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Abstract

Arctic regions are very sensitive to climate warming. Atmospheric and oceanic rising temper-
atures lead to dramatic changes in the dynamics of tidewater glaciers in Greenland. The Eqip
Sermia in West Greenland is investigated since 1912. Due to the calving of the glacier terminus,
tsunamis up to 20 m a.s.l. have been triggered. These tsunami-events can be detected with ge-
ochemical and dendrochronological analysis by investigating the mire-like and sandy soils and
dwarf shrubs like Betula Nana and Salix Arctica. With LOI, XRF, C/N ratios, pH values and
radiocarbon-data, information about the soils were gained. Annual ring widths of the dwarf
shrubs were measured and cross-dated. The results only show relative and qualitative data, be-
cause correlations with the geochemical analysis and 1*C results could not be determined and
the dwarf shrubs could not be cross-dated with a representative reference. Nevertheless, the
radiocarbon-dating dated the beginning of the soil formation back to 9550 — 9494 cal. BP. This
result suits to the global deglaciation history. Furthermore, recent ages were measured with *4C
that indicates disturbances during soil formation, presumably by cryoturbation rather than tsu-

namis.
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1. Introduction

While climatic warming can be observed globally, the Arctic environment reacts extremely
sensitive to the changing climate (IPCC, 2014). In the past few years, accelerated glacier melt-
ing was observed in Greenland due to climatic warming. Tidewater glaciers respond with thin-
ning at their terminus, retreat and higher iceberg calving rates (Rignot et al., 2010; Amundson
etal., 2008). The higher air temperature leads to a greater production of melt water at the glacier
surface, which runs into crevasses and favours instability of the glacier terminus (Scambos et
al., 2000). In addition, higher ocean temperatures enhance the instability due to submarine melt-
ing (Rignot et al., 2010). Outlet glaciers start to collapse at their front, which is known as the
process of iceberg calving (Warren, 1993). Calving events can cause large and hazardous tsu-
nami waves, which erode the soil and destroy the vegetation and infrastructure on the shore
(Lathi & Vieli, 2016).

The Eqip Sermia in West Greenland is a very well investigated tidewater glacier. Measurements
of flow-speed and the geometry of its terminus reach back to 1912 (Lithi et al., 2016). Tsuna-
mis, caused by calving, were documented since 1912 as well (Luthi et al., 2016). Thus, these
tsunami-events are not newly discovered phenomena. Since 2012, the calving front has shown
a special geometry that causes large tsunami waves with heights up to 20 m a.s.l. in a single
calving-event. These destructive tsunamis have not been observed before, making it to a recent

unprecedented phenomenon in the history of this glacier (Lithi & Vieli, 2016).

Since bogs and peaty soils may persist up to thousands of years, they act as reliable archives
for environmental changes (Kylander et al., 2013). The soils at the Eqip Sermia are either
eroded or conserve footprints of tsunami-events. These soils can be analyzed using geochrono-
logical methods. Another possible archive for recent environmental changes are dwarf shrubs.
They form annual rings, whose variability in width is influenced by environmental conditions
(Schweingruber, 1996). Therefore, it can be assumed, that tsunami-events can be tracked using

geochemistry, radiocarbon-dating and dendrochronology.

This Master’s Thesis uses soil parameters, radiocarbon-dating and dendrochronology to inves-
tigate, if these destructive tsunamis; caused by calving from the Eqip Sermia, can be measured

in the soil formation and in the dwarf shrubs.

11




Master’s Thesis 1. Introduction Larissa L. Sutter

This experimental Master’s Thesis focusses on the following research questions:

—  “How suitable is the geochemical analysis of mire-like and sandy soils, radiocarbon-
dating and the dendrochronological analysis of the dwarf shrubs Betula Nana (BN) and
Salix Arctica (SA) to deduce tsunami-events? ”

o Ho = Mire-like and sandy soils and the dwarf shrubs BN and SA are suitable to

trace tsunami-events.

According to the staff working at the Eqip Sermia, big tsunamis occur since 2012. It is assumed,
that the special geometry of the calving front is responsible for big tsunamis since 2012. If the
geochronological methods are useful for detecting tsunami-events, a further research question

calls of an answer:

—  “Have other large tsunami-events, caused by calving of the Eqip Sermia, occurred be-
fore 20127~

o Ho = Large tsunami-events have not occurred before 2012.

If big tsunamis manifested themselves only after 2012, it would verify the hypothesis of Luthi
et al. (2016), that this special geometry of the calving front (see chapter 3.1.2.) formed in 2012

(Lathi & Vieli, 2016), is the main reason for this phenomenon.
Another research question in this Master’s Thesis is:

—  “Is it possible to measure the quantity of tsunami-events?”

o Ho = The quantity of tsunami-events is measurable.

12
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2. Basics

2.1. Climatic warming and tidewater glaciers

The Arctic region can either be defined by the air temperature, the tree line or the latitude.
Whereby the average air temperature in July stays below the 10°C mark and at the same time
the tree line follows more or less this air temperature line (Kappas, 2009). The latitude of
66,5°N defines geographically the Arctic circle (Kniveton, 2007). The global climate is strongly
influenced by the Arctic. It regulates the global water cycle and especially oceanic currents
(IPCC, 2014). The Arctic environment reacts extremely sensitive to the changing climate and
is the most vulnerable region regarding global warming (IPCC, 2014). Due to interactions be-
tween ice, snow, atmosphere, ocean and land in the Arctic and various feedback processes
linked to these interactions, the Arctic is a highly complex and sensitive region (Hansen et al.,
2006).

The average air temperature in the Arctic has increased more than twice as fast as the global
mean during the past century and is estimated to continue with this rate (Weijers et al., 2013;
IPCC, 2014). During the last 30 years, the air temperature in the Arctic has risen 2°C on average
(Jia et al., 2009). The strongest climatic warming for the next decades will occur at high lati-
tudes (Blok et al., 2011). Climate predictions suggest a continuous increase in air temperature,

which has the strongest effects in winter due to changes in snow budget (Hollesen et al., 2015).

This climatic warming is a clear sign of an anthropogenic greenhouse effect (Serreze et al.,
2006). As a result, permafrost is thawing, the sea ice is melting and glaciers are retreating
(IPCC, 2014). Due to the increased emission of greenhouse gases, a positive feedback mecha-
nism is generated. The air temperature is rising, consequently snow and ice is melting and
hence, results in a reduced albedo. Thus, more short wave radiation from the sun can be ab-
sorbed, which leads to a further warming of the global air temperature and therefore, causes

increasing glacier retreat and snow melting (Bradley et al., 2006).

Most terrestrial glaciers can be used as an indicator for climate changes in the past and present.
For climatic interpretations, based on the behavior of glaciers, representative glaciers are nec-
essary (Post et al., 2011). But debris-covered or tidewater glaciers react differently to the chang-
ing climate. Tidewater glaciers originate in the mountains, terminate in the sea and are grounded
on the seafloor. Theses glaciers do not belong to the representative glaciers, because of their

asynchronous behavior in climatic context (Post et al., 2011). Nevertheless, the rapid retreat of

13
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tidewater glaciers in Greenland seem responsive to climate change, due to the correlation be-
tween the rise of air temperature and retreat of these glaciers (Moon & Joughin, 2008; Nick et
al., 2013). One of the most dominant reactions of the outlet glaciers is their acceleration of
glacier movements, due to an increase in surface melt around Greenland (Moon & Joughin,
2008; Rignot et al., 2010). The acceleration of these glaciers are strongly connected with the
calving terminus and the thinning mechanism (Juan et al., 2010; Howat et al., 2008). Through
the process of iceberg calving, a reduction of resistive stresses at the terminus occurs and results
in acceleration of the glacier (Juan et al., 2010). The calving induced velocity increases near
the glacier terminus is ~ 3% (Amundson et al., 2008). This calving mechanism is an important

factor in mass loss on the Greenland ice sheet (Amundson & Truffer, 2010).

Approximately 84% of the area of Greenland (2,2 million km?) is covered with ice (Walker et
al., 2005). In Greenland, 90% of the ice discharge into the ocean is controlled by the outlet
glaciers. The entire mass balance of the ice sheet is therefore largely affected by submarine
melting (Rignot et al., 2010). Between 1992-2001 and 2002-2011 the mass loss of the Green-
land ice sheet has quadrupled from 51 + 65 Gt ato 211 + 37 Gt a™* with increasing tendency
(Straneo & Heimbach, 2013; Luthi et al., 2016). 50-60% of increasing mass reduction around
Greenland, in the past decades, is caused by an acceleration of the tidewater glaciers (Rignot et
al., 2010). Whereas the warmer air temperature thins the glacier from the surface, warmer ocean
temperature leads to a retreat of the grounding line, due to eroding of the submerged grounded
ice (Rignot et al., 2010; Lathi et al., 2016; Amundson et al., 2008).

2.2. Geochronology

2.2.1. Geochemistry and age determination

The ice sheet of Greenland started to grow with the cooling during Cenozoic. Until the start of
the deglaciation in the early Holocene, 10°500-10000 years before present (= 10.5 ka—10 ka
BP), a number of interglacial periods have been documented (Weidick et al., 2007). During the
Little Ice Age, the ice sheet started to advance again and reached its neoglacial maximum
around 1850 AD. Since then the re-advance was interrupted by a recession in the ice sheet that
continues to the present and future. As a consequence of the rapid deglaciation during early
Holocene, lakes were formed. With an advanced vegetation and soil formation, these lakes dis-
appeared (Veit, 2002). During the sedimentation of these lakes, signals of the surrounding en-
vironment were conserved (Gierlowski-Kordesch, 2004). Due to of the stratigraphy caused by

sedimentation that leads to a rising surface with every life sequence of plants and because of
14
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water, that shows neither horizontal nor vertical movements, the oldest matter lies at the bottom;
while the newest is at the surface. Hence, these soils act very well as archives for environmental

changes over a long time period (Musso, 2016; Logsdon, 2008).

With techniques from the geochronology soils can be investigated. Biological, physical, and
chemical dating methods are used. A very common method that gained a lot of attention in the
past is palynology for investigation of mires. It is used to reconstruct the vegetation cover by
analyzing pollen (Jager, 2013). Further methods for relative and absolute dating are dendroe-
cology and dendroclimatology, Loss-on-ignition (LOI), ratios of carbon and nitrogen (C/N),
pH, bulk density for the accumulation rate, stable isotope analysis, dendrochronology, radio-

carbon-dating, x-ray fluorescence (XRF) and more (Chambers & Charman, 2004).

With the chemical analyzer (XRF) several investigations can be conducted. For investigations
of weathering processes the elements Na, Al, Si, K and Fe are the most important (Jager, 2013).
But even more common for weathering indices are ratios between easily leachable (Ca, Mg, K,
Na) elements to less mobile elements (Al, Fe, Si, Ti etc.) (Boxleitner et al., 2017). Water is an
important medium for chemical weathering. Over a long time, water continuously dissolved
salts and minerals from the parent rock. This leads either to a leaching or a fixing of elements
by forming secondary minerals (Musso, 2016). For this Master’s Thesis Na, Si and the molar
ratio of (Ca+K)/Ti are used for analyzing weathering processes and K/RDb for the aeolian flux
and lithogenic sources. The more the ratio varies within a soil profile the more different litho-
genic sources exist. The lower the molar ratio of (Ca+K)/Ti the higher the weathering and there-
fore the older the sample (Boxleitner et al., 2017; Egli et al., 2008). On stable soil surfaces the
most weathered material should be measured there, due to the weathering process from the
surface to the bottom. Thus a low molar ratio of (Ca+K)/Ti is found in these materials
(Boxleitner et al., 2017).

Since the soils at the Egip Sermia are not mires itself, but mire-like and sandy soils, techniques
from geochronology should be adaptable. The methods used for this Thesis are limited on LOI,
pH, C/N ratio and XRF, that depend on chemical features or changes in their amount over time
and depth (chapter 4.2.1.), dendrochronology that focuses on growth layers of a plant (chapter
2.2.2.) and radiocarbon-dating for age control of the chemical analysis (Chambers & Charman,
2004).
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Figure 1: Radiocarbon activity changes in organisms initially ab-

sorbing carbon from the atmosphere, dying at TIME = 0 and being

. . incorporated into a mire or soil sample (Piotrowska et al.,2011).
age reconstructions at the Late Pleis- P ple ( )

tocene and Holocene (Piotrowska et al., 2011).

14C has its origin in the upper atmosphere and is produced by cosmic radiation (Musso, 2016).
The atmospheric carbon dioxide (CO2) contains only a small amount of *C, whereby stable
isotopes 2C and *3C appear in higher concentrations. CO. gets absorbed by organisms with a
14C/C ratio, that is in equilibrium with the atmospheric ratio (Blaauw & Christen, 2005). Due
to the radioactive decay, the 14C/C ratio starts to decrease when the organism dies, as the carbon
exchange ceases. Hence, the *C/C ratio can be measured in fossil organisms which allows
determining its radiocarbon age (Fig. 1a). However, this age is not absolute, due to errors while
measuring **C and due to an inconstant radiocarbon production over time. Calibrations to cal-
endar ages are necessary for corrections of the radiocarbon age (Blaauw & Christen, 2005;
Musso, 2016). The calibrated age is given in ranges with probabilities (16 = 68,2%, 26 =

95.4%), due to uncertainties while measuring and calibration.

2.2.2. Dendrochronology
2.2.2.1. Wood anatomy

Dendrochronology is very interdisciplinary and is used in various research fields like archeol-
ogy, climatology, geomorphology, tectonics, ecology, glaciology, snow research and more
(Schweingruber, 1988; Schweingruber, 1996; Young et al., 2016). All parts of a tree (roots,
stem, branches) react to the surrounding environment. When the environmental conditions are

changing, the trees adapt immediately. These responses can be observed in their annual rings,
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which will be explained in more detail later. Due to their lifespan, varying from a few decades
up to a few thousands of years, trees can be used as archives for environmental changes
(Schweingruber, 1988). A pioneer in dendrochronology is A. E. Doulgass (1867-1962), who
recognized that the structure of tree-rings can be used for dating determinations (Becker, 1992).
Therefore, he developed the cross-dating method and laid the basis for dendrochronology. The
cross-dating method compares characteristics of annual rings of minimum two plants with the
aim to assign years to specific rings (Wimmer, 2002). Further he evolved methods for recon-

structing the past climate by observing variations of tree-rings (Becker, 1992).

The development of wood is influenced by climatic conditions. With the beginning of the veg-
etation period the cell division starts in the cambium. The xylem is build inwards, whereas the
phloem is build outwards. The primary cell wall synthesis indicates the start of the cell devel-
opment, followed by the secondary wall synthesis, a thickening and lignification of it (Li et al.,
2010). The growth interruption caused by climatic conditions is decisive for the characteristics
of the annual rings. This seasonal activity of the cambium leads to annual rings which can be
distinguished in earlywood and latewood (Li et al., 2010). Depending on the latitude and alti-
tude, earlywood is produced in spring and early summer. On the contrary, latewood is formed
between late summer and autumn (Paiva et al., 2008; Shroder, 1980). The tracheids of ear-
Ilywood are lager in its lumen dimension compared to latewood and they are formed with thinner

walls. This is due to the transport of water, which is important during spring and early summer.

The walls of the cell Early-wood Late- Transition-Wood Early-wood
wood

get thicker in latewood

and is responsible for
the stability of the

Figure 2: Cellular structure of earlywood and latewood of a conifer (Kretschmann
plant and mechanical g cramer, 2007).

strength (Fig. 2).

Hence, the largest difference of wood properties can be seen at the transition from earlywood
to latewood (Camarero et al., 1998; Li et al., 2010). This anatomical difference makes it possible
to distinguish the single vegetation periods of trees, shrubs and dwarf shrubs (Schweingruber
& Poschlod, 2005). Not only the age can be determined, also climatic and other environmental
influences and changes of internal factors, like soil condition or pollution and more are reflected

in annual rings (Camarero et al., 1998).
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3. Investigation area
3.1. History of Eqip Sermia

3.1.1. Isostatic response

During the Wisconsian Ice Age (25 ka—21 ka) 1%
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20 Disko Bugt

in late Holocene. This phenomenon is the direct

H H H Present sea level
isostatic response to the development of the ice 0 —
sheet (Weidick et al., 2007). The relative sea- 10 8 6 4 2 0

Age (cal. ka B.P)

level has also been dated. Marine terraces were Figure 3: Two curves of the relative sea-level at Disko
found at an elevation between 70-80 m a.s.l. Bugt (Weidick et al., 2007).

with an age of about 10-9 ka BP. This age cor-

relates with the minimum age within the last deglaciation. At a height of 30 m a.s.l. a shell was
dated back to 7.7 ka BP. It is assumed, that this shell sample is related to the marine sea level
around this elevation (Weidick et al., 2007). Figure 3 shows an example of two relative sea-
level curves from Disko Bugt, whereas the Eqip Sermia is located in the north-eastern part of
Disko Bugt (see also Fig. 5). Due to the thinning of the Inland Ice in this area, the present

vertical crust movements vary between +1.6 mm a* and +4 mm a* (Weidick et al., 2007).

3.1.2. Development of the Eqip Sermia

The Eqip Sermia is well accessible and located on a main route for scientific expeditions to the
ice sheet. Therefore, documentations of ice velocity, terminus position (Fig. 4) and surface to-
pography of the Eqip Sermia were made during the whole 20" century (Liithi et al., 2016). First
investigations started with Alfred de Quervain and Paul-Louis Mercanton in 1912, followed by
scientific expeditions with the German Alfred Wegner Expedition between 1929 and 1931. This
work was continued by the Expéditions Polaires Francaises (EPF 1948-1953). They conducted
mass-balance measurements along an east-west profiles from coast to coast over the central part

of Greenland, described the area at the Eqip Sermia and mapped of the ice sheet margin nearby
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(Weidick et al., 2007; Lithi et al., 2016). A further expedition was the Expéditions Glaci-
ologiques Internationales au Groenland between 1957 and 1960, followed by smaller expedi-
tions in 1971, 2005, 2007, 2008, 2011 and 2013 (Luthi et al., 2016).

Between 1912 and 1929
the glacier reached its re-
cent maximal extent,
whereas the glacier ad-
vanced by ~ 400 m. It is es-
timated that the advance of
the glacier stopped at 1920
(Nielsen, 1992; Luthi etal.,
2016). Until the 1960s the

terminus retreated 1.3 km,

followed by a slow and
continuous advance until
1990 (Luthi et al., 2016).
The terminus retreated an-
other 0.5-1 km until 2004.
The minimum position be-
tween 1950 and 1975 was
reached again in 2010 and

additionally a rapid retread

of 1-2 km occurred until

2015. The velocity close to Figure 4: Photographs of the terminus position of the Eqip Sermia in 1912,

1950s was 3.6 m d. An increase in velocity of 30% was determined between 2000 and 2005
(Maas et al., 2007). The terminus flow velocity reached its maximum in 2014 with 15 m d*
(Lathi et al., 2016).

While the glacier front of tidewater glaciers usually reaches heights of < 100 m and have a
relatively vertical and floating position, the geometry situation of the Eqip Sermias central front
is exceptional, because of its height of ~ 200 m and an inclination of the front of 45° resting on
the glacier bed. This special geometry might be responsible for the recent phenomenon of large
tsunami-events caused by a collapsing glacier front with volumes up to 10° m®. (Liithi et al.,

2016)
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The oceanic influence on the future evolution of the Eqip Sermia is still uncertain. But it is
certain, that future development is determined by the calving dynamics and topography of the
glacier bed. The bedrock on which the glacier front is currently resting, turns into a 200-400 m
below sea level deep sink with a length of 10 km, where it reaches an up-sloping bed. Future
retreat rates of the Eqip Sermia are assumed to be extreme in the next decade. (Luthi et al.,
2016)

3.2. Climate and geology

As shown in Figure 5, the glacier Eqip
Sermia is located in central West Green-
land (69°47°N, 50°15°W) (Maas et al.,
2007). The climate is characterized by an

zd

arctic maritime climate with an average
air temperature of 7.1°C in July and an

average precipitation of 436 mm per year

(Hansen et al., 2006). The geology of

West Greenland of the investigated area

llulissat

i Greenland lce Sheet

is characterized by the Precambrian. The | @™ 10 gy

most common crystalline rocks in this

Loy
=l

<M,

area are granites, orthogenesis but also
sedimentary and volcanic rocks with
signs of metamorphosis (Weidick et al.,

2007). A sedimentary basin was formed

~ “;SD-' W
W “-—. i
because of a down-faulting and a parallel A %x) : .
2% %/ 1000 km |0 50 100 km
H H ) . . %\—\ z [
rifting to today’s coastline in West =74
Greenland during the Mesozoic. This Figure 5: Location of the Eqip Sermia glacier (Desloges et al.,
2002).

was caused by the fragmentation of the
Precambrian shield due to the movements of the plate tectonic (Weidick et al., 2007). During
the Cenozoic, West Greenland was uplifted by epeirogenesis. Cycles of this genesis and erosion
are responsible for the present morphology of West-Greenland and therefore also for study site
(Weidick et al., 2007). The soil characteristics vary from dry and sandy soils to mire-like soils.

Further description about the soil and the different profiles can be looked up in chapter 5.1.1.
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3.3. Dwarf shrubs

Dwarf shrubs are perennial and woody plants, which can be very persistent up to centuries. Due
to the seasonal climate, distinguishable annual growth rings are formed. These rings are used
for different analysis methods (see chapter 2.2.2.) (Myers-Smith et al., 2015a). The radial
growth is mainly driven by the warmth in summer. In West Greenland, the vegetation period is
between June and July, when temperature is > 5°C, which is the minimum temperature for plant
growth (Hollesen et al., 2015; Weijers et al., 2013). This short vegetation period and the low
arctic temperatures lead to a small radial growth of dwarf shrubs. But these conditions addi-

tionally increase the lifetime of plants (Schweingruber et al., 2013).

BN and SA are both circumpolar species and can be found on coastal regions in West Greenland
(Groot et al., 1997; Schmidt et al., 2006). They are dwarf shrubs and reach up to 30 cm height.
BN belongs to the birch species and prefers moist and elevated soils (Blok et al., 2011; Groot
etal., 1997). The willow species SA prefers drier soil and has well-defined annual rings similar

to BN. Nevertheless, both species cause issues for cross-dating due to discontinuous or even

missing rings (Groot et al., 1997; Schmidt et al., 2006). Figure 6 shows a portrait of a) BN and
b) SA.

Figure 6: a) shows the BN species and b) is the SA.
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4. Material and Methods

4.1 Field work

The field work took place between the middle and the end of August 2016. Dr. Martin Luthi
and Prof. Dr. Andreas Vieli from the University of Zurich are leading research projects at the

Eqip Sermia. Their knowledge has been helpful at choosing a suitable investigation area.

4.1.1 Selection of the investigation area

It was of utter importance, that the area is affected by tsunamis, that are triggered by the Eqip
Sermia. Therefore, the coast on the left side of the tidewater glacier became the investigation

area as shown in Figure 7.

Delta Fox Beach
;Charhe[c

amp Site

Figure 7: Site distribution. Eqip Sermia glacier with the sites Fox Beach, Camp Site, Charlie and Delta using

Google Earth.
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Fox Beach Camp Site

Charlie

Figure 8: Sample distribution. Fox Beach with the four sampled profiles 5, 6, 7, 8 (red). Camp site with the three
sampled profiles 1, 2, 4 (yellow). Charlie with the four sampled profiles 9, 10, 11, 12 (orange). Delta with the five
sampled profiles 3, 3* 13, 14, 15 (green) using Google Earth.

The investigation area was distinguished in four main sites. First, Fox Beach (red) (Fig. 7 and
8) which was chosen due to the gradual slope, the continuity of topography, the large area and
the visual differences of the vegetation. Additionally, this site starts at sea level, which makes

it to an interesting site.

Another site is Camp Site (yellow) (Fig. 7 and 8). This site is attractive to sample because of
the presence of a terrace. At the same time, human activity is the highest at this place, because

boats are docking here, which can be hit by tsunamis.

The third main site is Charlie (orange) (Fig. 7 and 8). Due to an interesting formation in the
soil, Charlie was sampled. This site starts at a higher elevation. The slope at this site is very
steep compared to the other sites. Therefore, the samples were taken very close to each other.

But there were still observable differences in the vegetation.
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The last one is Delta (green) (Fig. 7 and 8). With 22 m a.s.l., Delta is placed the highest, which
makes it to another interesting spot for investigations. It is directly located above a sandy coast
cliff.

Each of these main sites were divided into zones as shown in Figure 9 at Fox Beach:

Figure 9: Zone definition at Fox Beach with the four zones: (5) is the reference, (6) the transition, (7) the affected
and (8) the dead zone.

A reference zone (5), which was not affected by tsunamis. This zone was either far away from
the coast or at a higher elevation. The vegetation in this zone was fully intact. A transition zone
(6) between the affected part and the part which was not affected by tsunamis. A probably
affected zone (7), where the vegetation is still alive and a dead zone (8). This zone is obviously
affected by tsunami-events because of dead vegetation and erosion of the soil. Furthermore,

sediment and rock fragment deposits are accumulated.

4.1.2. Sample collection

Due to the high occurrence of BN and SA, it was decided to sample these species. At each site
and zone, one to two species BN and SA have been carefully excavated. A total of 12 BN and
10 SA samples have been collected. Plant and soil formation are strongly connected to each
other. Therefore, soil and plant samples should be together as close as possible. Further it can
be assumed that the same environmental conditions are dominant. For the soil samples, a profile
down to the bedrock was dug. The profiles were sampled every 2,5-5 cm, depending on the

depth of the soil.
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4.2. Laboratory work

4.2.1 Geochemistry and radiocarbon-dating
4.2.1.1. Soil preparation

First, the weight of all samples was determined before they were dried in an oven for 24 h at
70°C. After the drying process, the soil weight was measured again to calculate the moisture in
the soils and to attain the dry weight of the soils. As for the geochemistry, only fine earth ma-
terial <2 mm is needed. However, a sieving of the samples was not necessary, because the soil
did not contain any bigger material than 2 mm. An amount of this material was milled with a

horizontal machine using two tungsten balls (Egli et al.,2016).

4.2.1.2. Loss on Ignition

For the analysis of the organic part in the samples, 2 g of the non-milled, oven-dried soil sample
was weighted out into porcelain crucible and then burnt at 550 °C for six hours in an oven. Then
the weight difference has been recorded, to obtain the quantity of organic material (Egli et al.,
2016).

4.2.1.3. X-ray fluorescence spectroscopy

The x-ray fluorescence (XRF) spectroscopy is a chemical analyzing method that does not de-
struct the sampled material. It is capable to measure the concentration of most elements from
Na and to U on the periodic table. It is used to analyze the chemical structure and therefore,
gain information about trace elements (Na, Mg, Al, Si, P, K, Ca, Ti, Mn, Fe) in the fine-grained
soil samples. The sum of these trace elements represents the total content of inorganic matter.
Other elements can be ignored, due to their small amount (Musso, 2016). 5 g of the milled soil
of each sampled horizon was added in small plastic containers and irradiated with x-rays in the
XRF spectrometer. As result, the quantity of each trace element and further elements of every
sample could be determined (Egli et al., 2016).
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4.2.1.4. Hydrogen ion concentration measurements

Figure 10: Samples prepared for pH-measurements with a magnet stirrer.

To measure the hydrogen ion concentration (pH-value), a pH-meter and unmilled (< 2 mm) soil
samples were used. Each sample was mixed with a solution of 0.01 mol g* CaCl, with a sample-
solution ratio of (1:2.5). 2 to 5 g material was added in a breaker glass, depending on the suction
of the material. Therefore, 5 to 12,5 ml of the solution was necessary for measuring the pH.
This suspension was mixed with a magnet stirrer, which turned 250 times per min (Fig. 10).
The mixing took 15 min and afterwards the samples rested for another 15 min. The pH-value

was finally measured with a pH-meter (Egli et al., 2016).

4.2.1.5. CHN

2 mg of the fine milled soil, which was filled into tin-capsules, was needed to determine the
organic C and N values from homogenous organic materials. For this a CHN-elemental ana-
lyzer from Leco (CHNS-932) was used. A heated oxygen-rich environment combusted the soil
samples. CO., H20, N2 and SO; resulted from this process. Whereas N2 was measured by ther-
mal conductivity, CO2 and H>O were removed by Lecosorb and Anhydrone. As a final result
the weight percent of C, H and N was obtained (Egli et al., 2016).

4.2.1.6. Radiocarbon-dating

A selection of samples was dated with the 1*C method. The uppermost and the lowest horizons
of four soil profiles and the lowest horizon of three soil profiles were dated. Depending on the
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material, the sample was pretreated with 10% hydrogen peroxide (H2Oz) for soil samples (< 2
mm) or using acid-alkali-acid treatment (AAA) for organic matter (Egli et al., 2016; Fumal et
al., 1999).

To extract the oldest C fraction from the soil, H2O2 was used for the pretreatment. 2 g of the
soil samples (< 2 mm) were soaked in distilled water for 10 min. Then 180 ml of 10% H20:
was added. The duration of this treatment took 168 h (7 d) and ran at a temperature of 50°C.
The last step of the treatment was washing the samples with 80 ml deionized water for three
times. After that the samples were dried, weights recorded and the analysis for the total C and
N content was determined before the samples were *4C dated (Halpern, 2016). With this oldest

C fraction, it is possible to estimate the approximate begin of the soil formation.

With the AAA, the CO; was absorbed in quartz tubes with CuO (oxygen source) and heated
under vacuum. To separate the CO2, a vacuum in the quartz tubes was created again, then sealed
and heated in an oven at 900°C. The released CO> of the burnt sample was assorted with Hz in
aratio of 1:2.5. After that mixing process, it was reduced to graphite at 535°C above iron pow-
der. The Accelerator Mass Spectrometry (AMS) at the ETHZ measured the C ratios ( Egli et
al., 2015; Boxleitner et al., 2017).

The *C data were calibrated by using the OxCal 4.2. calibration program (Bronk Ramsey,
2001; 2009). It is based on the IntCal 13 calibration curve (Reimer et al., 2013) and for modern
samples the Bomb 13NH1 curve was used (Hua et al., 2013). The calibrated ages are given in
arages of 68.2% (1o) and 95.4% (2c) probability, which are the minimum and maximum values
(Piotrowska et al., 2011; Egli et al., 2015).

4.2.2. Dendrochronology
4.2.2.1. Sample preparation

Before the samples were taken to Switzerland, the dwarf shrubs were cut in to 2-4 ¢cm big pieces
in the field (Fig. 11). The stem was separated from the roots and branches. The roots and
branches were sampled every 5 cm. All the samples were kept and transported in small paper
bags. Due to the containing moisture in the plants, no plastic bags were used, as the samples

could rot.
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The most important piece, which was used for the dendrochronological analysis, was at the
transition zone between root and shoot. This part of the plant was formed first and therefore, it
potentially contains the oldest part of the plant and thus the most annual rings (Blok et al.,
2011).

Figure 11: BN species a) before and b) after cutting.

The following steps were completed according to Schweingruber et al. (2013), Géartner &
Schweingruber (2013) and Myers-Smith et al. (2015b).

4.2.2.2. Cross-Sectioning

Before the cross-sections were made, the samples were cleaned with water and a brush to re-
move little stones and soil fragments. The samples were saturated in water to soften it and thus,
making the sectioning easier. The blade was covered with water drops to ensure that the cross-
sections would stick to the blade. With a wet brush, the cross-sections could be easily removed
from the blade. They were then placed on a glass slide with glycerol. Glycerol prevents the
sections from drying and preserves the samples until the dying process sets in. Several cross-
sections of the stem, above and below ground have been made with a thickness between 8-30
pm using a sliding microtome (Fig. 12 a), b)). For the final analysis, the best cross-section was
selected.
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Figure 12: a) Microtome with sample for cross-sectioning; b) cross-sections on glass slides.

4.2.2.3. Dyeing and dehydration processes

Before dyeing (Fig. 14 a)), the samples were cleaned with water by a pipette. To enhance the
contrast between the non-lignified and lignified cells, a staining solution of Astrablue and Saf-
ranin with a ratio of 1:1 was used. The Astrablue stain consists 2 ml acetic acid and 0.5 g
Astrablue powder in 100 ml distilled water, whereas the Safranin stain consists 0.8 g Safranin
powder in 100 ml distilled water. Astrablue stains the non-lignified cell walls blue and the Saf-
ranin the lignified cells red (Géartner & Schweingruber, 2013). This double staining solution

was dropped on the cross-sections and left for soaking at least 5 min before washing out.

After the dyeing process (Fig. 14 b)), the samples were dehydrated with ethanol, starting with
75% ethanol until the washed-out solution was colorless. The next step was to rinse the samples
with 96% ethanol and at the end with 100% ethanol until the sections were uncolored. After
dehydration Xylol was used to make sure, that the samples did not contain any water (Fig. 13).

Additionally, Xylol dilutes the viscous Canada Balsam and was then able penetrate the cells of
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the sample. If the sample still contained water, the Xylol changed its clearness to a milky solu-
tion. This process was repeated until the Xylol stayed clear. It is important, that no water was
left in the cross-sections, because water has another light refraction index compared to glass
and the Canada Balsam. Therefore, it would reduce the quality of the photographs. Before the
samples were dried for 48 hours at a temperature of 60°C, the samples were embedded in Can-

ada balsam and covered with a glass. While covering the samples with the glass, attention had

to be paid on preventing the development of air pockets.

Figure 14: All liquids needed for dyeing; water, double staining solution Safranin and Astrablue, ethanol 75%,
96% and 100% and Xylol.
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Figure 13: Cross-sections a) before and b) after dyeing and dehydration process.
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4.2.2.4. Microscopic photographs

Since the dwarf shrubs contain microscopic narrow an-
nual rings, a light microscope was used to take the pho-
tographs (Fig. 15). They were taken with a 40 times
magnification. A higher magnification was not neces-
sary, because the annual rings were clearly visible with
the magnification of 40. The camera was connected with
the computer, which eased the shooting. The cross-sec-

tions had to be photographed multiple times. All photos

of a sample had to be stitched together to get a full im-

) ": 0.5cm
no R

age. At least the longest radius was photographed. Ad- R o
Figure 15: Photographed cross-section with

ditionally, one to three more radii were shot. a microscope with a 40 times magnification.

4.2.2.5. Ring width measurements with WinDENDRO

For the cross-dating and the
detection of growth changes,
the annual ring widths had to
be measured. For these
measurements, the software
WIinDENDRO was used
(Fig. 16). Due to discontinu-
ous or even missing annual

rings it was important, that

more than one radius was Figure 16: Ring-width measurement with WinDENDRO.
measured (Schmidt et al., 2006). Further, one cannot be sure, that the longest radius contains

the most annual rings. This was the reason why two to four radii per disc were measured.

4.2.2.6. Cross-dating with TSAPWin

For the cross-dating a software called TSAPWin was used (Fig. 17). In a first step, the radii of
one cross-section were cross-dated and averaged. Then the averages of two discs of one species
were cross-dated. With these averages, the complete cross-dating was conducted. The cross-
dating helped to get a relative age of the plants and to identify missing rings or rings, which
have been incorrectly counted as rings. Additionally, changes in growth were visible and the
years when these changes occurred.
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Figure 17: Dead BN root (yellow) cross-dated with an “alive” BN (white). Red circle shows an inserted ring between 1976 and 1977.
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5. Results
5.1. Geochemistry and radiocarbon-dating

5.1.1. Soil description

The soils vary from moist mire-like to dry and sandy soils. The minimum thickness of 12 cm
and the maximum thickness of 66 cm show a variation in the soil profiles. At each site 3-5
profiles have been sampled. For each site one reference profile was determined. The criteria for
the reference profiles were that there are no external damages visible, that the profile is located

at a higher elevation and far away from the coast (see chapter 4.1.1.).

5.1.1.1. Camp Site

The soil profiles 1, 2 and
4 at the Camp Site are
moist and are with a
depth around 15 cm less
distinct (Fig. 18). The
closer to the coast, the
wetter the soils are. Pro-
file 4 is located at a
higher elevation and fur-
ther away from the shore.
Whereas profile 2 is di-
rectly at the shore and at
the same height as the
erosion line of the vege-
tation. Profile 1 lies be-

tween the soil profiles 2

" F Oy

v

and 4. The topsoils vary > A LK
Figure 18: Camp Site with profiles 1, 2 and 4. Profile 4 is used as the reference

from 1-3 cm.
soil.
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5.1.1.2. Fox Beach

Profile 5 is above the
marshy meadow, inter-
spersed with stones, where
profile 6 was sampled. The
marbling in the fine soil of
profile 5 indicates the high
moisture in the soil. With a
thickness of 66 cm, this
profile is the thickest of all
sampled soils. The rusty
colour in profile 6 also
suggests a mire-like soil.
This profile reaches the
bed rock at a depth of 27
cm. Both profiles are fur-
ther away from the shore.
Profiles 7 and 8 are sandy
soils with a thickness of 15
cm and are coarser than
profile 5 and 6. Site 8,
which is the closest to the
shore, containing a lot of
sand and stones on its sur-
face (Fig. 19).

CEIKER

Profile 6

Figure 19: Soil profiles 5-8 at Fox Beach, with profile 5 as the reference.
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5.1.1.3. Charlie

Profile 9 is placed next
to the shoreline. The
first 5 cm are fine (< 1
mm), laminated sand
followed by an organic
layer and transitions
into a zone with glacial
sediments before it
reaches the bed rock in
a depth of 20 cm. Its

surface contains a lot of

sand, stones and little
shells. The organic top-
soil of the profile 10 has
a thickness of 5 cm.
This profile is layered,
laminated and contains
a lot of sand with a
small grain size (< 2
mm). Profile 11 has an
organic topsoil of 12
cm. The mineral soil

reaches a thickness of

20 cm. The lower half ekl 1 ; "

of the profile is lami- Figure 20: Site Charlie with the profiles 9-12. Profile 12 was determined as a ref-

nated too. The reference €™"¢*

profile 12 is 43 cm thick and has an organic topsoil of 7 cm. This soil shows a distinctive

lamination and layering as well (Fig. 20).
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5.1.1.4. Delta

Profile 3 and 3* are at
the same place and were
sampled twice. 3 was
sampled in Sumer 2015,
due to a contamination
of recent soil while sam-
pling, the results of the
radiocarbon-dating

were distorted. There-
fore, this site was sam-
pled again (profile 3*,
Summer 2016). They
are located next to the
coastline. Both profiles
are dry and brittle. Be-
tween 4 and 11 cm there
is very fine material.
Then it changes into
pebbles between 11 and
22 cm and after 22 cm
into sandy material. The
colour of the profile is
greyish until this depth
and changes to brown.
This layer continues un-
til a depth of 30 cm. Af-

i

Profile 3,3>* Profile 13

Profile 14

Figure 21: Profiles 3, 3%, 13, 14 and 15 at Delta, with site 15 as the reference.

ter that, there is a mixture of stones and pebbles, which are oxidised at their bottom. The first

20 cm of site 13 are very sandy and the last 5 cm (20-25 c¢cm) of the profile has a lot of small

stones and few organic materials. The surface of those profiles is covered with a lot of sand and

stones. Profile 14 gets to the bed rock in a depth of 16 cm. Those 16 cm soil are nicely layered.

From 0-5 cm a sandy and organic layer can be observed. From 5-10 cm it looks like there is

more organic material enclosed. After 10 cm the material gets very fine (Fig. 21).
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5.1.2. Loss on Ignition
LOI, Camp Site LOI, Fox Beach
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Figure 22: Loss on ignition [%] at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3* in the dead

zone; Profile 7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Profile 4, 5, 12, 15 in the

reference zone.

The LOI at Camp Site shows an increase until 2.5 cm for site 2. After that, the organic content

decreases towards bed rock. Profile 1 and 4 show an opposite progression. After a decrease of

organic content until 5 and 7.5 cm, it starts to increase until 10 cm. The LOI of profile 4 de-

creases again after 10 cm (Fig. 22).

Profile 8 at Fox Beach follows a similar pattern as profile 2 from Camp Site. Until 5 cm an

enhancement of organic material can be observed and it is continuously reduced between 5 and
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10 cm. Profile 6 acts in a similar way as Site 1. After a decrease of the LOI until 5 cm it increases
until it reaches the bed rock. Profile 5 and 7 were only sampled at the top and the bottom of the

profile. Therefore, variations in between cannot be seen (Fig. 22).

Charlie has a general lower LOI compared to Camp Site and Fox Beach. Profile 9 decreased
from 13 to 3% within the first 5 cm and increases up to 21% at a depth of 15 cm. Site 10 shows
a little decrease until 20 cm, followed by an increase to 14% at 35 cm. After that the organic
content returns to a similar value as it is at the top of this profile. The LOI retreats from 13% to
5% at a depth of 7 cm and remains there. Profile 12 has also been sampled at the top and bottom
(Fig. 22).

Because profile 3 at Delta was already sampled and analysed every 3 cm. Site 3* was only
sampled at the top and the bottom. Even though these profiles were located extremely close to
each other, they show differences in the LOI. Profile 3 begins with little organic content and
starts to enhance its concentration down to 20 cm from 2% to 12%, followed by a slight de-
crease. The LOI of 3* is very low. It starts at 5% and ends at 0.7% in a depth of 50 cm. At
profile 15 a decrease from 10% to 4% can be observed within 15 cm. This profile was also

sampled at the top and the bottom (Fig. 22).

LOI shows the quantity of the organic material, the results of the Si-concentration (Fig. 24)
from the XRF analysis presents the amount of inorganic material. Therefore, LOI and Si should
correlate together. The higher the organic material the lower Si-concentration.
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5.1.3.1. Sodium
Concentration Na, Camp Site Concentration Na, Fox Beach
Na [g/kgl Na [gkg]
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Figure 23: Na-concentration at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3* in the dead zone;
Profile 7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Profile 4, 5, 12, 15 in the reference

zone.

Compared to profile 2, profile 1 and 4 at Camp Site increase in their Na-concentration within

the first 5 cm and 7.5 cm. After this increase, a decrease can be observed in both profiles.
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However, profile 2 shows a decrease from 18 g kg™ to 16 g kg™ within the first 3 cm. The

increase of Na ends at 9 cm with a maximum of 25 g kg* (Fig. 23).

Profile 5 and 7 at Fox Beach are not very significant, because it cannot be determined if there
is a decrease or increase in the Na-concentration in the first few cm. After an increase of the
concentration until 10 cm at site 6, it starts to retreat from 25 g kg™ to 20 g kg™. Profile 8 shows

a decrease of the Na-concentration until 5 cm depth and stagnates until 10 cm (Fig. 23).

The concentration of Na remains between 22 g kg™ and 29 g kg at Charlie. Profile 9 decreases
slowly until 10 cm and then start to decrease rapidly until 15 cm. Profile 10 and 11 show little

variations (Fig. 23).

Profile 3, 13 and 14 at Delta are more or less steady along the profile with a slight decrease.
The most significant difference, with 20 g kg™ more Na within 15 cm, can be observed in profile
15 (Fig. 23).
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5.1.3.2. Silicon
Concentration Si, Camp Site Concentration Si, Fox Beach
Si [g/kg] Si [glkg]
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Figure 24: Si-concentration at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3* in the dead zone;
Profile 7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Site 4, 5, 12, 15 in the reference

zone.

At Camp Site, the Si-concentration in profile 1 and 4 increases until 7.5 cm respectively 5 cm.
After this increase both concentrations decrease until 10 cm and profile 4 increases again until
the bed rock. Profile 2 starts at a Si-concentration of 194 g kg, which is reduced within the

41




Master’s Thesis 5. Results Larissa L. Sutter

first 3 cm to 159 g kg*. Until 9 cm it increases rapidly to a concentration of 292 g kg (Fig.
24).

Profile 6 at Fox Beach shows large variations. Within the first 5 cm it increases rapidly from
244 g kg to 319 g kg™. This increase is followed by a decrease which flattens between 15 cm
and 25 cm. Profile 8 stable with a little decrease at 5 cm depth and a small increase towards 10
cm (Fig. 24).

Profile 9 at Charlie decreases to 222 g kg* after an increase from 271 g kg™ to 304 g kg™ within
the first 5 cm. Significant changes in profile 10 are measured after 20 cm depth. The Si-con-
centration decreases from 315 g kg to 254 g kg until 35 cm and goes up to 300 g kg at a
depth of 45 cm (Fig. 24).

At Delta, profile 3 presents a stable Si-concentration until 11 cm. Between 11 cm and 20 cm a
decrease can be observed. After a little increase, the Si-concentration stabilizes. Profile 14
shows a little increase along the whole profile. The concentration in profile 15 was only meas-
ured at two points. However, in this case an increase from 281 g kg to 386 g kg is visible
(Fig. 24).
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5.1.3.3. (Ca+K)/Ti
(Ca+K)/Ti, Camp Site (Ca+K)/Ti, Fox Beach
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Figure 25: Calcium-potassium Titanium ratio at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3*

in the dead zone; Profile 7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Profile 4, 5, 12,

15 in the reference zone.
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Profile 4 at Camp Site shows a nice trend of the (Ca+K)/Ti ratio. Within the first 10 cm the
ratio is low and decreases until 15 cm. The upper soil is usually more weathered and therefore
presents a lower ratio. Profile 2 shows the least significant weathering of all profiles at Camp
Site.

At Fox Beach, mire-like profile 6 illustrates a nice pathway course of the ratio as well. It goes
from more to less weathered within the first 5 cm. The increase towards bottom could be influ-

enced by the soil moisture.

Profile 9 at Charlie is close to the erosion line. Tsunamis eroded the upper part of the soil and

therefore the first 5 cm are less weathered. Less variations are observed in profile 10.

The profiles at Delta seem to be not much weathered due to their ratio. Profile 14 and 15 are
not located in the dead zone. Nevertheless, they show a similar trend as profile 9 at Charlie.
The soils at Delta are dry and sandy and exposed to wind. It is possible that these profiles are
influenced by the wind that erodes the first cm of soil and therefore less weathered material can

be found at the surface.
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5.1.3.4. K/Rb
K/Rb, Camp Site K/Rb, Fox Beach
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Figure 26: Potassium-rubidium ratio at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3* in the

dead zone; Profile 7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Profile 4, 5, 12, 15 in
the reference zone.
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Profile 1, 2 and 4 at Camp Site and profile 15 at Delta show big variations in the K/Rb ratio.
Therefore, these profiles are affected by aeolian dust. The other profiles do not show big vari-
ations and hence the soil formation was not stronlgy influenced by aeolian dust and the soil

minerals seems to be of the same material (Fig. 26).
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Figure 27: pH-values at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3* in the dead zone; Profile

7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Profile 4, 5, 12, 15 in the reference zone.

The pH-values at Camp Site range between 4,9 and 5,5. A decrease between 2.5 cm and 5 cm

can be observed in profile 1. Between 5 cm and 10 cm the pH increases up to 5,5. Profile 2
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starts with a pH of 5,15 and reaches its minimum at 9 cm with 4,9. Profile 4 follows an opposite
trend compared to the other two profiles. The pH-value at this profile increases slightly towards
bed rock from 5,2 to 5,5 (Fig. 27).

Profile 6 and 8 at Fox Beach show a bigger decrease in their pH-value, whereas the pH-value
of profile 5 shows a continuous negative trend towards bed rock. The pH of profile 7 shows a

little increase down to 15 cm (Fig. 27).

All profiles at Charlie, except profile 9 show little variations in their pH. They are all situated
between 5,1 and 5,4. The pH at profile 9 starts to decrase in a depth of 10 cm down to 15 cm
from 5,4 to 4,8 (Fig. 27).

With a range of a pH-value range of 3.9 to 5.25, the biggest variations can be observed at site
Delta. Profile 3 and 13 behave in a similar way. In the upper 10 cm, the pH changes little but
decreases remarkably after 10 cm. Within the first 5 cm, profile 14 shows a decrease in its pH
from 5.15 down to 4.35. It returns to a pH of 4.5 at 10 cm depth. Profile 15 is the only profile
with a pH-value below 4. It starts with 3.9 and increases up to 4.1 within 15 cm. This soil is
therefore the most acid profile out of all samples (Fig. 27).

47




Master’s Thesis 5. Results Larissa L. Sutter
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Figure 28: Carbon Nitrogen ratio at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3* in the dead
zone; Profile 7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Profile 4, 5, 12, 15 in the

reference zone.

The C/N ratio at profile 1 at Camp Site grows continuously 18 to 24. Profile 2 shows a small

decrease. Alternations between increase and decrease are detected at profile 4 (Fig. 28).

Profile 5 and 6 at Fox Beach do not show large variations, except a slight decrease at 5 cm in
profile 6. A general decrease can be seen in profile 7. Profile 8 halves its C/N ratio towards 5

cm and increases again until 10 cm (Fig. 28).
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At Charlie profile 9, 10 and 11 show similar C/N ratios until 10 cm, whereby profile 11 stays
stable after 7.5 cm. Profile 9 and 10 increases after 10 cm until 15 cm. After that, the C/N ratio
returns to 12 at 20 cm depth and increases again to 16 at 25 cm. A stabilization is visible be-
tween 25 cm and 45 cm (Fig. 28).

Profile 3 at Delta starts with a decrease and reaches the minimum ratio of 14 at the depth of 6
cm. The maximum C/N ratio of 18 is located at 20 cm. A slight increase in the beginning is
measured at profile 13. After 5 cm, the C/N ratio shrinks to 12 at 15 cm and stays near this
value at a depth of 20 cm. Profile 14 show a little decrease at 5 cm but returns to the same ratio

as in the beginning (Fig. 28).

5.1.6. Radiocarbon

Profile Depth [cm] Tef;:‘lli)l.lue Material C];;;]ge tle [lc _:liiu;:] [lc_:liiu; [Zc_:lig]:;
3 AAA organic matter 108 23 1694-1918 257-33 168-20
: 9 AAA organic matter ~ -580 23 2003-2004  (-532)-(-34) (-6)-(-55)
0 H202 soil 1643 26 382-427 1569-1524  1613-1410
3 23 H102 soil 597 25 1310-1400 640-551 652-542
23 AAA organic matter 18 23 1893-1906 58-44 245.35
5 63 H202 soil 8559 31 7597-7574  9546-9523  g550.0404
0 AAA organic matter ~ -489 22 2005-2007 -535-(-5T) 6-(-58)
¢ 25 AAA organic matter a01 23 1047-1169 904-782 910-743
2 AAA organic matter ~ -803 22 1997-1998 -47-(-48) 7-(-49)
’ 12 AAA organic matter ~ -244 22 1955-1936 -5-(-6) 5.(-7)
13 23 H202 soil 7411 i3 6335-6236  8304-8185  g379.8176
15 17 AAA organic matter 729 22 1267-1284 684-667 693-659

Table 1: Radiocarbon-dating with the *C ages and the calibrated ages [AD] and [BP] and the pre-treatment of the
materials of the Camp Site, Fox Beach, Charlie and Delta. Profile 2 and 3 in the dead zone; profile 7 and 13 in the

affected zone; profile 6 in the transition zone; profile 5 and 15 in the reference zone.

To calibrate the **C ages the IntCall3 curve was used by the online Oxcal calibration tool
(Reimer et al., 2013).

The expected stratigraphy would be young over old. The oldest sample was found in profile 5
at a depth between 61-66 cm with a calibrated (cal.) age BP between 9546-9523. This is the
last sampled horizon in this profile and the deepest sample of all soils. Another old sample was

measured at profile 13 between 20-25 cm. With an age cal. BP of 8304-8185 it is the second
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oldest sample. A special chronology shows profile 3. The oldest sample in this profile is located
at the very top and the youngest at the bottom. The other samples do not show the expected

chronology (Table 1).

Figure 29 shows an overview of the dated samples. Since site Delta is the farthest way from the
glacier, it is expected to get the oldest age here, because it was first deglaciated. Thus, the
youngest samples should be found at Fox Beach. However, the oldest sample was detected at
Fox Beach.

Camp Site T

N

2

Fox Beach T

0-5cm:-7-(-49)
. 9—-14cm:-5—-(-7)

“4

100 m

Charlie

0cm:1613 —1419*

23 cm: 652 — 542*

15 — 20 cm depth: 693 — 6359

100 m

Figure 29: Map with 4C ages cal. BP: Fox Beach is the nearest to the glacier, then Camp Site, then Charlie and
Delta is the farthest located site. The cal. BP ages with * are pretreated with H,O,; the others with AAA-tech-
nique. White numbers: modern age; red numbers: young age; orange numbers: middle age; green numbers: old

age.

Figure 30 shows a chronology in depth of the cal. BP **C ages. The samples pretreated with the
AAA-technique (Fig. 30 a)) present recent ages, not older than 800 cal. BP. Ages up to approx-
imately 10 ka were measured in a depth of 65 cm (Fig. 30 b)). This sample was pretreated with
H20.. The age should increase with depth. This is the case in Figure 30 a) and 30 b), whereas
much modern ages were dated at the surface, in 10 cm, 15 cm depth and younger age in 25 cm

depth (Fig. 30 a)).
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Figure 30: *C ages cal. BP, a) samples pretreated with the AAA-technigque and b) samples pretreated with H,0.

For this illustration, the average age was taken from the 2o range.

5.2. Dendrochronology

5.2.1. Cross-dating

Table 2 shows all collected dwarf shrubs with their relative age which are counted annuals rings

(length), when they started to grow and when they died.

Site Betula Nana Length Date begin Date end Salix Arctica Length Date begin  Date end

SA 68 1948 2015 5B 83 1933 2015
Fox Beach 6A 49 1967 2015 6B 49 1967 2015
TA 51 1963 2015 7B 13 2003 2015
SA 42 1971 2012 SB 33 1969 2001
94 48 1953 2000 9B 51 1953 2003
10A 21 1995 2015 10B 86 1930 2015
Charlie 11A 52 1964 2015 - - - -
11AWF 33 1968 2000 - - - -
12A 31 1985 2015 12B 53 1963 2015
- - - - 13B 32 1984 2015
Delta 14A 37 1979 2015 14B 77 1939 2015
15A 19 1997 2015 15B 62 1954 2015

Table 2: BN and SA dwarf shrubs at Fox Beach, Charlie and Delta with their relative ages and their date of death.
Reference plants in blue and plants in the dead zone in orange. The transition zone and the affected zone is in

white.
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The oldest plant is a SA with 86 counted annual rings. The oldest BN has as a relative age of
68 years. With an average age of 54 years the SA is 13 years older than the BN. The plants 8B,
9A, 9B and 11AWF (exposed root) died between 2000 and 2003. 8A died later in 2012, whereby
13B was still alive at the time of sampling. Camp Site is missing, because it was not sampled,
either in 2015 or 2016. Furthermore, the plants 11B and 13A could not be sampled, because
there were no dwarf shrubs available at these spots.

In the figures 31 and 32 the SA (12B) is used as a reference plant. This plant was chosen as
reference for the figures 31 and 32, because this dwarf shrub showed the most constant growth
compared to the other reference plants from the other three sites. This SA has grown far away
from the coast and at a higher elevation (30m a.s.l.). Therefore, this plant has not been affected
by tsunamis at all. For the visualization of the results, only the most informative data have been
used. This means that there have been dwarf shrubs, which were too young and therefore not
significant enough. Additionally, the graphic would be hard to read, if there were too many data

shown.
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Growth Changes of Betula Nana and Salix Arctica; Coast Side
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Figure 31: Annual ring widths of the BN (9A, 11AW3, 11AW4) and the SA (12B = reference plant, 8B, 9B, 13B) at the dead zone. Red arrows and boxes show the decreases in
ring width at 1971,1973,1978,1985, 1990, 1993 and 1996.
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Figure 31 shows the growth reaction of the dwarf shrubs in the dead zone. The red boxes mark
the years 1971, 1973, 1978, 1985, 1990, 1993 and 1996. These years mirror local minima in
the width of the annual rings of all plants, which is highlighted with arrows. It is important to
say, that this is not an absolute chronology. Consequently, such changes in growth could be
shifted by one or two years. Particularly the year 1985 illustrates a big decrease in their annual
ring width, especially for 8B and 9A. Expect the dead SA (8B) shows already a first reduction
in the ring width in 1984. Furthermore, little decreases in the annual ring width can be observed
in 1990, 1993 and 1996. Even though the reduction in the annual rings in these years are not
very clear, this decrease can be observed in all the plants, except in 12B (reference plant). Ad-
ditionally, the dwarf shrubs in the transition zone (Fig. 32) do not show the same reactions as
the plants in the dead zone. In the year 2000 the first plants began to die and further plants died
between 2000 and 2003 (Fig. 31).

Further, SA 13B (Fig. 32) was with 22m a.s.l. at the highest elevation of all plants within the
dead zone. It seems as if this dwarf shrub recovers after 2000 and shows later decreases in its
growth in the years 2008 and 2011. It is uncertain, if this correlates with the tsunami-events,
because some plants in the transition zone (Fig. 32) decrease in their growth as well (2008 + 1
year and 2012 + 1 year).
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6. Discussion

6.1. Geochemistry

The most important profiles for the discussion are those, which are the closest to the coast.
Profile 2, 3, 3*, 8 and 9 will therefore be compared with the other profiles at the same site. For
certain points, it makes more sense to zoom out and do a cross-comparison between the four

sites, with a focus on the profiles next to the shore.

In general it can be assumed that the pH-value increases after a tsunami-event and so do the
Na, K, Ca, Mn and Fe contents (McLeod et al., 2010). The pH-value only slightly increases in
all profiles at the shore within the first cm. The Na content (Fig. 23) does also increase in the
upper soil, except for profile 3. Since this profile is located at an elevation of 20 m a.s.l., it is
possible that this profile has not been hit by a tsunami for a longer time. Further the amount of
K (Appendix 11 4) is not increasing in profile 8 and 9, but increases in profile 2 and is more or
less stable in profile 3 until 15 cm and decreasing after 15 cm. The content of Ca (Appendix 11
3) increases like McLeod et al. (2010) describe, except for profile 3 that shows higher values
not until 10 cm depth. In profile 2 and 3 Fe and Mn content incease (Appendix Il 2 and 5),
whereas these values decrease in profile 8 and 9 within the upper centimeter. These Elements
have been leached in deeper into the soil, probably because these two profiles are at a lower
elevation than profiles 2 and 3 and therefore got hitten by a tsunamis more often, resulting in
leaching of these elements.

6.1.1. Camp Site

Figure 22 shows the LOI of the Camp Site. The higher the LOI is, the more organic material
was burnt during the 6 hours at 550°C in the oven. Profile 2 is the only profile at Camp Site
that presents a decrease from 2.5 cm up to the surface. This indicates that the organic content
gets smaller toward the soil surface. The Si-concentration in figure 24 confirms the decrease of
organic material. In profile 2 an increase of Si can be observed from 2.5 cm to 0 cm. Since
profile 2 is next to the shore, it gets covered with siliceous sand and therefore the concentration
of Si increases towards the top of the profile. Compared to profile 2, profile 1 and 4 show
inverse values in the Si-concentration and in the LOI. Furthermore, an accumulation of Na (Fig.
23) is measured in profile 2 within the first 2.5 cm. This can be explained by the tsunamis,
which bring seawater to the top of the soil. Since the average precipitation of 436mm per year
in the Eqip Sermia area is low, displacements of the elements in the soil happens very slowly
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(Hansen et al., 2006). Nonetheless, profile 2 shows a clear dislocation of Na, Si, Al from 2.5
cm down to 9 cm, where the highest concentration of these elements can be found (Fig. 23, 24,
Appendix 11 1)).

6.1.2. Fox Beach

The LOI at Fox Beach (Fig. 22) illustrates trends related to the LOI at Camp Site. Profile 8 in
the dead zone decreases in its organic material from 5 cm to the surface. Even though it is not
as distinct as in profile 2, a difference can be observed between profile 8 and the other profiles
at Fox Beach. This difference between profile 2 and 8 might be caused by the soil type. Profile
2 has more mire-like attributes and profile 8 contains a lot of sand and shows lower humidity
than profile 2. Therefore, profile 8 contains less organic material than profile 2. This is also
visible by looking at the Si-concentrations (Fig. 24). Profile 8 increases just slightly in its Si-
concentration from 5 cm to 0 cm. The little variance within profile 8 reflects the sandy type of
the soil containing less organic material. The Na-concentration in profile 8 (Fig. 23) indicates
a similar trend as profile 2. An increase of Na towards the surface indicates changes in its en-
vironment, assumingly due to tsunami-events. The other elements Al and Fe (Appendix Il 1

and 2) do not show any big fluctuations, due to the lower mobility (Boxleitner et al., 2017).

6.1.3. Charlie

Profile 9 start with an increase of the LOI from 5 cm to 0 cm (Fig. 22). The highest content of
organic material could be measured at 15 cm. Even though profile 9 behaves differently com-
pared to the other profile at Charlie, it does not follow the same trend as profile 2 and 8. It rather
shows an inverse way, which was not expected. The organic layer at 15 cm can be observed in
the picture of the profile (Fig. 20). The LOI can be verified by the Si-concentration (Fig. 24) at
profile 9. While the LOI is decreasing at 5 cm, the Si is increasing and vice versa at 15 cm. A
plausible explanation for the inverse behaviour of profile 9 compared to profile 2 and 8 could
not be found. The Na-concentration (Fig. 23) increases slightly from 5 cm to 0 cm at profile 9.
Compared to profile 10 to 12 it does not seem to be a significant increase. Since the soils are
influenced by the sea air, which contains Na too, it could be accumulated by air instead of
tsunami-events. Profile 9 is not outstanding comparing the Al-concentration (Appendix 11 1) to
the other profiles at Charlie. It is a relatively homogenous in its distribution of Al. With a little
decrease from 5 cm to the top in the K-concentration, followed by a decrease to the bed rock
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(Appendix Il 4), profile 9 shows a totally different trend compared to profile 2. Profile 8 how-
ever also starts with a decrease towards the surface, but stabilizes towards parent rock. The Fe-
concentration (Appendix Il 2) is the highest in a depth of 10 cm at profile 9. Since this site does
not behave similar to profile 2 and 8, it could be possible, that profile 9 is affected by tsunamis
the most. This assumption is based on the high Fe-concentration at 10 cm. Since the precipita-
tion is little, dislocations of the elements are not likely to happen as clearly as it is shown in
profile 9. Therefore, the accumulation of Fe, Mn and Ti (Appendix 1l 2, 5 and 6,) is assumed

been induced by tsunamis.

6.1.4. Delta

The focus at this site will be profile 3. Profile 3* is also in the dead zone, but only the uppermost
and the lowest part of the profile have been analysed, which makes this profile little predicating.
All soils at this site, except for profile 15, are very sandy soils, whereas profile 15 is rather mire-
like. The first 15 cm of profile 3 do not contain a lot of organic material. The highest amount
of the organic content could be measured in a depth of 20 cm. Profile 13 acts similar to profile
3 concerning the LOI. Profile 13 is located in the affected zone and therefore shows a resem-
bling trend. Similar to profile 9, the organic material starts to increase towards the bed rock.
This lack of organic material in the upper 15 cm of site 3 can also be observed in the Si-con-
centration (Fig. 24). This concentration reaches its minimum at 20 cm. At this depth, the most
organic material was measured. Since Al (Appendix Il 1) reach its minimum concentration at
20 cm, it can be assumed that an eluviation and a displacement, caused by tsunamis, occurred.
The lowest Fe-concentration (Appendix Il 2) was measured at 25 cm. The Na-concentration
(Fig. 23) starts to decrease at 15 cm. A possible reason for the high Na-concentration between
0 cm and 15 cm is the soil structure. The organic layer, which starts at 15 cm, could retain Na

of a displacement in bigger depths.

6.1.5. pH

The value of the pH is influenced by the vegetation, but also by the material of the bed rock.
Granites and orthogenesis dominate in this area as parent rock material (Weidick et al., 2007).
Due to the missing carbonates in these crystalline rock, they are not able to buffer the ph. This

leads to acidic conditions in the soils (Scheffer et al., 2002).
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The pH of profile 2, 3, 8 and 9 in Figure 27 show similar characteristics. They are all increas-
ingly acidic, sometimes rapidly (profile 3, 8 and 9), towards the bed rock. But also, other pro-
files like 6, 13 and 14 act in a similar way, even though they are not in the dead zone as opposed
to the other profiles. Profile 13 is in the affected zone and profile 6 and 14 are in the transition
zone. Big tsunami waves might have reached their location and therefore increased their pH in
the upper soil as McLeod et al. (2010) explain.

6.1.6. C/N

The C/N ratio is a ratio for nutrients and indicates how easily the microbes can decompose
organic material in soil (Wang et al., 2014). It is expected, that higher C/N ratios are measured
on the top of the profile with a continuous decrease towards parent rock. All profiles show more
or less unobtrusive trends, except for the profiles at Camp Site. Due to the cryoturbation and
other disturbances in the soil, the C/N ratios were expected to show not typical trends. As an
example, the C/N ratio decreases with increasing depth in alpine soils, because the microbes
use C and N sticks to the clay minerals and therefore cannot be decomposed easily.

6.1.8. Improvements

For a better geochemical resolution, the profiles should have been sampled equally, e.g. every
5 cm. This was not the case in some of the profiles. In particular, profile 3*, 5, 7, 12 and 15,
only the uppermost and the lowest horizon have been sampled. But the most interesting profiles
for this thesis are those sites in the dead zone. It might have been useful, if more samples were
taken in the dead zone to gain better statistics. Furthermore, more caution is needed during
sampling to avoid mistakes such as at site 3, where an inverse age resulted.

6.2. Radiocarbon-dating

The radiocarbon age from profile 3 at Delta indicates an age inversion. Normally the oldest
sample should be found at the bottom of the soil, as was done in profile 5, 6, 7 and 13, shown
in table 1. An explanation of this inversed age as in profile 3 could be, that the bottom has been
contaminated by recent organic material like roots which belongs to an upper part of the soil.

This could have happened during digging out the profile.
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Further, the more a material is weathered, the older it is. Therefore, the weathering ratio should
decrease with increasing age and should correlate with the radiocarbon-dating. But a correlation
with the weathering index (Ca+K)/Ti (Fig. 25) and the 4C ages (Table 1) does not seem possi-
ble with old samples. For example, profile 5 has an age of 9550-9494 cal. BP (20) in a depth
of 63 cm. Hence, the weathering index would be expected to be low. But with a ratio of 19 this
soil sample is less weathered. Further, profile 13 with an age of 8329-8176 cal. BP (20) at 23
cm has aratio of 21. However, younger samples seem to correlate better. Profile 7 has a modern

age and is not weathered well.

An explanation for the correlation between the weathering index and the *C does not work as
expected could be the particle size. While physical weathering increases the surface by decreas-
ing the grain size, the vulnerability to chemical weathering increases (Blume et al., 2009). The
material at Delta is very sandy and the particle size is bigger compared to the material at the
other sites. Hence, the particles at site Delta are assumed to be exposed less to chemical weath-

ering which would explain the high weathering ratio.

All the samples which were pretreated with the AAA-technique present young ages (oldest:
910-743 cal. BP). Therefore, it can be assumed that a lot of disturbances occurred around 910—
743 cal. BP already. Additionally, the problem of cryoturbation is present, which is a dominant
pedologic process in permafrost areas. Favorable conditions for cryoturbation is permafrost
within the first 1 m, freeze-thaw cycles, conditions of poor drainage and a parent material en-
riched with silt (Bockheim and Tarnocai, 1998). Due to the cryoturbation, younger material
can be transported downwards and older upwards which affects the *4C results.

The ages from profile 5 and 13 suit the ages from literature very well. The minimum age of
deglaciation at the eastern Disko Bugt was dated back to 10.3 ka BP. The Eqip Sermia is located
more in the eastly and therefore its deglaciation started later (Weidick et al., 2007). A moraine
system along West Greenland was investigated. The system passes by Eqip Sermia, where a
shell from the southern flank of the glacier was dated. The shell has an age of 7.3 ka BP
(Weidick et al., 2007). This age is very close to the calibrated radiocarbon ages in this work.
Since the shell was collected near the glacier and the examined samples are further away from

the glacier, it makes sense that the samples are older than the dated shell.

Zooming out and considering deglaciations in other regions of the world allows to put this
finding into context. Depending on the geographic location the Last Glacial Maximum ended
between approximately 19 ka and 11 ka (Clark et al., 2012). Going from North to South, the
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Fennoscandia got deglaciated after 12.5 ka (Nygard et al., 2004), whereas Latvia became ice-
free between 14 ka—12 ka BP (Ehlers & Gibbard, 2004). The deglaciation in northern America
could be dated with moraines in the Lake Superior region that have an age of 11 ka (Saarnisto,
1974). The alpine deglaciation started 14 ka ago (Ravazzi, 2002). The higher the latitude, the

later the deglaciation should be, but climatic conditions influence the start of the deglaciation.

6.3. Cross-dating

During the working process, a few uncertainties occurred. Per plant, species and site, only one
reference plant has been sampled in a zone, where the plants were obviously not affected by
tsunamis. These reference plants cannot be verified, because for a reference chronology of the
site, at least 10-15 plant would have to be analyzed. Furthermore, there were also no other data
available, neither in literature nor in other data bases (e.g. from the shrub hub). Thus, the as-
signment of calendar years to the rings is not absolute, as no other reference plants near the
study site are present. Furthermore, the three sites vary in microclimatic conditions and there-
fore a suitable reference plant is difficult to find. It is known that microsite conditions highly
influence the annual growth (Young etl a., 2016). Nevertheless, the 6 (three main sites with one

BN and one SA) reference plants were convenient for a relative cross-dating.

Another uncertainty is the plant 13B in figure 31 as already described in the result section
(chapter 5.2.1.). The variation of the annual rings from 13B could also be due to local changes
in the site factors like temperature, precipitation or probable changes in groundwater surface in
mire areas which affects the growth of the vegetation. The site, where this SA was collected,
was very dry and sandy. Besides no BN could be found. The conditions might be better for the
SA than for the BN, whereby the BN grows as well on bogs as on rocky and sandy soils with
acidic (pH 4-5) conditions (Groot et al., 1997). Even though this site is visibly affected by
tsunamis, due to accumulations of sand, rock and shells, the SA seemed to grow well. It is
possible, that the height and the frequency of the tsunamis reached their maximum in 2008 and

2012 and decreased after 2012 which allowed the plant to recover.

It can be assumed, that in the years (1971, 1973, 1978, 1985, 1990, 1993 and 1996) big tsunami-
events happened. It is possible that in 1985 and 1993 even bigger tsunamis occurred, due to the
reduction of the annual ring growth in the plants 10B and 14A (1985) and 7A and 10B (1993).

These plants were the closest to the shore compared to the other dwarf shrubs in the transition
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zone (Fig. 32). Another reason for a decrease of the ring width through these years could also
be due to climatic variations. A comparison with climatic data has not been made, because the
changes in ring widths do not show the same trend in the dead and transition zone in the men-
tioned years, except in 1985 and 1993. However, to exclude possible tsunami-events in 1985
and 1993 temperature and precipitation measurements should have been considered as well.
Nevertheless, the research questions could be answered without any consideration of climatic
data.

Even though, long term chronologies in dendrogeomorphic researches are unusual, due to the
limited information of annual ring width measurement (Shroder, 1980), useful information
about tsunami-events could be gathered. The hypothesis from Lithi et al. (2016), that large
tsunami-waves of 15-20 m and the active erosion of soil and vegetation up to 20 m a.s.l. started
in 2012, can be rejected with the results from the dendrochronology. Additionally, Nielsen
(1992) mentions a report from 1962/64, that ponds of sea water with living benthic marine
animals at an elevation of 12-15m a.s.l. were found. This rejects the hypothesis that no large

tsunamis occurred before 2012.

6.2.1. Improvements

Even though this research is not very representative due to the small sample size, it shows that
the dwarf shrubs in the dead zone react with a decrease in the annual ring growth when tsunamis
assumedly have occurred. But to improve the accuracy and provide an absolute chronology, a
transect would be helpful and 10 to 15 plants should be sampled at each site. Furthermore,
missing rings had to be inserted during the cross-dating, which can distort the results. For these
discontinuous or missing rings, approximately 20 radii should be measured per cross-section

which allows the missing or discontinues rings to be detected better.
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7. Conclusion

Successfully more information about the area at the Eqip Sermia were gained. Data from liter-
ature could be verified and hypothesis from other authors could be rejected with the results
from this Master’s Thesis. Soil samples from the mire-like and sandy soils and samples from
BN and SA located at the landscape facing the calving front were used. Geochemical and den-
drochronological investigations and radiocarbon-dating were conducted to gain data about soil
properties, tsunami-history and deglaciation. Therefore, the start of the soil formation and the

occurrences of tsunamis caused by calving-events from the Eqip Sermia could be investigated.

In the beginning, these three research questions were formulated:

— “How suitable is the geochemical analysis of mire like and sandy soils, radiocarbon-
dating and the dendrochronological analysis of the dwarf shrubs BN and SA to deduce
tsunami-events?”’

—  “Have other large tsunami-events occurred before 2012, caused by calving from the
Eqip Sermia?”

—  “Is it possible to measure the quantity of the tsunami-events?”’

The geochemical analysis has shown expected and typical trends in LOI, XRF and pH for most
of the profiles next to the shore, whereas the elevation of the profile affected the results in this
analysis. With the radiocarbon-dating the beginning of the soil formation could be dated back
to 9546-9523 cal. BP. Further, the samples with an AAA-pre-treatment showed recent ages.
This indicates disturbances during soil formation; in this case rather cryoturbation than tsuna-
mis. Age correlations with XRF and 1*C were not possible. Therefore, the geochemical analysis
presents only qualitative results. The dendrochronology can only be used for investigating re-
cent events, due to the lifespan of the plants. Nevertheless, decreases in annual ring widths were
measured, which are assumingly caused by tsunamis. With those methods, it is possible to de-
duce tsunami-events. However, only qualitative data with geochemistry and relative ages with

dendrochronology were gained.

Since geochemistry presents qualitative results, it is not possible to answer the second research
question with this analysis. Based on the dendrochronological analysis it can be assumed that
large tsunami-events occurred before 2012. The results also show that years with tsunami oc-

currences can be dated. Albeit, the analysis does not show how many tsunamis were triggered
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within a year. Therefore, dendrochronology shows a low temporal resolution using the analysis

of the ring width.

Even though, there is no absolute chronology concerning tsunami-events, a relative chronology
could be reconstructed. It would be worth to do further and more detailed investigations in this
topic. Finally, despite of the low number of samples, useful results have been achieved. Never-

theless, the results should be treated with consideration.
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9. Appendix
Appendix I: Geochemistry
XRE- LOI
D[::::;‘ LOI Na Mg Al Si P K Ca Ti Mn Fe Rb Ir  Average :l’:“[';i'; CN
[%] [%6]
0 58 1026 1045 3782 10117 0139 1173 1968 0201 00516 16933 000500 001791 181993 81801 18 535
profle 2 59 206 0899 38 10721 0128 1218 1046 0205 00511 17124 000400 001752 180668 81933 1844 535
LS 60 2101 062 434 23858 0000 1470 1000 0146 0022 12377 000532 002202 12,1565 87844 2027 52
75 61 230 0602 4666 26025 0001 1565 2082 0151 00214 12148 000552 002280 000185 00908 2085 53
Camp 10 62 2055 0531 4460 24511 0081 15 200 016 00226 12511 000553 002330 11805 88105 242 54
Site 0 37 1882 0614 3692 194 0107 1115 182 013 00343 12719 000421 001760 18314 81686 1639 5.1
Profile 3 3 1,596 0466 3,193 15808 0088 0935 1665 0106 00207 12212 000324 001253 279973 72,003 1654 5.1
2 6 3 1078 0473 3921 21536 0004 1246 1665 0121 00120 10899 000402 001470 17866 82134 1506 5,05
9 40 2500 0576 52 20171 0094 1755 1794 0165 00156 10884 000585 002765 568500 04314 1333 49
0 63 2756 1035 5426 22307 0134 1673 1519 0208 00461 21048 000470 001753 112658 88734 2023 54
Profile 5 64 3,080 1000 5074 25238 0128 1887 1535 0200 00435 20366 000503 001826 649045 0351 2145 545
110 65 2823 0971 5536 23062 0146 1681 1622 0266 00430 20122 000486 00174 080683 00,193 193 55
15 66 2282 0525 4927 26753 0084 1651 1044 0166 00271 13166 000582 002547 844442 01556 2204 55
XRF- LOI
It;‘::;‘ LOI  Na Mg Al Si P K C T Mn  Fe Rb Ir  Average ::'}';i} CN  pH
[%6] [%6]
Profile 0-5 145 2207 0730 5497 28256 0064 1502 1844 0191 00305 17327 000560 001892 808219 01018 1811 495
5 61-66 146 2043 0808 5667 25572 0187 1448 1650 0161 0034 15888 000573 000765 768205 02317 1659 475
0 147 198 0778 5011 24376 0008 1434 178 0177 00334 16414 000542 001226 110364 88964 10 53
o Profile 148 2472 0671 5567 31042 0017 1643 1761 0136 00224 12895 000577 000844 126103 9873¢ 1606 5.2
s 610 140 2534 0748 58 30069 0038 179 1861 0168 00225 15582 000638 000037 243038 9757 18 49
1520 150 2127 0733 5306 2682 0091 1564 1714 0173 00198 12541 000501 000088 751605 02484 17790 47
227 151 1998 0759 5161 2537 0092 1476 1618 0183 00183 10713 000536 00133 123354 87,665 1701 4,65
Profile 05 152 1604 0666 2825 14677 0044 0892 1168 011 00120 10254 000316 000885 30,0079 69992 2882 52
7004 153 1054 0717 4278 19504 0105 1222 1360 0128 00321 14467 000478 001107 172847 82715 1842 53
0 155 2,655 0004 5325 27663 0057 154 152 0151 00241 13562 000560 000843 540174 04508 1694 52
P”;me 5 156 2396 0055 5603 26691 0068 1,667 1491 0,147 00286 14554 000609 000755 741812 02582 7480 51
10 157 2406 0028 5467 2775 0067 1671 150 0160 0023 14801 000607 001243 554680 04453 1207 43

Appendix I 1: Geochemistry, Site Camp Site and Fox Beach.
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Charlie

Depth XRE- Lot Anorga -

fcm] LoOI Na Mg Al Si P K Ca Ti Mn Fe Rb r Average nic [%] C/N pH
[%0] [%6]

0 158 2478 0,932 4344 230641 0,07 1,291 1,685 0,218 0,0202 15243 000473 0,0189 12,7961 87,204 19,21 53
Profile 5 159 2615 1538 5075 29621 0086 1.49 1,812 037N 00399 24805 000552 001815 2.712356 97,276 13 47 53
0 10 200 2,56 1.75 5156 26201 0,125 1,378 1,746 0,402 0,057 28158 000551 0,01907 595347 94 047 13,85 54
15-20 201 1,777 0,881 3,907 17349 01142 1075 1,516 0228 00282 2,0024 000450 00136 209302 79,05 1564 48
0 202 2,198 0003 5177 28,837 0065 1485 2011 0233 00319 1,738 000555 001922 445046 9553 15,3 5.3
5 203 2.1 0,048 5000 27385 0077 1502 1965 0,196 00285 16441 000582 001485 458148 05419 1445 5.4
10 204 2265 097 5308 20744 0,039 1567 1,02 0,193 00266 1.6332 0,00584 0,012 205741 97043 13,07 3.4
15 205 2,350 0,837 5118 29754 0063 1487 1968 0,196 00243 14794 000557 001307 292345 07077 16 5.4
Profile 20 206 248 0897 5483 30591 0044 1,580 1935 0,180 00238 13815 000363 001198 283630 07144 11,9 5.4
10 25 207 2,047 0,94 484 25,184 0,11 1,404 1,926 0,205 00227 16768 000555 001328 7.8179 92,182 16,35 53
30 208 2285 0979 5039 26998 0084 1.451 2,013 0,233 00228 1,7407 000556 001643 6,05957 93 04 15,5 52
35 209 1959 0,745 4331 21844 0101 1254 1083 0,185 00205 1,8725 000488 001337 13,8299 84,17 17,14 5,2
40 210 1943 0,796 4392 233832 Q0101 1344 1911 0213 00226 01,9293 000517 002358 11,3375 88663 1633 5,2
43-30 211 2,245 0,867 5,114 28033 0,07 1,522 1944 0221 00266 1,8350 000576 001861  3,32391 96476 13,36 5.3
Profile » 0-3 212 2,275 0.861 4512 25034 0067 1393 1744 0225 00303 1,7684 000335 001797 13,0164 86984 1601 3.3
1 7-13 213 2437 0,548 4805 20108 0081 1704 1766 0,15 0,016  1,0818 000603 002425 493952 0306 12,12 3,2
15-20 214 2,528 0,618 5,055 28627 0096 1696 1831 0,186 00193 13347 000677 002180 479820 05202 12,54 3,2
Profile 0-5 215 2,069 1,653 4939 26,705 0,11 142 1,968 0,373 00514 25967 000542 0,0191 5,36798 94,632 15,6 53
12 3843 216 2066 1,177 5096 25731 0,138 1,392 1972 0,308 00433 23314 000557 002062 557428 04 426 14 8 5.1

Appendix | 52: Geochemistry, Site Charlie.
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Depth XRF- ) LOI Anorga
[cm] LOI Na Mg Al Si P K Ca Ti Mn Fe Rhb Zr Average nic C/N

[%0] [%0] [*6]
0 26 2647 0041 5831 32012 0036 16040 177 01346 00319 13816 000326 0011371 231312 976860 17444
23 27 278 0931 6013 3234 0023 1726 1737 01636 00273 14607 000523 0010622 137128 086287 14241
i] 28 2716 0860 5877 32383 0034 16769 1766 01515 00265 L4117 000319 0012806 141533 983846 13984
8.3 29 2795 0381 3901 32451 0023 16001 1734 0168 00303 13373 000323 001236 127436 987236 1647
Profile 11 30 2777 0914 6037 32891 0022 16643 175 01613 00289 135133 000522 0011727 128812 987119 16338
3 14 3l 2857 0981 5993 31452 0032 16630 1792 01634 0,027 15030 000527 0010366 183527 981647 15991
17 32 2632 0787 5443 280931 0037 15146 1776 015331 00232 13373 000516 0011732 543277 043472 1713
20 LE] 2343 0694 4604 23008 0037 153230 1606 01286 0016 12541 000490 0012103 124257 873743 1845
225 34 2366 0693 4767 26672 0033 14711 176 01494 0017 12935 000504 0014702 890767 010923 17323
25 33 2388 0624 4771 26393 0083 15381 1767 01594 00165 12414 000514 0022340 5351000 0148 16268
Delta 28 36 228 0649 494 26006 0033 16388 1709 0162 00238 13147 000343 0020515 8.7 213 17,959
Profile (-3 227 2352 0914 5847 31037 0033 16023 1749 01365 00271 13823 000342 0013319 479512 932049 13369
3* 4651 228 3338 0824 TAMO 3192 0012 19321 19 0133 00273 1.53 000637 0008263 071534 002847 11203
0 217 2791 0802 5767 3091 0029 16163 1791 01574 00286 13868 000331 0011444 168367 983143 13803
Profile 5 218 286 0782 3317 31388 0029 146941 1774 01382 00233 L3476 000331 0010707 104382 939342 15884
13 10 219 2850 0842 5924 31368 0036 16307 1831 01630 00285 17392 000538 0010087 111106 088830 14233
15 220 2715 0731 5678 31153 0046 1655 1808 01681 00258 135961 000551 0013032 17202 982798 1147
20-25 | 2651 0657 5532 31531 0038 17384 1767 01687 00204 14221 000381 001906 233872 977413 12312
Profile 0-3 2 2481 0769 5176 28365 008 15460 1787 01501 00416 14646 000330 00153258 433601 05464 13102
14 3-10 223 2483 0783 3531 29826 0073 1543 1773 01627 0.0338 1.612 000347 0015762 347323 963248 11792
10-15 24 2365 0648 5635 30001 0133 L7767 1739 01922 00302 13031 000610 0022866 468300 03314 13371
Profile (-3 225 2057 0435 4283 25227 0127 1463 1521 0133 00163 11439 000520 002139 10,1925 BOBO7I 1663
15 15-20 226 3995 1335 8836 3707 0037 18719 198 022 00308 19305 000797 0016318 40127 939873 1632

Appendix | 55: Geochemistry, Site Delta.
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Appendix Il: XRF graphs
Concentration Al, Camp Site Concentration Al, Fox Beach
Al[g/kg] Allg/kg]
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Appendix 11 1: Al-concentration at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3* in the dead

zone; Profile 7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Profile 4, 5, 12, 15 in the
reference zone.
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Concentration Fe, Camp Site

Concentration Fe, Fox Beach
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Appendix Il 2: Fe-concentration at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3* in the dead
zone; Profile 7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Profile 4, 5, 12, 15 in the

reference zone.
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Concentration Ca, Camp Site
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Appendix Il 3: Ca-concentration at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3* in the dead

zone; Profile 7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Profile 4, 5, 12, 15 in the

reference zone.
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Appendix 11 4: K-concentration at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3* in the dead

zone; Profile 7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Profile 4, 5, 12, 15 in the

reference zone.

79




Master’s Thesis 9. Appendix Larissa L. Sutter

Concentration Mn, Camp Site Concentration Mn, Fox Beach
Mn [g/ke] Mn [gkg]
0l 02 03 04 03 0§ 07 0l 02 03 04 03 06 07
i + /- 10 \ ([
= 0 —+—Profile 5
—4—Profile 1 J
= = —B—Prfle 6
El ~a—Profile 2 [) ’
= 50 b Pmfled =30 —i—Profile 7
=1 B
& 2 / = Profile 8
40 40 /
S0 30 l
60 60 *
Concentration Mn, Charlie Concentration Mn, Delta

Min [gks] Mo [g/lkg]

1 02 03 04 05 0§ 07 0, 7

1 02 03 04 05 05 0
0 - 0 “'\ w
10

’ \ '4/
—4—Profil3
20 0 -
—4—Profile 9 Progle 3¢

T ——Profile 10 T
B Prgle 11 B | —4—Profile 13
= 30 e = 30 ——Profils 14
] =m—Profile 12 B
=] a —#—Profils 15

40 40

30 50 l

Appendix Il 5: Mn-concentration at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3* in the dead
zone; Profile 7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Profile 4, 5, 12, 15 in the

reference zone.
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Appendix Il 6: Ti-concentration at Camp Site, Fox Beach, Charlie and Delta. Profile 2, 8, 9, 3, 3* in the dead
zone; Profile 7, 10, 13 in the affected zone; Profile 1, 6, 11, 14 in the transition zone; Profile 4, 5, 12, 15 in the

reference zone.
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Appendix I11: *C Oxcal Calibrations
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Appendix 111 1: C Oxcal Calibrations. Profile 2 and 3.
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Appendix 111 2: *C Oxcal Calibrations. Profile 3, 5 and 6.

Radiocarbon determination (BP)

Radiocarbon determination (BP)

s700f
8600k

8500

8400F

Profile 5: 63 cm

H20,

2017k 5; IntCal13 atrnosphenc curve (Reimer et 5| 2013)

R_Date(8559,31)

68.2% probability
9546 (68.2%) 9523calBP

95.4% probability

9550 (95.4%) 9494calBP

7% probability

98 (99.7%) 9474calBP

s300f

e
—_—
L 1

5400
Calibrated date (calBP)

1100 OoeCsl w4 2 4 Bronk Ramsey (2013} r8; IntCal13 stmospheric curve (Reimer et al 2013}

i R_Date(901 23)
s - . 68.2% probability
: Profile 6: 25 cm 004 (38.2%) 860calBP
1000 829 (12.7%) 811calBP
\ 803 (17.3%) 782calBP
- 5.4% probability
go0 | 10 (47.0%) 842calBP
g ) T43calBP
g 7% P jlity
sook 19 (99.7%) P
700
| I e e
Goobe e e e e e ]

950

900

8350 800 730 700 650

Calibrated date (calBP)

83




Master’s Thesis 9. Appendix Larissa L. Sutter

OneCal v4.2.4 Bronk Ramsey (2013); r.0.2; Post-bomb atmospheric NH1 curve (Hua et al., 2013 OneCal w4 2.4 Bronk Ramsey (3013); r0.2; Posthomb atmospheric MH1 curve {Huis et al., 3013)
- R_Date(-803,22) : R_Date(-244 22)
- 68.2% probability : 68.2% probability
) 1sF -47 (68.2%) -48calBP o 18k -5 (8.5%]) -5calbP
= N 95.4% probability I “F -6 (59.7%) -5calBP
% g -7 (0.5%) -7calBP = : 95.4% probability
S i - -46 (94.9%) -49calBP S g -5 {95.4%) -TcalBP
@ 16 % 99.7% probability = 16F 99 7% probability
E - M -6 (3.8%) -8calBP £ : -5 (99.0%) -7calBP
2 g R -45 (95.9%) -50calBP Z : -39 (0.7%) -59¢calBP
= 14fF i ) 3 . = 14F
c g rofMe.7: 2 cm c g TP
g g A S : Profile 7: 12 cm
m N AAA o N
(&) | b M| [&] |
% 12 = y ¥ % 1.2 = AAA
] - (f o] -
o 5 o I
= ToeS— 5 TN,
1k N e e L. .. R P 1o AT T PR PR PR P P
-0 —20 —30 40 50 0 10 20 30 40 50 &0
Calibrated date (calBP) Calibrated date (calBP)
2T nE IntCal13 atrmosphenc curve (Reimer et al 2013) CncCal wd 7.4 Bronk Ramsey {2013} r:5; IntCal13 atmospheric curve [Reimer et al 2013)
R_Date(7411,33) 900 R_Date(729,22)
68.2% probability - 65.2% probability
— 7600 8304 (44.9%) 8242calBP —_ i 684 (68.2%) 667calBP
[a o
@ i 8217 (23.3%) 8185calBP i) g 95.4% probability
= 95.4% probability = 800 693 (95.4%) 659calBP
= 5 8329 (95.4%) 8176calBP = s 99.7% probability
E - 99.7% probability £ g 728 (99.4%) 651calBP
= T400 8365 (99.2%) 8157calBP = £ 580 (0.3%) 571calBP
< i = 700 F (0.5%)
D - 090 (0.5%) 8053calBP 1] C
= ¥ =] ¥
5 5
g [ £ - Profile 15: 17 ¢
Qo | [ 2
$ 7200} S S0F AAA
3] - (0] I
a4 - o C
i —_ e . — \
| L J : _
| L ] | I— o L Jd —_
N P B NPT FE 5UU_II A T I I
2400 2300 2200 8100 8000 750 700 E50 600 550
Calibrated date (calBP) Calibrated date (calBP)

Appendix 111 5: “C Oxcal Calibrations. Profile 7, 13 and 15.
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