brown color and a slightly lighter color at
the upper boundary.

256-255 cm: Tephra layer with a black color and coarse grained sand.

255-253 cm: Fine grained sand and clay, this part also contains ca. 1 mm sized redeposited
grains with a light color. The upper boundary is a bit irregular.

253-252 cm: Sand with a gray-brown color and coarser redeposited light colored grains.

252-230 cm: The bottom 2 cm contain fine grained sand and silt. The next 17 cm above are
made up of dark colored coarse grained sand with thin light colored layers. Above that is a
1 cm thick brown and rather fine grained sand with some redeposited grains. The top 3 cm
is a sand layer containing fine to rather coarse grained sand, that part also has some 1 mm
sized redeposited grains with a light color.

230-210 cm: Brown oranic rich layers and coarse dark sand layers alternate throughout this
part. The organic rich layers are made up of fine sand with some light redeposited grains.
The sand layers also have redeposited grains and are thicker compared to the organic richer
layers.

210-170 cm: Dominantly coarse grained sand layers with light colored redeposited grains.
Alternating with the sand layers are thinner organic rich layers containing fine to rather
coarse sand.

170-48 cm: Dark and light colored coarse grained sand layers, and organic rich layers
containing fine grained sand and some clay. Light colored redeposited grains can be found
in most of the layers. The upper 74 cm are dominated by the sand layers. The sand layers are
reduced, especially the light colored layers.

48-46 cm: Tephra layer with a dark gray color and rather fine grained sand. This layer is
mixed with light colored redeposited grains.

46-33 cm: Fine grained sand with some redeposited light colored grains. The layer is brown
with thinner laminae of both darker and light colored sand layers.

33-32 cm: Black colored tephra with fine to coarse grained sand. Light colored tephra grains
are found at the bottom boundary.

32-0 cm: Fine grained sand with some larger redeposited grains. The color is brown with
occasional thin darker layers. The upper boundary is very loose with roots and plant remains.
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A 2 Plots and tephra geochemical data
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Figure 51. Geochemical discrimination plots for alkalic basalt sample G3.14, which was
identified as Katla 1918. The graphs on the right side contain comparison data from
Oladottir et al. (2008) and Thorvaldur Thordarson (unpublished data 2018).

89



8 Katla M-K line s Katla M-K line
T = == = Hekla = @W==.= Eyjafjallajokull 1 T = = —Hekla = 0=:=-= Eyjafjallajokull 1
t - — Eyijafjallajokull 2 Vestmannaeyjar F] === Eyjafjallajokull 2 Vestmannaeyjar
PR R Snaefellsjokull ° G1.10 7L | e Sneefellsjokull Katla 1918
0 ° G1.10
6 T 6 1
g | S
Es5+¢ 25+
x | x |
+ +
1] ]
Z4 + Z4 +
3+ 34
2 — 2 L
42 43 42 43
Katla —— — = Hekla Katla —— — = Hekla
B == Eyjafiallajokull 1 =~ =« =« = Eyjafjallajokull 2 Bl -=-- Eyjafjallajokull 1 ~ Eyjafjallajokull 2
L Vestmannaeyjar =~ eeeeeeeeeees Snaefellsjokull L Vestmannaeyjar -+ Snaefellsjokull
° G1.10 Katla 1918 ° G1.10
16 + 16 + L4 ° N
L L . /.
4
_la ¢ 14t P
X X -
g g7 7
Q12 + Q12 + N =
w w
10 + 10 +
8 t t t | 8 t t t |
2 3 4 6 2 3 4 5 6
TiO2 (Wt%) TiO2 (Wt%)
Katla — — — Hekla Katla — — — Hekla
8 --- Eyjafiallajokull 1 = = - = Eyjafjallajokull 2 20Tl ----- Eyjafiallajokull 1 = - — - — Eyjafjallajokull 2
36 & Vestmannaeyjar —~ ceeeeeeeenees Sneefellsjokull 36 Vestmannaeyjar —~ eeeeeeeeeees Sneefellsjokull
‘4 L (] y Katla 1918 [ G1.10
3,4 3,4
32 1 3,2
3,0 + 3,0
28 + 2,8
26 T 2,6
2,4 + 2,4
<22 £ S22
220§ £20
218 + 218
8%2 T g 16
a4t 14
12 4 12
10 + 1,0
0,8 + 0,8
0,6 ¢ 0,6
04 0,4
02 + 0,2
0,0 : : : 1 : 1 : 1 0,0 A : : : : : : : 1
2 3 ) 6 2 3 4 5 6
TiO2 (Wt%) TiO2 (Wt%)
36 - Kata = === Eyijafjallajokull 1 36 Kata = === Eyjafjallajokull 1
34aL | T 77 Eyijafjallajokull 2 Hekla 3a | — - Eyjafjallajokull 2 Hekla
32 L = = = = Vestmannaeyjar -+« Snaefellsjokull 3ok = = = = Vestmannaeyjar -+ Sneefellsjokull
30 & e G110 30 & Katla 1918 e GL10
28 1 28 T :
26 2,6 +
24 + 24 +
;;2,2 + @2,2 T
<20 £20 T
51,8 + E1s T
Q16 T Q16 ¢
x¥14 ¢ ¥ 14 ¢
121 12
10 1 1,0 £
08 1 @ @ == 08 T
06 ¢ s 06
04 f 04 f
02+ 02 +
0,0 - + - + : . : . : . : | 0,0 . } . } . } . } . } . |
0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,10 0,15 0,20 0,25 0,30 0,35 0,40
TiO2/FeO TiO2/FeO

Figure 52. Geochemical discrimination plots used for sample G1.10, which is alkalic basalt
and was identified as Katla 1918 using comparison data from Oladottir et al. (2008) and
Thorvaldur Thordarson (unpublished data 2018) shown in graphs on the right side.
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Figure 53. Geochemical discrimination plots used for the andesite part of sample G3.13.
This sample was identified as Hekla 1845 using comparison data from Thordarson et al.

(1998) and Gudnason (2017), shown on the right side.
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Figure 54. Sample G1.9 shown in the geochemical discrimination plots used to identify the
andesite part of the sample. The sample was identified as Hekla 1845, by using comparison

data from Thordarson et al. (1998) and Gudnason (2017) displayed in the graphs on the
right side.
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Figure 55. Geochemical discrimination plots

for the andesite sample G3.11. By using

comparison data from Hvitarvatn (Thorvaldur Thordarson, unpublished data 2018), this
sample was identified as Hekla 1766.
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Figure 56. Sample G2.13 shown in geochemical discrimination plots, which was identified
as Hekla 1766 by using comparison data from Hvitarvatn (Thorvaldur Thordarson,
unpublished data 2018).
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Figure 57. Alkalic basalt sample G3.8 and the geochemical discrimination plots used to
identify this tephra as Katla 1721. Comparison data from Hvitarvatn is displayed in the plots
on the right side (Thorvaldur Thordarson, unpublished data 2018).
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Figure 58. Sample G2.9 which was identified as Katla 1721 with the geochemical
discrimination plots. Comparison data from Hvitarvatn is displayed in the plots on the right
side (Thorvaldur Thordarson, unpublished data 2018).
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Figure 59. Tholeiitic basalt sample G2.8 and the geochemical discrimination plots used to
identify it. By using the comparison data from Hvitarvatn (Thorvaldur Thordarson,
unpublished data 2018) the tephra was identified as Bardarbunga-Veidivotn 1477.
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Figure 60. Sample G3.4 and the geochemical discrimination plots used to identify the tephra.
Correlating to Hvitavatn, plots shown on the right (Thorvaldur Thordarson, unpublished
data 2018), helped determine that this sample is Hekla 1300.

98



12 - Kuno-line — — = Hekla 12 + Kuno-line — — — Hekla
Katla e Oraefajokull 11 + Katla ~  ceeeeeeeeeens Oraefajokull
1 7 ¢ G212 i H1300 o G212
10 +
10 +
94 o7
8 4 87
74 T
X6l X6 7
< S5 L
Z5 1 =z
. 41
34 ST
2 27
14 1T
0 . , , ) ) ) ) L 0 t t t t t t t t |
42 46 50 54 62 70 74 78 42 46 50 54 58 62 66 70 74 78
Si02 (Wt%) Si02 (Wt%)
50 — — = = Hekla = e Oraefajokull 50 - = — = Hekla oo Oraefajokull
' Katla ¢ G212 Tl Katla H1300
45 & 45 1 ¢ G212
40 4 40 +
35+ 35 1
30 + 30+
X X r
225+ 2251
S20t Qa0 L
94 4 L
15 + 15
1,0 + 10 +
05 + 0,5 +
0,0 . . . . . . | 0,0 } } } } } } |
0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35
TilFe TilFe
8 - Hekla Katla 8 Hekla Katla
.-+ Oraefajokull . G2.12 || T e Oraefajokull H1300
* G2.12
7+ < 7+
6 + 6 -
g5+ g5 1
s 1\ :
04+ o4 +
© [+
8 \ 8
3+ 34
2+ 24
1 : . : . : . : . : . . | 1
0,5 1,0 15 2,0 2,5 3,0 35 0,5
K20 (wt%)
40 + Hekla Katla 40 + Heklaft il Katla
[ R [ j N Oraefajoku H1300
Oraefajokull . G2.12 s . G212
35 + 3,5 +
30 1 30 4
25 + 2,5 +
220 1 20+
o] o [
g15 + S15 4
10 + 10 &
0,5 + 0,5 +
00 +——F——————f—p 00 +——————f——— ey
2,0 3,0 40 50 6,0 7,0 80 9,010,011,012,013,014,015,016,017,0 2,0 3,0 40 5,0 6,0 7,0 8,0 9,010,011,012,013,014,015,016,017,0
FeO (Wt%) FeO (Wt%)

Figure 61. Geochemical discrimination plots used for the intermediate sample G2.12. By
comparing to data from Hvitarvatn this tephra was identified as Hekla 1300 (Thorvaldur
Thordarson, unpublished data 2018).
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Figure 62. Rhyolite sample G2.6 shown in geochemical discrimination plots that were used
to determine its origin. Using comparison data from Hvitarvatn the tephra was identified as
Hekla 1104 (Thorvaldur Thordarson, unpulished data 2018).
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Figure 63. Geochemical discrimination plots used for sample G3.2-2. The plots on the right
side contain comparison data from Hvitarvatn which helped to identify the tephra as the
Settlement layer from the Bardarbunga-Veidivotn system (Thorvaldur Thordarson,
unpublished data 2018).
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Figure 64. Tholeiitic basalt sample G3.2-1 which was identified as the Settlement layer from
the Bardarbunga-Veidivotn system, using comparison data from Hvitarvatn shown on the
plots on the right side (Thorvaldur Thordarson, unpublished data 2018).
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Figure 65. Geochemical discrimination plots used for sample G2.5. The plots on the right
contain comparison data from Hvitarvatn (Thorvaldur Thordarson, unpublished data 2018)
that helped identify this tephra as the Settlement layer from the Bardarbunga-Veidivétn

system.
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Figure 66. Tholeiitic basalt sample G1.8 and the geochemical discrimination plots used to
identify it as the Settlement layer from Bardarbunga-Veidivotn system. The plots on the right
side contain comparison data from Hvitarvatn (Thorvaldur Thordarson, unpublished data
2018).
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Figure 67. Alkalic basalt sample G3.1 which was identified as Katla prehistoric.
Comparison data from Hvitarvatn used to help with the identification is shown on the plots
to the right (Thorvaldur Thordarson, unpublished data 2018).

105



Katla M-KTine Katla M-K line
8 T — — —Hekla = —.=.= Eyjafjallajokull 1 8 T — — —Hekla = === Eyjafjallajokull 1
L] =+=-= Eyjafjallajokull 2 Vestmannaeyjar - - Eyjafjallajokull 2 Vestmannaeyjar
------------- Sneefells|okull _ ° G2.10 ceeeeeeeeeees Snaefellsjokull Katla prehistoric
7L 7+ e G210
6 T 6 1+
s T g
35+ S5 4
N N
+ r +
1] ]
24 + Z4 4
3+ 31
2 . T— 2 S
42 43 44 45 46 47 48 49 50 51 52 53 54 42 43 44 45 46 47 48 49 50 51 52 53 54
Si02 (Wt%) Si02 (Wt%)
Katla — — — Hekla Katla — — — Hekla
1881+ | =-=-= Eyjafjallajokull 1 = - =+ = Eyjafjallajokull 2 81| === Eyjafiallajokull 1~ = - = - = Eyjafjallajokull 2
Vestmannaeyjar =~ eeeeeeeeeees Sneefellsjokull Vestmannaeyjar =~ ceeeeeeeeeees Sneefellsjokull
r L) r Katla prehistoric ° G2.10
16 + Ps — "\ 16 +
L -~ o L
14+ 7 141
X - X
< :
%12 T —_ %12 T
w w
10 ’ 10 +
8 : f : f : f : | 8 : f : f : f : |
2 3 4 6 2 3 4 6
TiO2 (Wt%) TiO2 (Wt%)
20 Katla = — = Hekla 20 Katla - — = Hekla
3g f| === Eyjafjallajokull 1 — . = . = Eyjafjallajokull 2 ag | - - Eyjafjallajokull 1 - = Eyjafjallajokull 2
3'6 Vestmannaeyjar —~ ceeeeeeeeeees Snaefellsjokull 36 Vestmannaeyjar -+=+ Snaefellsjokull
34 ° G2.10 34 Katla prehistoric ° G2.10
3,2 3,2
3,0 3,0
2,8 2,8
2,6 2,6
2,4 2,4
S22 S22
g20 220
=18 =18
016 Q16
g14 g14
1,2 1,2
1,0 1,0
0,8 0,8
0,6 0,6
0,4 0,4
0,2 0,2
0,0 - { 0,0 - {
2 6 2 6
Kata = === Eyjafjallajokull 1 Kata = === Eyjafjallajokull 1
361 | ..o Eyjafjallajokull 2 Hekla 36 1| —. .- Eyjafjallajokull 2 Hekla
34 1 | - - - - Vestmannaeyjar ~ eeeeeeeeeees Sneefellsjokull 34 1 | — - — < Vestmannaeyjar  -eeeeeeeeeees Sneefellsjokull
327 o G210 321 Katla prehistoric ® G210
28 ¢ 81 -
26 + 26
2,4 + 2,4 +
=224 @2,2 T
= 2,0+ 20
Bt E1s |
016 016 T
144 g14 +
121 12
10 1 1,0 £
08 | 08 f «-=-r=3
0,6 | 0,6 + - @
0,4 + 04 +
02+ 02 f
0,0 : . : I : I : | . | . | 0,0 : . : . : . : I : I : |
0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,10 0,15 0,20 0,25 0,30 0,35 0,40
TiO2/FeO TiO2/FeO

Figure 68. Sample G2.10 was identified as Katla prehistoric by using comparison data from
Hvitarvatn (Thorvaldur Thordarson, unpublsihed data 2018), displayed in the graphs on the
right side.
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Figure 69. Geochemical discrimination plots used to identify sample G2.4 as Katla
prehistoric. Comparison data from Hvitarvatn (Thorvaldur Thordarson, unpublished data
2018) helped to reach the conclusion.
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Figure 70. Alkalic basalt sample G1.7 which was identified as Katla prehistoric by
comparing to geochemical data from Hvitarvatn (Thorvaldur Thordarson, unpublished data
2018), displayed in the plots on the right side.
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Figure 71. Sample G1.6 and the geochemical discrimination plots used to idendify it. By
using comparison data from Hvitarvatn (Thorvaldur Thordarson, unpublished data 2018)
the tephra was identified as Hekla-C.
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Figure 72. Geochemical discrimination plots used for rhyolite sample G1.5. By using
comparison data from Hvitarvatn this tephra was identified as H3 (Thorvaldur Thordarson,
unpublished data 2018).
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Figure 73. Rhyolite sample G2.2-2 displayed in geochemical discrimination plots. On the
right side are plots with comparison data from Hvitarvatn which helped to identify the tephra
as H4 (Thorvaldur Thordarson, unpublished data 2018).
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Figure 74. Geochemical discrimination plots for rhyolite sample G2.2-1. This sample was
identified as H4 by using geochemical data from Hvitarvatn, shown in the plots on the right
side (Thorvaldur Thordarson, unpublished data 2018).
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Figure 75. Rhyolite tephra sample G1.4 which was determined to be H4 by using these plots
and comparison data from Hvitarvatn (Thorvaldur Thordarson, unpublished data 2018).
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Figure 76. Geochemical discrimination plots for sample G1.18, which is tholeiitic basalt
identified as Krakshraun 4500 from the WVZ (Sinton et al., 2005).
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Figure 77. Alkalic basalt sample G1.17 shown in geochemical discrimination plots. This
sample was identified as Katla 6750 by using comparison data from Hvitarvatn (Thorvaldur
Thordarson, unpublished data 2018).
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Figure 78. Sample G2.1 and the geochemical discrimination plots used to identify the tephra.
This rhyolite sample was compared to geochemical data from Hvitarvatn as shown on the
plots on the right side (Thorvaldur Thordarson, unpublished data 2018), the sample was
determined to be H5.
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Figure 79. Geochemical discrimination plots used to determine the origin of the rhyolithe
sample G1.14-2. The right side plots contain comparison data from Hvitarvatn that
identified the tephra as H5 (Thorvaldur Thordarson, unplublished data 2018).
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Figure 80. Rhyolite tephra sample G1.14-1 displayed in geochemical discrimination plots.
By using comparison data from Hvitarvatn, shown in plots on the right side, this tephra was
identified as H5 (Thorvaldur Thordarson, unpublished data 2018).
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Figure 81. Sample G1.3 which was quite hard in identification. By using the geochemical
discrimination plots (Thorvaldur Thordarson, unpublished data) the tephra was identifyed
to originate from Kverkfjoll, but no geochemical data was available to compare with. By
calculating SAR age and correlating with Oladottir et al. (2011) the tephra got an estimated
age of 6.890 years BP.
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Figure 82. Alkalic basalt sample G1.13 and the geochemical discrimination plots used to
identify it. The comparison data is shown in the graphs on the right side and helped to
identify this tephra as Hekla-Vatnafjoll with an age of 9.100 (Thorvaldur Thordarson,
unpublished data 2018).
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Figure 83. Tholeiitic basalt sample G1.12 and the geochemical discrimination plots used to
identify the tephra as being from Grimsvétn. By using comparison data from Hvitarvatn
(Thorvaldur Thordarson, unpublished data 2018) the sample was identified as one of the
tephras from the 10 ka Grimsvotn series, with an estimated age of 10.000 years BP.
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Figure 84. Sample G1.11 was identified by using these plots and comarison data from
Hvitarvatn (Thorvaldur Thordarson, unpublished data 2018). The tephra was identified to
by from the 10 ka Grimsvétn series with an age of 10.400 years BP.
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Figure 85. The tholeiitic basalt part of sample G1.1. This was identified to be a part of the
10 ka Grimsvotn series with an age of 10.400 yeasr BP, based on the plots and comparison
data from Hvitarvatn (Throvaldur Thordarson, unpublished data 2018).
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Figure 86. Alkalic basalt part of sample G1.1 and the geochemical discrimination plots used
to identify it. By using comparison data from Hvitarvatn (Thorvaldur Thordarson,
unpublished data 2018) the sample was identified as Hekla-Vatnafjoll with an age of 9.100
years BP.
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Table 3. Geochemistry for all the tephra layers found in the soil sections. The major chemical components are displayed in weight percentage

(Wt%).

Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total

source name

Katla 1918 G314 3 32 46,49 3,86 13,10 1459 0,21 554 1059 287 059 043 9827
46,74 3,62 14,01 13,80 0,22 590 1097 2,75 054 040 98,95
47,61 437 1332 1470 0,22 491 959 295 0,76 053 98,96
47,63 4,40 1251 1421 025 578 1048 2,71 0,75 044 99,15
48,14 4,21 13,07 1451 0,24 474 9,28 3,04 0,80 0,50 98,54
48,90 3,83 1332 14,05 0,22 453 898 318 095 047 9843

Katla 1918 G110 1.2 32 46,84 455 12,70 1499 0,24 472 955 298 0,71 0,71 98,00
46,98 394 1321 1458 0,21 508 975 300 0,75 048 97,98
47,04 4,44 13,07 1509 024 48 944 295 0,73 058 9843
47,15 453 1298 1511 0,22 495 971 309 0,75 0,74 9923
47,34 465 13,08 1544 0,25 508 964 309 0,76 062 99,96
4748 396 1329 14,75 0,22 513 957 295 0,73 047 98,55
4749 454 1283 1525 0,24 494 969 300 068 066 99,33

Hekla 1845 G3.13 3 105

Alkalic basalt 46,40 351 1382 1383 0,23 59 11,17 289 054 0,37 98,66
4733 438 13,05 14,77 024 498 963 29 0,75 050 98,59
47,71 437 1330 1465 0,23 4,79 964 266 0,78 052 98,64
47,72 4,42 1317 1457 021 469 944 300 082 058 98,61

Tholeiitic 5494 2,08 1384 1223 033 303 656 256 1,30 1,18 98,04

andesite 62,22 087 1548 974 030 1,16 472 2,79 152 036 99,16
63,04 106 1587 793 021 152 470 289 158 041 99,20

Dacite 65,89 054 1531 6,64 022 056 358 2,72 193 012 9751
66,57 048 1552 652 0,18 054 365 248 1,92 010 97,97
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
66,98 046 1469 6,97 023 044 324 252 230 014 97,96
69,97 034 1521 507 018 030 300 237 211 0,05 98,60
Hekla 1845  G1.9 1.2 105
Alkalic basalt 46,03 492 11,10 17,83 0,28 381 12,37 240 0,78 0,47 100,00
46,30 2,44 16,11 12,76 0,18 7,10 10,88 263 0,44 0,26 99,10
46,95 3,83 14,03 1432 0,20 580 11,30 2,79 056 0,39 100,16
47,03 255 16,14 1323 0,20 7,23 11,10 2,78 0,18 0,25 100,70
Tholeiitic 5280 0,16 2990 1,19 003 020 13,12 38 015 0,00 101,41
andesite 60,14 035 2356 355 008 027 799 49 077 015 101,76
60,28 128 1359 1041 0,29 162 443 337 203 057 97,87
61,04 101 1517 903 023 140 463 304 1,67 042 97,65
Dacite 6524 1,08 1367 829 028 093 395 282 220 065 9911
66,65 005 1939 17 006 013 450 455 2,78 0,01 99,87
Hekla1766  G3.11 3 184 5865 142 1556 986 024 197 554 289 143 061 9817
60,64 121 1568 949 025 166 496 260 154 049 98,553
59,10 1,37 1552 994 028 200 561 301 131 061 98,76
61,82 110 1560 885 025 140 488 259 168 0,42 98,558
58,75 137 1560 10,05 0,25 203 564 301 154 0,72 98,96
62,05 101 1583 867 028 140 495 308 1,70 0,39 99,36
61,13 1,12 1572 945 024 157 522 292 158 043 99,38
58,22 143 1564 99 026 203 579 302 136 063 9833
58,60 1,45 1570 10,04 0,25 2,14 554 287 141 064 98,63
59,11 1,42 1560 9,78 0,22 204 523 309 154 0,60 98,63
59,42 138 1563 963 028 189 549 297 144 062 98,75
6098 123 1561 941 026 153 512 294 159 046 99,12
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
6066 1,11 1569 938 026 152 501 2,71 160 051 9844
Hekla1766  G2.13 2.2 184 57,04 161 1544 1048 0,27 253 6,09 365 1,26 080 9917
60,64 093 1520 987 028 134 489 264 153 043 97,75
60,71 133 1447 1050 031 185 516 2,74 161 062 99,30
62,67 103 1580 831 021 156 478 305 157 040 99,39
59,06 136 1550 10,13 0,26 2,14 570 3,05 146 059 9925
63,31 0,75 1490 853 029 104 463 244 1,75 041 98,05
60,41 1,18 1544 962 030 1,70 530 3,08 1,60 0,44 99,07
68,09 042 1533 6,01 021 044 323 250 201 010 9834
67,32 043 1504 591 019 042 336 253 203 009 97,32
69,46 036 1515 546 019 035 29 242 210 0,08 9854
Katla 1721 G3.8 3 229 46,95 458 12,82 1487 0,27 485 953 297 0,75 0,66 9824
4748 461 1287 1494 0,27 499 972 305 0,73 065 9931
46,54 4,08 13,18 14,78 0,22 505 982 292 0,76 051 97,86
47,38 395 1320 1426 024 49% 9,76 292 080 044 9791
47,11 453 1297 1464 024 502 952 306 0,74 066 9849
4745 358 1348 1464 025 509 958 313 0,71 049 9839
47,14 455 12,80 1501 0,25 490 960 292 065 0,62 9844
47,34 4,40 1298 1447 023 493 965 294 0,77 057 98,28
46,89 437 12,90 1455 0,22 495 947 309 0,73 068 97,84
46,83 452 1280 1491 024 489 942 298 0,74 065 97,98
46,57 4,44 12,70 14,75 0,22 4,87 9,45 3,10 0,75 0,71 97,56
46,52 366 13,38 14,03 021 586 1097 286 055 0,37 9841
46,96 454 1284 1485 0,24 484 952 2,91 0,74 0,74 98,18
4739 425 1294 1509 025 49 939 288 0,74 067 9856
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
47,27 4,46 1290 14,88 0,23 497 962 308 0,74 0,70 98,85
Katla 1721 G2.9 2.1 229 4482 441 1231 1390 0,21 481 932 303 0,72 061 9414
46,94 454 1286 1465 0,23 499 970 307 0,72 063 9833
46,66 456 12,74 1489 0,25 507 944 303 069 061 9795
4739 467 1280 1489 024 493 966 297 0,70 061 98,85
47,62 456 12,78 1529 0,23 503 953 248 0,74 064 98,90
47,04 452 12,75 1499 024 499 952 273 0,73 062 98,13
4740 449 1285 14,75 0,23 491 934 303 0,75 0,67 9842
47,16 4,68 12,84 1511 0,25 506 982 290 067 0,73 9923
47,12 452 1283 1496 0,22 483 962 292 0,70 0,67 9839
47,72 429 12,74 1508 0,24 522 958 290 0,71 066 9914
48,40 466 12,83 14,79 023 484 966 307 0,72 0,71 9991
47,20 442 12,79 1468 024 508 940 298 0,72 063 98,13
Bardarbunga G2.8 2.1 473 4932 1,71 13,76 12,43 0,22 6,83 1166 229 022 0,15 98,58
1477 4937 1,73 14,19 1266 0,22 7,01 11,52 2,38 0,17 0,20 99,45
4961 191 13,71 1283 0,19 656 1097 242 0,22 0,17 9859
4963 167 1407 1259 0,22 6,79 1169 241 0,20 0,16 9944
49,66 183 1385 12,78 0,22 645 11,17 249 025 0,16 98,86
49,69 1,79 1364 1293 021 640 1126 235 024 0,18 98,69
Grimsvotn 615 49,09 287 1339 1427 0,22 561 978 257 043 034 9857
13352 49,14 255 1345 13,84 0,22 576 1044 254 037 031 98,63
4921 249 1360 1361 025 633 1058 242 035 0,28 99,13
4944 2,74 12,70 1541 0,24 5,02 9,70 2,76 0,42 0,29 98,72
4957 3,05 1257 1529 025 482 89 292 046 035 9823
Hekla 1300 G3.4 3 650 62,83 133 13,72 986 024 141 436 406 18 0,60 100,27
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
6169 138 1389 978 023 1,14 432 331 202 064 9841
6554 107 1326 866 026 091 354 265 227 041 98,58
67,07 052 1548 658 023 054 371 263 194 014 9884
62,26 132 1395 10,08 0,30 1,38 440 293 194 055 99,10
62,05 140 1368 1052 0,28 134 440 332 198 066 99,63
63,52 130 1395 965 025 1,12 422 303 203 058 9965
67,03 100 1361 7,63 024 0,73 333 308 243 042 9950
Hekla 1300 G2.12 2.2 650 58,43 138 1558 9,79 029 211 568 359 147 066 98,97
60,24 125 1534 972 024 157 499 348 163 040 98,87
60,45 112 1535 923 024 147 480 366 159 041 98,32
5994 146 1548 986 027 205 550 300 148 0,61 99,66
5965 149 1538 10,11 0,26 2,07 540 304 1,75 064 99,79
59,13 1,39 1527 10,48 0,27 220 576 3,07 142 0,67 99,36
58,99 143 1551 10,45 0,28 2,16 558 305 147 064 99,26
58,73 150 1522 1065 0,28 225 577 309 149 064 9961
6163 1,12 1575 940 027 154 507 313 163 047 100,01
60,57 1,18 1560 943 030 166 519 298 157 040 98,87
58,80 1,45 1538 10,08 0,24 216 578 317 147 059 9912
59,03 1,47 1562 1026 0,26 2,14 572 297 145 066 9957
59,39 1,49 1552 10,08 0,27 2,13 577 29 146 066 99,72
61,32 112 1579 936 024 154 517 287 1,65 044 99,49
58,83 145 1549 10,38 0,31 2,14 572 290 140 0,62 9925
Hekla 1104  G2.6 2.1 846 72,16 021 1455 330 0,13 0,12 194 441 2,70 0,03 9954
72,19 018 1401 328 0,12 0,12 193 308 261 0,03 97,55
7256 023 1365 332 012 0,10 1,76 347 268 0,02 97,9
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
72,86 022 1416 330 012 011 190 29 2,72 0,02 9831
7259 027 1438 325 011 0,10 195 402 265 012 9945
72,27 018 1435 320 011 010 194 289 272 0,00 97,77
7221 022 1409 333 010 0,13 2,02 328 2,70 0,02 98,09
72,07 020 1416 340 012 010 189 425 266 0,02 9887
71,73 018 1439 329 011 011 199 312 265 0,03 97,60
72,32 019 1451 315 0,13 0,10 199 370 247 0,02 98,58
72,87 021 1427 327 010 011 194 306 264 0,00 9847
72,27 021 1429 324 008 009 192 393 268 000 9871
71,85 023 1438 326 009 013 182 311 265 0,04 97,56
71,85 023 1443 323 008 013 189 309 266 000 97,59
7241 030 1427 309 012 0,12 184 313 269 0,03 98,00
Bardarbunga- G3.2-2 3 1079 4952 1,77 1397 13,05 0,22 642 11,03 238 0,23 0,18 98,76
Veidivotn 4964 160 13,78 1281 0,24 640 1131 245 0,24 0,13 9859
Settlement 4965 1,79 1380 1292 0,23 638 1121 237 021 0,15 98,72
4969 181 1398 1297 0,22 654 11,37 234 022 0,15 99,29
49,70 1,74 13,74 13,03 0,23 658 11,74 233 020 0,19 99,49
49,73 184 1406 1252 0,20 653 1141 236 022 0,15 99,02
49,75 1,75 1368 1241 0,21 643 11,12 235 022 0,10 98,02
49,79 1,79 1374 12,71 0,23 657 1127 235 022 0,13 9881
4986 1,79 1393 1295 0,24 648 1097 228 021 0,17 98,88
4989 183 1386 12,79 0,22 650 1099 241 0,22 0,16 98,87
499 1,75 1391 1266 0,24 6,08 11,38 233 0,22 0,15 98,68
Bardarbunga- G3.2-1 3 1079 4921 1,77 1382 1269 0,25 651 1146 235 021 0,17 9845
Veidivotn 4960 1,79 1385 12,77 0,21 639 1142 230 0,23 0,18 98,74
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total

source name

Settlement 50,09 1,77 1387 1266 0,22 647 11,14 235 0,22 0,14 98,93
4958 1,75 14,01 12,89 0,24 644 1140 228 022 0,20 99,01
4985 168 14,06 12,73 021 6,37 1151 232 023 0,16 99,12
4980 181 1389 1289 0,23 6,32 11,15 229 022 0,16 98,77
4945 165 13,78 1282 024 643 1145 236 023 0,17 98,58
4996 186 1391 1280 0,21 645 1144 249 0,22 0,18 9952
50,02 1,76 13,70 1334 0,25 6,17 1126 215 0,23 0,17 99,05
4958 191 1368 1299 0,22 632 1122 243 024 0,19 98,78
50,35 1,86 14,06 13,05 0,23 6,30 11,32 247 0,24 0,15 100,03
50,02 185 1394 1317 0,27 6,28 11,16 239 0,23 0,17 99,48
4985 186 1386 13,00 025 631 11,38 237 023 0,16 9927
4984 188 1381 1336 024 6,19 11,04 250 025 0,19 99,30
49,75 1,78 1382 1291 0,23 6,29 1126 232 0,23 0,16 98,75

Bardarbunga- G2.5 2.1 1079 4995 1,77 1411 1259 0,23 659 11,76 229 021 0,13 99,63

Veidivotn 49,75 169 1382 1258 0,25 6,69 1168 229 0,22 0,16 99,13

Settlement 4956 181 1391 1294 0,24 650 1148 245 022 0,15 99,26
4955 165 14,09 1254 0,22 6,73 1161 230 021 0,17 99,08
4959 188 1387 1324 021 641 11,02 237 022 0,14 98,96
4958 184 1395 13,02 0,23 647 1153 232 021 020 99,35
49,24 185 1385 13,26 0,24 657 1135 243 022 0,17 99,17
4931 185 1359 13,11 0,20 642 11,11 246 022 0,17 9843
4969 1,78 1388 12,84 0,23 643 1135 241 0,22 0,18 99,01
4999 185 13,79 1320 0,21 654 1137 241 022 0,16 99,74
4965 1,78 1389 1242 0,23 6,73 1192 232 021 0,17 9932
4941 169 1399 1248 0,24 6,76 1162 235 021 0,17 98,92
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
4946 168 1393 13,12 0,19 648 11,17 241 022 0,18 98,84
49,69 190 1346 1341 025 6,32 11,32 246 022 0,18 99,22
49,77 185 13,78 12,73 0,23 643 1145 230 022 0,16 98,92
Bardarbunga- G1.8 1.2 1079 4988 1,78 14,01 13,04 0,24 6,25 11,14 238 023 0,14 99,09
Veidivotn 50,16 1,82 1413 1255 0,24 6,57 11,46 2,40 0,22 0,17 99,73
Settlement 4955 186 1397 13,07 024 6,35 11,23 239 0,22 0,20 99,09
49,62 1,72 13,71 1246 021 6,76 11,20 233 0,22 0,18 98,40
4994 180 13,71 13,15 0,23 643 1125 248 0,23 0,17 99,39
4943 182 1359 1321 0,19 6,66 11,16 244 021 0,14 98,85
4996 183 1390 12,78 0,22 641 1146 245 022 0,16 99,39
4953 187 14,17 1290 024 648 1148 241 022 0,17 99,46
4956 1,77 14,02 1281 0,23 6,27 11,05 228 0,22 0,17 98,38
49,79 183 14,03 13,11 021 646 11,39 239 023 0,18 99,62
50,22 165 1399 1233 0,21 6,62 1164 236 0,23 0,18 99,43
4943 1,78 1382 1286 0,22 645 1141 234 022 0,18 98,70
4956 1,78 13,79 1348 0,22 6,37 1133 243 022 0,17 99,35
49,15 190 1386 13,05 0,22 644 11,17 237 023 0,15 9854
4987 1,78 14,08 13,02 0,22 655 1157 242 023 0,16 99,91
Katla G3.1 3 1150 46,81 4,42 13,03 14,45 024 499 950 292 0,75 055 97,66
prehistoric 46,93 4,46 13,04 1491 025 484 963 303 0,73 057 9839
46,96 4,39 13,05 1493 0,24 493 974 304 0,76 047 9851
47,08 4,42 1294 1487 0,22 487 944 308 0,78 054 98,25
47,10 4,45 13,01 1488 025 480 946 306 0,77 057 9835
4712 4,44 13,15 1497 0,24 493 9,51 3,06 0,75 0,58 98,74
47,14 4,42 13,12 1487 0,24 501 9,56 3,03 0,76 0,49 98,64
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
4717 421 1299 1499 025 504 949 307 0,71 056 9847
4741 439 1296 1507 023 490 966 303 0,76 051 9892
4741 445 1314 1493 0,27 499 963 300 0,78 052 99,12
4743 425 1325 1491 024 498 950 2,79 0,75 054 98,63
47,65 4,45 1340 1517 0,24 494 9,67 2,84 0,74 0,57 99,67
47,67 426 1313 14,78 026 480 941 305 0,78 051 98,65
Katla G210 2.2 1150 46,55 4,43 12,67 14,76 025 504 957 298 0,73 0,68 97,66
prehistoric 46,81 453 12,77 1469 024 499 965 298 069 062 97,98
46,96 4,42 12,80 1498 0,24 504 959 306 0,75 059 9843
46,97 459 12,82 1490 0,21 504 949 289 0,71 066 9829
47,02 4,49 1280 1509 0,24 500 956 314 0,75 0,70 98,79
47,10 457 12,78 1487 0,23 493 948 320 066 062 9845
47,17 460 12,89 1485 0,22 488 954 293 0,74 060 9843
4721 456 12,89 1522 0,24 494 932 309 0,76 063 98,86
4728 468 1298 1481 0,24 504 970 305 0,74 0,71 99,22
4737 459 1269 1482 030 506 955 307 0,73 066 98,83
4747 458 1282 1497 020 483 958 305 0,76 069 98,95
4759 4,42 12,70 1494 023 471 949 299 0,78 0,63 9848
Katla G2.4 2.1 1150 47,20 432 13,05 14,78 0,23 497 961 294 0,75 055 98,40
prehistoric 4731 427 12,79 1473 025 480 957 313 0,75 051 98,10
4781 4,06 1341 1429 0,22 460 906 309 087 050 9791
4746 456 13,10 1567 0,25 488 965 3,18 0,78 054 100,07
47,07 450 1298 14,88 0,23 494 964 294 0,74 057 9849
46,78 4,48 1290 15,04 024 486 964 290 0,78 061 98,23
47,26 439 13,06 1514 024 49 951 300 0,78 052 98,80
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
46,97 439 1287 1490 0,23 489 947 311 0,75 055 9813
46,93 4,44 1287 1495 021 487 946 297 0,76 050 97,97
47,07 4,44 1326 1506 0,21 497 969 3,06 0,76 052 99,04
4746 4,40 1295 1497 023 490 962 299 0,78 056 98,86
46,89 4,47 13,00 1495 0,22 486 952 289 0,76 056 9812
4759 437 13,05 1492 024 49 947 304 0,78 056 98,98
47,09 4,47 1286 1490 0,24 477 952 312 0,79 054 98,30
47,63 4,44 1314 1542 023 495 966 285 0,78 055 99,65
Katla G1.7 1.2 1150 46,77 450 13,03 14,83 0,21 487 961 299 0,78 051 9811
prehistoric 46,95 4,27 13,00 1515 0,24 495 958 285 0,74 054 9827
47,11 4,45 1313 14,76 025 493 952 287 0,75 060 9837
47,22 432 1318 1496 0,22 493 965 289 0,74 053 98,63
4746 442 1289 1500 0,21 49 968 299 0,78 054 98,87
4747 440 13,14 1507 0,23 495 929 291 0,77 051 98,74
47,73 443 1320 1449 024 49 983 266 081 059 9892
47,74 443 1339 1524 0,27 49 976 264 080 053 99,76
4788 4,40 1298 1502 0,24 478 955 305 080 0,63 9934
4793 425 1311 1469 0,22 485 945 300 0,77 057 98,83
48,07 421 1312 1480 0,22 490 949 29 0,78 056 99,11
48,08 4,39 13,08 1516 0,26 501 963 283 0,73 056 99,73
48,31 455 1324 1499 026 494 948 288 0,76 047 99,88
Hekla H-C G1.6 1.2 2869 61,14 1,04 1540 822 0,22 162 487 384 146 044 9824
62,48 104 1565 7,94 022 152 478 382 156 040 9941
60,70 100 1546 788 020 151 439 371 145 0,33 96,63
62,37 105 1555 785 0,17 152 485 397 152 0,38 9924
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
62,26 108 1583 805 022 148 477 38 160 037 9951
62,13 106 1551 801 020 155 467 38 150 036 9885
62,09 098 1592 7,79 018 155 488 374 150 0,34 98,98
62,12 111 1608 781 020 158 494 377 156 039 9955
60,19 1,05 1547 7,72 0,21 157 485 3,74 145 044 96,69
62,12 111 1588 7,74 020 159 473 369 155 0,38 98,99
Hekla H3 G1.5 1.2 3000 70,84 019 1428 297 010 011 194 330 232 0,01 96,06
71,67 017 1431 306 0,12 012 19 352 251 0,00 9744
7193 018 1449 301 009 011 19 333 244 0,03 9757
72,60 022 1453 324 007 013 194 412 253 0,01 9939
7331 023 1457 314 010 0,12 198 306 237 0,00 9888
7249 019 1438 318 008 0,12 193 299 243 0,02 9781
69,30 033 1497 48 015 023 264 403 216 0,06 98,72
7296 019 1410 322 009 014 204 330 245 0,03 9852
7251 022 1443 302 009 012 19 303 252 0,00 97,9
72,10 0,24 1417 2,97 0,11 0,12 1,93 3,11 2,41 0,03 97,19
7198 021 1440 301 007 014 209 412 250 0,00 9852
71,84 022 1432 313 008 012 194 358 249 0,01 97,73
7257 022 1454 326 011 010 205 402 250 0,01 9938
7258 017 1462 3,12 009 009 187 409 251 0,03 9916
7255 016 1441 316 008 0,13 199 285 247 0,00 9781
Hekla H4 G2.2-2 21 4260 71,76 013 1266 195 008 002 126 398 276 0,01 9461
7294 010 1297 197 008 002 134 375 268 0,03 9587
7441 010 1334 200 007 001 128 318 2,78 0,02 97,19
7526 009 1345 19 0,13 003 138 300 291 0,00 9820
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
7490 011 1332 208 006 001 125 324 2,79 0,00 97,77
7393 005 1316 204 010 002 125 314 289 0,02 9659
7545 014 1363 205 006 001 136 328 279 0,00 98,78
76,34 009 1331 182 010 004 135 39 280 0,02 99,77
75,12 016 1327 198 0,10 001 130 402 2,78 0,00 98,74
7356 010 1323 194 010 001 133 319 274 0,00 96,21
7357 006 1323 193 007 002 129 368 275 0,00 96,60
7305 014 1295 206 008 005 129 361 278 0,02 96,02
7386 015 1330 1,99 007 002 130 404 280 0,00 97,53
7266 018 1297 212 007 007 140 392 267 005 9611
Hekla H4 G2.2-1 21 4260 73,77 013 1321 199 010 001 126 410 263 0,00 97,20
74,72 009 1328 18 009 002 119 312 286 0,00 97,21
72,80 0,0 13,16 1,92 008 002 132 38 277 0,00 96,07
7439 010 1346 204 009 003 128 304 278 0,00 97,20
7394 011 1288 1,71 0,12 001 1,18 3,70 2,77 0,00 96,42
7534 009 1331 202 007 002 131 314 286 0,00 9817
7532 0,08 1334 197 009 002 128 310 284 0,00 98,04
7469 014 1344 19 007 002 130 414 2,77 0,01 9853
7502 011 1340 208 006 003 133 310 2,78 0,00 97,91
7436 011 1302 201 010 003 131 402 288 000 97,85
7545 009 1343 199 005 002 132 341 282 0,00 9858
74,10 0,07 1329 189 009 003 128 411 262 0,00 97,48
73,21 009 1290 190 008 002 133 411 271 0,01 96,34
74,11 008 12,75 166 008 003 108 370 284 0,00 96,32
Hekla H4 Gl.4 1.1 4260 73,11 008 1340 19 006 000 132 388 274 0,00 96,55
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
7340 009 1287 191 006 001 1,13 321 2,77 0,00 9546
74,73 009 1324 19 006 001 132 403 274 0,06 9825
7395 007 1314 19 0,12 000 135 402 279 0,01 9741
73,11 010 1266 1,96 005 000 127 305 276 0,00 94,96
72,79 011 1321 193 007 001 131 323 267 0,00 9533
72,13 016 12,78 19% 0,10 001 125 288 2,78 0,00 94,05
7321 012 13,10 1,97 0,10 001 129 287 268 0,00 9535
7498 011 1307 194 009 003 123 298 278 0,01 97,23
7160 011 1286 1,99 008 001 134 302 263 0,00 9364
7403 010 1314 197 009 003 140 395 280 0,05 97,56
7503 010 13,14 204 010 002 131 408 281 0,02 98,65
7454 017 1345 195 006 001 133 403 282 0,00 9835
7386 012 1333 203 010 002 134 307 285 005 96,77
Wvz G118 1.2 4500 4923 108 1451 1126 0,18 7,69 1313 205 0,10 0,09 99,32
48,35 151 1511 1157 0,21 7,84 12,05 2,09 0,16 0,11 99,00
4898 141 1497 1122 0,20 7,72 1241 212 0,13 0,12 99,29
48,18 166 1484 1197 020 7,29 1206 225 0,17 0,10 98,73
4858 2,30 1398 13,05 0,20 6,73 1146 2,15 031 0,23 98,99
47,78 2,45 1366 1350 0,23 647 11,19 244 038 0,27 98,37
Hekla? 4761 266 1389 1452 0,26 556 10,70 2,77 051 0,25 98,73
49,03 3,18 1290 16,14 0,28 4,76 942 264 066 050 99,51
46,17 3,83 13,08 1493 0,19 521 1086 3,06 061 0,39 9833
52,13 3,10 1259 1498 030 332 764 304 0,79 0,73 98,62
47,13 4,10 1358 1396 025 481 936 311 080 0,71 9781
48,65 3,03 1315 1539 0,28 457 926 321 0,72 0,39 98,65
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total

source name

Katla G117 1.2 6750 46,35 2,62 1561 13,42 0,21 7,12 1057 2,70 042 021 99,23
46,81 397 1295 1512 0,24 515 964 3,14 069 048 98,18
46,06 2,86 1522 13,16 0,19 6,69 10,67 256 042 0,27 98,10
4750 4,17 1329 1501 0,22 480 9776 310 0,79 045 99,09
4755 428 1316 1505 0,26 465 982 293 082 045 98,97
46,87 435 12,80 15,77 0,24 464 959 305 088 052 9871
4796 4,43 13,16 1556 0,24 476 981 247 086 053 99,78
4821 431 1338 1526 0,22 480 993 252 09 042 100,01
48,08 4,13 13,07 1485 0,24 487 9,76 317 085 046 99,48
47,13 422 1329 1384 024 49 983 29 0,71 050 97,68
4781 4,07 1341 1477 024 484 980 293 0,78 041 99,07

Hekla H5 G2.1 2.1 7000 75,72 007 13,10 1,70 004 003 131 363 2,67 0,00 9827
7548 010 1320 182 0,04 004 127 376 2,72 0,05 9847
76,42 0,07 1295 162 006 003 117 301 285 0,03 9823
7443 015 1311 1,76 004 003 133 337 262 0,02 96,86
7495 0,10 12,87 181 0,07 0,04 1,27 3,24 2,75 0,01 97,11
7420 012 1280 1,71 006 003 125 372 258 0,00 9648
7584 010 1265 1,72 005 003 130 284 285 0,05 97,43
75,70 009 1306 1,78 0,10 004 129 38 271 0,00 9861
74,73 013 1264 183 007 003 117 310 264 0,03 96,36
75,75 012 1275 1,73 008 003 135 304 276 0,00 97,60
76,13 0,07 1287 180 009 003 127 304 2,74 0,00 98,05
76,65 0,07 1298 181 006 003 123 378 2,77 0,01 9938
75,79 0,07 129 1,77 005 003 123 318 2,77 0,01 97,87
76,61 003 1285 163 008 003 135 408 2,78 0,00 9944
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name

7597 007 1300 181 009 004 126 326 2,76 0,01 98,28

Hekla H5 G1.14- 1.2 7000 7589 009 1308 183 009 004 129 308 281 0,00 9820

2 75,77 014 1300 1,72 005 001 1,16 382 2,74 0,00 9840

7598 008 1304 183 008 004 130 29 267 0,04 98,03

76,47 009 1335 1,76 009 003 132 393 275 0,02 9981

76,56 0,08 1298 183 003 005 121 316 281 0,00 98,72

7497 012 13,77 159 0,07 004 151 407 244 0,00 9857

76,07 0,09 13,17 168 004 003 141 382 262 0,03 9894

7470 009 1286 1,79 0,10 005 131 307 269 0,04 96,69

7549 009 1315 181 009 003 126 398 265 0,03 9856

75,74 012 13,13 168 002 003 127 38L 275 0,02 9858

7543 009 1301 180 006 004 125 307 265 0,02 97,42

76,51 017 13,12 187 009 004 128 376 2,79 0,01 9964

7701 016 1309 1,79 009 002 135 299 284 0,00 9935

76,83 0,08 1337 183 007 004 133 322 2,70 0,00 9947

75,76 009 1312 180 008 004 115 318 2,73 0,03 97,98

Hekla H5 G1.14- 1.2 7000 7585 011 1285 1,77 004 002 140 38 2,74 0,00 98,63

1 76,09 014 1295 191 0,10 003 122 377 2,65 0,00 9886

76,08 006 1293 181 008 006 123 419 276 0,02 9923

7545 009 1296 195 008 005 131 395 269 0,00 9853

7560 006 1300 1,73 007 003 130 383 2,79 0,00 9842

76,04 008 1311 1,77 008 005 133 403 267 000 9917

7568 008 1286 184 003 004 120 38 2,75 0,01 9836

7586 0,11 1302 180 006 004 127 412 2,69 0,01 9897

7451 009 1244 180 005 004 128 29 269 0,00 9586
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
76,54 009 1314 1,74 004 002 127 38L 2,77 0,01 9944
76,01 007 1295 18 0,10 003 123 365 285 0,00 9874
7550 009 13,13 1,72 005 001 122 366 2,75 0,00 9814
76,14 009 1283 1,74 008 004 131 409 269 0,00 9901
75,78 009 1308 182 009 005 129 395 280 0,02 9897
7444 012 12,72 1,77 0,06 0,03 124 402 2,77 0,04 97,21
Kverkfjoll G1.3 1.1 6890 4859 2,82 1324 1424 026 555 981 270 046 0,33 98,01
4941 363 1341 1474 027 482 904 232 0,72 052 98,88
49,62 3,40 12,74 1451 0,22 485 903 290 062 046 9835
49,78 351 1283 14,79 0,27 470 881 305 0,75 054 99,03
Hekla- G113 1.2 9100 45,65 2,43 1524 12,03 0,21 7,32 11,76 229 0,38 024 9755
Vatnafjoll 4588 2,76 1527 13,85 0,21 6,63 10,33 2,73 043 0,29 98,38
46,04 2,88 1533 1380 0,18 644 1034 2,78 045 0,33 98,57
46,16 2,43 1548 1223 019 7,38 11,30 2,26 0,38 0,24 98,05
46,16 2,78 1524 1382 0,20 651 10,33 269 045 0,25 9842
46,30 2,41 1486 11,88 0,18 7,90 12,06 2,32 0,35 0,24 98,50
46,37 4,04 1355 1445 0,22 525 1056 2,14 0,79 040 97,76
46,39 2,39 1489 11,40 019 7,90 1191 220 037 0,22 9787
46,46 2,38 1509 1156 0,17 7,61 1250 224 0,34 021 9857
46,52 2,34 14,75 12,07 019 7,95 12,06 243 037 0,19 98,87
46,53 2,84 1495 14,08 0,21 6,29 1040 290 047 0,32 98,98
46,55 2,36 1583 11,80 0,20 7,74 1169 228 0,37 0,22 99,03
10 ka Gl12 1.2 10.000 47,69 2,86 1438 1359 0,21 6,07 1024 258 045 0,33 98,40
Grimsvotn 49,05 295 13,06 1451 026 538 956 266 045 0,31 98,20
series 49,10 2,93 13,10 1432 0,24 555 985 258 044 0,28 98,40
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Volcanic Sample Section AgeBP SiO2 TiO2 AlOs FeO MnO MgO CaO NaO K20 P20s Total
source name
4940 2,83 1337 1393 024 549 973 275 044 030 9848
49,67 2,68 12,83 1504 0,26 532 994 252 042 036 99,04
49,92 2,70 13,04 1456 025 514 941 291 047 0,26 98,66
48,30 3,79 1233 1550 0,28 4,69 9,00 290 049 041 97,69
10 ka G111 1.2 10.400 48,40 190 1480 1245 0,22 735 11,38 238 0,29 0,20 99,38
Grimsvotn 48,65 3,81 12,37 16,16 025 457 920 260 055 044 98,61
series 48,72 2,75 13,06 1421 025 558 9,79 261 044 032 97,73
4889 291 13,04 1468 025 551 960 263 047 035 9833
49,03 2,88 13,18 14,13 0,23 559 988 262 043 030 9827
49,07 3,14 1321 1452 025 540 967 2,79 046 034 98,86
49,12 3,10 12,88 1493 0,26 522 96 269 047 032 9861
4939 2,73 1332 1398 0,26 548 967 261 043 031 98,18
4948 2,76 12,80 1467 025 545 10,01 265 043 0,36 98,85
10 ka Gl.1 1.1 10.400 48,34 2,82 1327 14,15 025 564 10,02 258 044 033 97,84
Grimsvotn 48,39 2,68 1328 1393 0,23 589 10,11 264 041 0,25 97,81
series 4851 253 1350 13,75 0,24 564 1026 298 050 0,27 98,18
4891 285 1325 1439 025 559 981 263 044 033 98,46
49,04 2,74 1327 1426 0,22 571 980 263 041 034 9842
Hekla- 9100 45,70 259 1560 1358 0,20 7,11 1040 269 043 0,26 98,56
Vatnafjoll 46,00 2,48 1586 12,44 0,18 7,38 10,90 254 0,39 0,24 9842
46,54 392 1319 1450 0,19 516 10,01 3,06 0,74 056 97,87
46,57 354 1334 1464 0,22 551 1067 297 060 0,37 9843
46,70 3,62 13,78 13,75 0,20 595 11,04 269 055 0,37 98,65
46,84 299 13,04 1447 025 567 108 2,78 058 0,37 97,85
49,16 3,03 12,73 16,01 029 434 876 324 0,77 065 9899
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47,28 358 1243 1586 032 436 911 314 0,79 106 97,93
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A.3 brGDGT

Table 4. Data used to put together the brGDGT temperature graph with estimated MAT
based on calibration from De Jonge et al. (2014).

Sample Depth (cm) Clam age (BP) MAT (°C)
J1.35 19 151 6,397
J1.34 27 431 5,430
J1.33 31 614 9,439
J1.31 58 1628 10,792
J1.28 76 2375 10,287
J1.25 97 3043 11,855
J1.24 116 3715 13,742
J1.22 126 4065 14,914
J1.4 179 8103 10,339
J1.3 182 8222 8,454
J1.2 185 8341 8,335
J1.1 196 8800 13,259
G-J 208 9358 14,146
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A.4 Loss on Ignition

Table 5. Results from burning soil samples for LOI measurements.

Sample | Depth | Clam Initial Dry Dry Dry Organic

(cm) | age (BP) | dry weight weight weight carbon

weight after after after (%)
@) 50°C (g) | 105°C (g) | 550°C
(@)

J1.36 15 72 2,985 2,887 2,796 2,378 14,950
S1.12 33 706 1,868 1,742 1,695 1,500 11,504
S1.11 |45 1151 4,323 3,905 3,788 3,364 11,193
S1.10 51 1356 4,986 4,508 4,403 4,055 7,904
S1.9 58 1628 3,463 2,824 2,736 2,451 10,417
S1.8 69 2088 4,614 3,424 3,271 2,840 13,176
S1.7 75 2335 5,113 3,818 3,650 3,221 11,753
S1.6 81 2564 3,684 2,744 2,627 2,309 12,105
S15 87 2763 3,557 3,019 2,926 2,693 7,963
S14 91 2878 4,949 3,504 3,345 2,972 11,151
S1.3 98 3072 2,713 2,034 1,961 1,780 9,230
S1.2 115 3677 3,212 2,043 1,925 1,592 17,299
S1.1 118 3791 4,655 3,196 3,028 2,632 13,078
J1.60 150 4358 4,141 3,931 3,799 3,603 5,159
J1.58 163 4364 3,569 3,418 3,319 3,190 3,887
J1.55 177 4386 4,700 4,422 4,260 4,048 4,977
J1.54 182 4389 4,319 3,919 3,732 3,463 7,208
J1.52 191 4518 2,921 2,543 2,398 2,107 12,135
J1.51 199 4738 3,419 2,632 2,503 2,187 12,625
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Sample | Depth | Clam Initial Dry Dry Dry Organic
(cm) | age (BP) | dry weight weight weight carbon
weight after after after (%0)
9) 50°C (g) | 105°C (g) |550°C
(9)

J1.50 208 5096 3,313 2,745 2,602 2,265 12,952
J1.49 216 5484 3,781 3,217 3,057 2,822 7,687
J1.48 224 5907 3,567 3,073 2,925 2,698 7,761
J1.46 241 6794 3,219 2,587 2,412 2,116 12,272
J1.45 256 7417 3,233 2,746 2,630 2,416 8,137
J1.43 272 7956 4,165 3,768 3,619 3,423 5,416
J1.42 287 8475 4,127 3,579 3,417 3,186 6,760
J1.41 303 9185 3,391 2,742 2,609 2,375 8,969
J1.40 310 9578 4,331 3,994 3,872 3,709 4,210
J1.39 319 10137 4,241 3,393 3,250 3,047 6,246
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