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Abstract: The Dalarna province in south-central Sweden shows a great variety of geological evidence from the 

Late Quaternary. A peculiar deglaciation pattern, along with unique hydrological conditions, has left a lot of space 

for speculations over the palaeoenvironmental conditions during the early Holocene. Lake Siljan is in the southern 

perimeter of the Siljan impact structure, the most prominent in Europe. At deglaciation, c. 10.6 kyr ago, the retreat-

ing ice margin was followed by the inundation of the Ancylus Lake, forming the highest shoreline at c. 205 m a.s.l. 

in the eastern part of the Siljan basin. However, due to fast glacio-isostatic rise and consequent shore regression, the 

Siljan basin got isolated from the Baltic and formed the ´ancient Lake Siljan,´ probably as early as c. 10 kyr ago. In 

1934, the Swedish geologist Lennart von Post published a fascinating study, proposing a scenario of catastrophic 

drainage of ancient Lake Siljan, at which the outflow through the Åkerö channel moved northwards, forming the 

present outlet of River Österdalälven at the town of Leksand. This drainage event led to a lake-level drop of about 6 

m. At the same time, also according to von Post (1934), a basin at Heden, now a peat bog located 2 km south of 

Leksand, that before the drainage was part of Lake Siljan, became isolated. The present study is an evaluation of 

von Post’s scenario by employing both traditional and modern geological techniques to sediment records from two 

coring locations, at Åkerö and Heden. The main findings suggest that during a stochastic high lake level stand, are-

as around the lake became submerged, and erosion processes were initiated that led to the opening of the new outlet 

at Leksand and the lake drained at some point close to 8.8 cal kyr BP. The aftermath of this drainage rerouting 

found the previous outlet channel at Åkerö abandoned, and the basin in Heden isolated. The drainage scenario, as 

suggested by von Post (1934), is thus confirmed but took place close to 2000 years earlier than was initially pro-

posed, based on pollen zonation and before the development of accurate chronological dating techniques.     
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Sammanfattning: Landskapet Dalarna i södra centrala Sverige uppvisar en stor variation av kvartärgeologiska 

sediment och landformer, bildade från deglaciationen i tidig Holocen och senare. Ett speciellt deglaciationsmönster, 

tillsammans med unika hydrologiska förhållanden, har lämnat utrymme för spekulationer över paleo-miljömässiga 

förhållandena under det tidiga Holocen. Siljanbassängen, belägen i det södra randområdet av Europas största im-

pakt-stuktur började bli isfri för c. 10.6 tusen år sedan. Härvid följde Ancylussjön, ett av Baltiska sänkans havs/

sjöstadier, den tillbakasmältande isranden in i Siljanbassängen och utbildade i dennas sydöstra del en högsta kust-

linje på c. 205 m.ö.h. Emellertid, på grund av glaci-isostatisk grundad, snabb landhöjning och därmed orsakad 

strandlinjeförskjutning, kom Siljanbasängen att tidigt bli isolerad från Ancylussjön, troligen redan för 10 tusen år 

sedan, varvid ´Siljanfornsjön´ bildades. 1934 publicerade den svenska geologen Lennart von Post ett fascinerande 

scenario som föreslog att Siljanfornsjön, med en högre vattennivå än nuvarande Siljan, erfor en katastrofal, snabb 

dränering, vid vilken det dåvarande utflödet genom Åkerökanalen förflyttade sig norrut och utbildade det nuva-

rande utloppet för Österdalälven vid Leksand.  Denna dräneringshändelse ledde till att Siljan sänktes c. 6 meter. 

Samtidigt, också enligt von Post (1934), isolerades en bassäng vid Heden, idag en torvmosse belägen c. 2 km söder 

Leksand, men vid dräneringstillfället en vik av Siljanbassängen. Föreliggande studie är en utvärdering av von Post's 

dränerings-scenario, genomfört genom att använda traditionella kvartärgeologisk undersökningsmetoder, men fram-

för allt genom att använda modern dateringsmetodik, på två sedimentkärnor uppborrade på samma platser som von 

Post´s lokaler vid Åkerö och Heden. De viktigaste resultaten indikerar att ett onormalt högvattenstånd i Siljan för c. 

8.8 tusen år sedan gjorde att sjön fann ett nytt utloppsområde och att snabba erosionsprocesser skapade ett utlopp 

med en lägre pasströskel än för det tidigare Åkerö-utloppet. Följden blev att den tidigare Åkerökanalen torrlades 

och att sjöbassängen vid Heden isolerades från Siljan. Det dränerings-scenario som föreslogs av von Post (1934) 

har i föreliggande studie mer eller mindre bekräftats, men dräneringshändelsen ägde rum bortåt 2000 år tidigare än 

vad som föreslogs av von Post baserat på pollenzonering och en kronologi pre-14C. 
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1  Introduction 

The origin and formation of lake basins are sometimes 
subject to drastic geological events and constant forces 
of alteration (Håkanson and Jansson 1983). Tectonism, 
volcanism, meteorite impacts, and glacial activity, in 
combination with weathering, erosion, transport, and 
deposition processes, have, to a great extent, formed 
the lacustrine landscapes of our time. Solely glacial 
activity during the last glacial period developed a vast 
number of small lakes that nowadays almost dominate 
in the Nordic landscape, which are of significant pal-
aeoenvironmental importance (Håkanson and Jansson 
1983). More specifically, lake sediments are consid-
ered as central areas of investigation for understanding 
the patterns of deglaciation (Calles 1985) and later 
palaeoenvironmental change.  
 The study area of this thesis is the southeastern 
part of Lake Siljan, situated in the province of Dalarna 
in central Sweden (Fig. 1). Lake Siljan is located in the 
southern perimeter of the Siljan impact structure (Fig. 
1A), a circular formation close to 50 km in diameter 
that resulted from a meteorite impact during the Devo-
nian period (380 Ma BP) (Holm-Alwmark et al. 2017). 
The Siljan impact structure is the largest known in 
Europe. At the center of the impact is a dome (32 km 
in diameter and reaching more than 500 m a.s.l.) com-
posed of granite from the Precambrian time (Smith 
and Peterson 2014). The central dome is flanked by 
down-faulted and imbricated Silurian and Ordovician 
sedimentary rocks and a depression that hosts a lake 
system with Lake Oresjön and Lake Skattungen in the 
north, draining into Lake Orsasjön in the NW, continu-
ing into Lake Siljan in the south, which eventually is 
drained by River Österdalälven with an outlet in the 
SE at Leksand. The unconsolidated sediments in the 
area of investigation are primarily of glacial and post-
glacial origin (Fig. 1A). 
 The Late Weichselian glaciation left a land-
scape with tracts of drumlins indicating a deglacial ice 
flow from NNW. The Siljan lake basin started to be-
come deglaciated at around 10,600 cal yr BP (Stroeven 
et al. 2016) and soon after was gradually inundated by 
the Ancuylus Lake (von Post 1934) (Fig. 1B). Field 
observations suggest that the highest shoreline formed 
at 205 m a.s.l. in the SE, while, due to the differential 
isostatic uplift, it was formed at c. 210 m a.s.l. in the 
north (Nordell 1984), although reconnaissance based 
on the digital elevation model (DEM) revealed that 
more elevated shorelines occur at c. 220 m a.s.l. north 
of Lake Orsasjön (Per Möller, personal communica-
tion 2020). Isostatic uplift of the area resulted in shore-
line regression of the Ancylus Lake, as evidenced from 
beach ridges, at gradually lower altitudes below the 
highest shoreline; eventually the Orsasjön-Siljan basin 
became isolated from the Ancylus Lake at which it had 
a lake level of approximately 168.5 m a.s.l. in the 
threshold area in the SE (Leksand), while the contem-
porary shoreline in the north (Lake Orsasjön) is now 
located at around 180 m a.s.l. due to differential uplift 
(von Post 1934). Today, the shoreline of the lake sys-
tem is at approximately 162 m a.s.l., thus exhibiting an 
apparent difference of 6.5 m in the outlet area of River 
Österdalälven in comparison with the lake level after 
the isolation from the Ancylus Lake. 

 Based on topographic and stratigraphic obser-
vations, von Post (1934) formulated the hypothesis 
that there was a somewhat catastrophic drainage of 
Lake Siljan in the Leksand area at which the lake 
found a new outlet, leading to a lowering from 168.5 
m to the present lake level of c. 162 m a.s.l. The lake-
level lowering led to the abandonment of the Åkerö 
channel (Fig. 2), According to von Post (1934), this 
was triggered by an exceptionally high lake level event 
reaching a slightly higher depression north of the 
Åkerö channel (Fig. 3). Rapid erosion into the sandy-
silty sediments led to greater depths than that of the 
Åkerö channel, which got abandoned, and the Siljan 
lake basin was lowered to its present position. Further-
more, areas above 162 m were cut off from the lake 
and gradually dried-up. According to von Post (1934), 
stratigraphic evidence of this drainage and lake level 
lowering, leading to isolation of basins at altitudes 
between 168.5 and 162 m a.s.l., is recorded by a transi-
tion from mica-rich gyttja to lake mud at Heden, pres-
ently a peat bog, situated 2 km south of Åkerö (Fig. 2).
 This study aims to identify and describe the 
sedimentary layers that reflect the period before and 

Fig. 1. Location map. A. The broader area around the Siljan 

ring, the major lakes, and Quaternary deposits. Till domi-

nates at the surface, but eskers and other glaciofluvial depos-

its occur, predominantly in low-lying areas. The red frame 

indicates the location of frame B. Data source: Geological 

Survey of Sweden (SGU kartvisare, sgu.se). B. Elevation 

map and coring locations. Areas below 205 m a.s.l. (the local 

altitude of the deglacial highest shoreline formed by the 

Ancylus Lake) are marked in transparent bluish. Purple lines 

indicate the position of identified relict beach ridges. Data 

source: Lantmäteriet (lantmateriet.se) 

http://www.sgu.se
https://www.lantmateriet.se/
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Fig. 2. Classified elevation map with hill-shade effect from a digital elevation model (DEM) of the southern 

part of Lake Siljan and its outlet, River Österdalälven. The classification permits a better understanding of the 

topographic relief. The boxes focus on the vicinity of the coring sites Åkerö and Heden. Black lines show the 

location of the cross profiles, as presented in Figs 3, 4, and 5. Data source: Lantmäteriet (lantmateriet.se)  

Fig. 3. Cross profile (A in Fig. 2) over the past and present outlet of Lake Siljan. The topog-

raphy profile is a product of a DEM with 3D Analyst in ArcGIS. The exact boundary be-

tween fluvial sand and glaciofluvial sand has not been surveyed in the present study and is 

marked with a question mark. Drone image of the Åkerö site. The dashed line indicates the 

approximate position of the relict drainage channel. The coring site is close to the southern 

side of the relict channel. Distribution permit from LMV, LM2020/009398.  

https://www.lantmateriet.se/
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after this postulated drainage event or ideally the 
drainage event itself and provide accurate dating of 
when the incident happened. Based on pollen data, von 
Post (1934) argued that the drainage event occurred 
during the Littorina maximum in the mid-Holocene. 
According to evidence from the SE Baltic coast of 
Sweden, the Littorina maximum started with a rapid 
sea-level rise around 7.6 cal kyr BP due to the decay 
of the Laurentide Ice Sheet and culminated at 6.5 cal 
kyr BP due to the complete melting of the Ice Sheet 
section in North America (Yu et al. 2007). By identify-
ing and dating the event, it will be possible to evaluate 
the drainage scenario of von Post (1934) regarding 
both its magnitude and its timing, by employing both 
traditional and modern geological techniques. 
  

2 Site description, materials, 
and methods 

The following section will describe the motivation of 
coring sites and the steps that were followed for sedi-
ment extraction, sub-sampling, and data acquisition 
and processing. The employed methods and techniques 
were sediment description, magnetic susceptibility 
measurements, XRF scanning, and multivariate statis-
tics of elemental data, Carbon and Nitrogen analysis, 
pollen analysis, radiocarbon dating, and evaluation of 
digital elevation models.  

 

2.1 Site description  

The catastrophic drainage scenario (von Post 1934) 
described in the introduction is mainly based on inter-
pretations of sediments from two localities close to 
Leksand, the Heden and Åkerö sites that are re-
investigated and re-evaluated in this thesis.   
 The Heden site (60°42'33.4'' N, 14°59'24.3'' E) 
is an infilled former lake basin with gyttja overlain by 
peat. The peat bog surface is approximately at 163 m 
a.s.l. (Fig. 2) and is connected to a small stream. The 
peat bog surface has numerous water-filled depres-
sions, probably due to modern peat extraction, that 
make the crossing of the bog a challenge. The depres-
sion is surrounded by silty-sandy deposits with a hum-
mocky topography, reaching altitudes higher than 170 
m a.s.l. As this is well below the highest shoreline at c. 
205 m a.s.l., these sediments most probably represent 
glaciofluvial subaqueous fan deposits. The cored gyt-
tja-peat succession, with sand at the bottom, was 8.25 
m.  
 The Åkerö site (60°43'34.1'' N 14°59'16.1'' E) 
marks the by von Post (1934) postulated former drain-
age outlet of Lake Siljan, cut down into glaciofluvial 
sand with up to 15 m high, steep, channel walls. The 
present bottom of the channel at approximately 163 m 
a.s.l., (Fig. 2) is not the erosional bottom of the chan-
nel. As indicated in the cross profile in Fig. 3, there are 
two basins, of which a pond still occupies the northern 
part of the palaeochannel. In contrast, the southern 
basin in the channel has an infill succession of gyttja 
and peat on top of fluvial sand, the latter marking the 
stream bed of the Dalälven River before the drainage 
event. In between is an erosional remnant from the 
time when the water flowed through the channel. The 
length of the cored sequence at Åkerö is 6.75 m. 

 The DEM suggests that both localities where 
once part of a larger ancient Lake Siljan. Heden is in a 
fjord-like basin and Åkerö in a channel-like depression 
that connects to the present River Österdalälven (Fig. 
2). According to the scenario under investigation, the 
ancient Lake Siljan can be defined as the lake stage of 
the current Lake Siljan, when lake-waters were cover-
ing a greater area than today and included the Heden 
basin. Moreover, the drainage of the lake waters at that 
stage was taking place through Åkerö, a slightly shal-
lower channel than the current one at Leksand.  

 

2.2 Sediment extraction 

The retrieved cores at Heden and Åkerö were taken 
with a Russian peat sampler with 7.5 cm or 5 cm di-
ameters. Coring was done in two nearby holes in 
which 1 m sediment core lengths were alternatively 
retrieved at gradually increasing sediment depths, and 
mostly with an overlap of 20 cm between the cores. 
The cores were described and photographed in the 
field, then placed in supportive liners and wrapped in 
plastic film before being transported and stored in the 
cold room at the Department of Geology at Lund Uni-
versity. A more thorough description of the sediments 
was later carried out in the laboratory before sub-
sampling.   

 

2.3 Magnetic susceptibility 

Magnetic susceptibility of lacustrine sediments 
measures the degree of potential magnetisation of de-
trital minerogenic material. It is a method applied for 
core correlation and for inferring specific information 
on the chemical and biological composition of the sed-
iments (Thompson et al. 1975). The measurements 
were carried out at the Palaeomagnetic laboratory at 
the Department of Geology, which is equipped with an 
automated platform and a Bartington MS2 Instrument. 
The data were acquired at 4 mm steps and were regis-
tered in SI units with the 0.1 range where the average 
of several readings over 10 s is recorded. Every mag-
netic measurement was later normalized with the mag-
netic signal of the air in the laboratory through a typi-
cal procedure. In other words, every data point on the 
core was normalized by subtracting the average of two 
measurements, at the same and an earlier depth, in the 
air. 

 

2.4 XRF scanning 

The XRF technique involves the bombardment of the 
surface of the sediment core with high-energy elec-
trons that excites the elements in the sediments and 
emit their unique signatures. In this way, it is possible 
to detect relative variations in the elemental concentra-
tions of the sedimentary sequence (Rothwell and Crou-
dace 2015a). The instrument that was used for the 
analysis was a stationary Itrax Core Scanner at the 
facilities of the Center for Geo Genetics at the Globe 
Institute, Copenhagen University, Denmark. The in-
strument is also designed to gather high resolution 
optical and radiographic images.   
 The XRF analysis of the sequences from the 

Heden and Åkerö sites was carried out on the lower 
sediment successions of the cores (sand and gyttja) up 
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to the transition to peat. The surface of every core ex-
posed to the sensors of the XRF instrument was 

scraped perpendicularly to smooth uneven surfaces 
and to avoid contamination of the data. Hence, it was 

possible to minimize the loss of data due to blind spots 
placed on steep surfaces of the cores, which also cause 

lifting and lowering movements of the detector 
(Löwemark et al. 2019). However, small height varia-
tions could be analysed with good results (Cox Analyt-

ical Systems, 2019).      
 A high-resolution optical image that, among 

other applications, adjusts the distance and movement 
of the detector over the sediments was taken. In order 

to avoid drying up, cracking, and shrinking of the core 
from the long scanning hours, an XRF film (ultra-thin 

PET) was placed on the surface of the core. The film 
was carefully set to stick on the surface to avoid open-
ings where water layers can form as they affect the 

signatures of the elements (Löwemark et al. 2019).         
 The electrons were delivered by an Rh tube, 

which is usually applied for identifying heavy ele-
ments (Cox Analytical Systems, 2019). The radio-

graphic parameters were set to a voltage of 60 kV, 
current of 30 mA, exposure time of 1000 ms, and step 
size of 200 μm. The XRF parameters were set to a 

voltage of 30 kV, current of 50 mA, exposure time of 
30 s, and step size of 1000 μm. Cores 9 and 11 from 

Heden were analysed with 7 s exposure time, and at 
200 μm steps for higher depth resolution and because 

these cores showed richer transitions in the lithology. 
Post-processing of the XRF data took place in the Q-

spec software. The program can normalize the results 
by the amount of the emitted coherent Rh electrons 
and correct for measuring errors by considering the 

counts per second of the different elements, the expo-
sure time, and the typical elemental spectrum. In un-

polluted clayey sediments, the Rh tube can typically 
detect Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, 

Br, Rb, Sr, Zr, Mo, Ba, and Pb (Cox Analytical Sys-
tems, 2019). In this case, the recorded elements were 
Al, Si, P, S, Ar, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, 

Br, Ge, As, Rb, Sr, Y, Zr, Mo, La, Ce, Nd, Tm, and 
Yb. The elements Mg, Cl, Se, and Nb, were occasion-

ally also captured, but overall, the data contained 
many empty cells and thus were excluded. 

 Two elemental ratios, Ca/Ti and Mn/Fe that are 
proxies for water level changes (Haberzettl et al. 2007; 
Jouve et al. 2013) and ventilation in the water column 

(Melles et al. 2012) respectively are also employed. 
The association of Ti to detrital runoff due to varia-

tions in the hydrological conditions (Haberzettl et al. 
2007) and the positive and negative association of Ca 

to algae productivity (Olsen et al. 2013) and terri-
genous material (Rothwell and Croudace 2015b) re-

spectively, indicate that a high Ca/Ti reflect dry condi-
tions and low lake stands while a low Ca/Ti reflect 
moister conditions and high stands (Haberzettl et al. 

2007; Jouve et al. 2013). The association of high solu-
bility of Mn to reduction conditions and the associa-

tion of high solubility of Fe to oxidation conditions 
reflect redox conditions (Unkel et al. 2008) and in 

combination with the colour of the sediments and MS 
can indicate the oxygen levels and ventilation in the 

water column (Melles et al. 2012). Hence, a high Mn/
Fe ratio reflects good ventilation and well-oxygenated 

waters.  

2.5 Radiocarbon dating 

Radiocarbon dating is a widely used technique to de-
termine the age of organic inclusions in sedimentary 
successions. However, accurate dating of lacustrine 
environments may be problematic due to a lower 
14C/12C ratio than in the atmosphere and because gyttja 
is vulnerable to contamination due to a sometimes 
small percentage of organic carbon (Lowe and Walker 
2014). Sub-samples were taken in 2 cm thick slices, 
and they were representative of the major lithological 
units up to the transition from gyttja to peat sediments 
at the Heden and Åkerö sites. After wet-sieving, sam-
pled material bigger than 0.02 mm, were set under a 
stereo microscope for collecting macrofossils (seeds, 
leaf fragments, bark, small twigs). The thickness of the 
sub-samples was varying down-core depending on the 
amount of available material.  
 A total of 13 AMS 14C ages were determined at 
the AMS Radiocarbon Dating Laboratory, Department 
of Geology at Lund University, Sweden. The retrieved 
ages are presented as conventional radiocarbon years 
(conv. 14C age) with one standard age deviation (1 σ; 
68.2%), as well as calibrated calendar years (cal yr 
BP), calculated with the software package Oxcal 4.3.2 
(Ramsey 2017) using IntCal 13 (mean age ±2σ; 
95.4%). 

 

2.6 Carbon and Nitrogen analysis 

The C/N ratio based on elemental analysis of total or-
ganic C and N contents is a proxy for determining the 
palaeo-productivity and the origin of organic matter in 
lake sediments (Liiv et al. 2019). A low C/N ratio be-
tween 4-10 is indicative of high N content and a high 
proportion of aquatic organic matter while a high C/N 
ratio, especially above 20 is indicative of high C con-
tent and terrestrial organic matter (Meyers and Ishiwa-
tari 1993; Liiv et al. 2019). The method was applied 
only to the record from Heden. A total of 50 sub-
samples with approximately 0.5 cm3 material was col-
lected at regular intervals from cores 9 to 11, the three 
lowermost cores of Heden. The sub-samples were set 
in crucibles and the oven at 55 oC for a day. The mate-
rial was then ground and stored in plastic vails. For 
sample preparation, the capsule method was em-
ployed, which is described in detail by Brodie et al. 
(2011). Furthermore, based on the scatter-plot test of 
the total organic carbon and total nitrogen, and the 
linear regression between the two, the presence of in-
organic N was evaluated (Talbot 2001). The C/N ratios 
are reported after conversion to atomic ratios by multi-
plying with 1.167. The analysis was carried out at 
Lund University, using a Costech ECS 4010 elemental 
analyser.  

 
2.7 Pollen analysis 

It was not a primary aim of this study to perform a 
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holistic palaeoenvironmental reconstruction of Lake 
Siljan and its surroundings. However, it was found 
necessary to make a selective pollen analysis of sub-
samples located close to the levels of radiocarbon 
dates within the Heden sediment core. In this way, it 
would be possible to triangulate with the pollen rec-
ords from a nearby site and provide an indirect dating 
control. A total of five pollen samples of 1 cm3 each 
were collected from core 10 at proximate depths to the 
radiocarbon samples. The pollen sample preparation 
followed an adapted procedure developed by the Dan-
ish palaeoecologist Johanes Iversen, as presented in 
Faegri et al. (1989). Lycopodium tablets were added to 
every sample. More than 500 pollen grains were iden-
tified in each sample under a light microscope. The 
pollen counts were converted to percentages in Tilia 
v.2.1.1. but the small number of sub-samples would 
not allow for the creation of a meaningful pollen dia-
gram.        

 

2.8 Maps and figures 

Figures of magnetic susceptibility, XRF, and C/N rati-
os were produced in Matlab v. R2019a. Maps were 
produced in ArcMap v. 10.7.1, and data sources were 
Lantmäteriet (lantmateriet.se) and the Geological Sur-
vey of Sweden (SGU, sgu.se). The age-depth models 
were constructed using the code of Clam v. 2.3.2 
(Blaauw 2010) in software R v. 3.6.3. The settings in 
Clam were smooth spline curve type, with 0.3 smooth-

ing and calibration curves for terrestrial samples from 
the Northern Hemisphere (Reimer et al. 2013). For the 
use of Clam in R, the instructions and methodology by 
Flantua et al. (2016) were followed. Multivariate sta-
tistics were run in IBM SPSS v. 26. Maps and figures 
were edited in Inkscape v. 0.92.  

 

3  Results and interpretations 

3.1 Sediment descriptions 

Heden: - The Heden site is a basin surrounded by glac-
iolacustrine sandy-silty sediments (Fig. 4), which at 
the coring site is infilled with approximately 8.15 m of 
gyttja and peat. To the NE of the basin, there is a low-
elevated channel that hosts a stream (Fig. 5). Other-
wise, the basin is bay-shaped and is surrounded by 
higher ground where some elevation intervals are ex-
ceptionally steep (Fig. 2). At the very bottom of the 
core (Table 1), a sandy sequence (unit 1) is succeeded 
by gyttja, which in the lower part is black, flaky, and 
smelly (unit 2A). It abruptly becomes lighter in colour 
at 814 cm (ebony-black) with darker laminations that, 
after extraction, turned from black to red (unit 2B). 
After that, at 807 cm, the gyttja becomes a lighter 
shade of black/dark brown (unit 2C) and then at 790 
cm, turns back to a darker shade of black (unit 2D). 
After 730 cm (unit 2E), there is a textural change from 
firm to a “jelly” structure, and there are silty lenses. 
Another significant shift in the gyttja occurs at 560 cm 

Fig. 4. Cross profile (B in Fig. 2) from Lake Siljan across the Heden basin. The topography 

profile is a product of a DEM with 3D Analyst in ArcGIS. The exact boundaries between 

peat, gyttja, and glacial silt-sand may differ away from the basin at Heden and are marked 

with question marks. Drone image of the Heden site. The dashed line marks the approxi-

mate area of the bog. The coring site is located close to the eastern center of the bog. Distri-

bution permit from LMV, LM2020/009398.  
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(unit 2F) when it turns back to a lighter colour (dark 
brown); it acquires a firmer structure, and progressive-
ly becomes more abundant in organic material, and 
coarsens upwards (unit 2G). At the top of the se-
quence, the basin is infilled with minerotrophic fen 
peat (unit 3A) and then with ombrotrophic sphagnum 
peat (unit 3B). A more detailed description of the dif-
ferent sedimentological units and an optical image of 
the bottommost core are presented in Fig. 6 and 7 and 
for the sediments up to the beginning of peat in Ap-
pendix 1-5. 
 Heden, interpretation: - The sandy layer (unit 
1) at the bottom should not be related to fluvial pro-
cesses alone, because the Heden basin is only open to 
the NW while to the SE, the basin is closed. Moreover, 
the outlet of Lake Siljan at Åkerö was 2 km to the 
north of the Heden basin. Hence, water-flow at Heden 
must had been weak. The above suggests that the silty-
sandy bottom sediments at Heden must have been de-
posited during deglaciation and most likely be glacio-
fluvial in origin, as is also marked by SGU (Fig. 1A). 
At the beginning of the gyttja sequence (unit 2A), the 
colour, the texture, and the smell of the sediments indi-

cate high organic matter content. In unit 2B, there is 
an abrupt reduction in organic material, gyttja be-
comes richer in minerogenic content and interbeds 
laminae that became oxidized after exposure to the air. 
The brightness of the sediments often reflects the 
minerogenic content of gyttja. However, the exact 
type of gyttja is difficult to determine solely from vari-
ations in colour, and more accurate characterizations 
were also based on the C and N measurements (Fig. 6 
and 7). Thereby, units 2B and 2C with respectively 
ebony black and light black/dark brown colour, have a 
change in the content of minerogenic or organic matter 
in the gyttja. Gyttja clay becomes clay gyttja in unit 
2D after a darkening in the sedimentary record. The 
change in the texture and the darkening of the colour 
to oil black in unit 2E signal the transition to algae-
rich gyttja. Unit 2E progressively becomes more abun-
dant in organic material (fine detritus gyttja, 2F), 
which finally becomes coarser (coarse detritus gyttja, 
2G). In the end, the lake became shallow, and peat 
started to grow and accumulate in areas with dense 
sedge vegetation.  
 Åkerö: - The Åkerö site is a depression that has 

Fig. 5. Cross profile (C in Fig. 2) over the Heden basin. The topography profile is a product 

of a DEM with 3D Analyst in ArcGIS.  

Table 1. Lithostratigraphic units identified in the Heden sediment record. 
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topographical characteristics of a relict drainage chan-
nel, trending WSW-ENE (Fig. 2). The channel bottom 

hosts a number of partly sediment infilled basins along 
its present bottom, at c. 163 m a.s.l. The cored basin in 

Fig. 6. Overview of core 11 (725 – 825 cm) from the Heden sediment record. From left to right, the log of lithology with as-

signed units, radiocarbon, and pollen samples. The optical and radiographic (RD) image, density, magnetic susceptibility (MS), 

relative concentrations of typical elements for lake surveying, Ca/Ti and Mn/Fe proxies, C and N contents, and C/N ratios. The 

box indicates an area of exceptional signal, areas where there is an evident short-term and compact change in most proxies. The 

length of the core is slightly off compared to the unit classification in Table 1 due to shrinking.  

Fig. 7. Overview of core 9 (640 – 740 cm) from the Heden sediment record. From left to right, the log of lithology with as-

signed units, and radiocarbon samples. The optical and radiographic (RD) image, density, magnetic susceptibility (MS), relative 

concentrations of typical elements for lake surveying, Ca/Ti and Mn/Fe proxies, C and N contents, and C/N ratios. The box 

indicates a zone with an unusual signal.    
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the WSW part of the Åkerö channel, close to its south-
ern channel side, reveals a 6.75 m thick sediment suc-
cession of fluvial sand, gyttja, and peat (Fig. 3). The 
sedimentary sequence starts with a unit of fine sand 
(unit 1A) with layers of clayey silt (Table 2), followed 
by an erosional boundary towards medium sand (unit 
1B). Unit 1 is in total 96 cm. Unit 2, 191 cm thick, is 
divided into four subunits, A-D. The sediment succes-
sion starts with silty/sandy gyttja (2A), followed by 
clay gyttja and fine and coarse detritus gyttja. At the 
gyttja stages, there are scattered silty/sandy lenses and 
occasionally sharp transitions to thick bands of in-
washed minerogenic material (units 2B-2D). However, 
the gyttja becomes more organic-rich upwards, and is 

overlain by fen peat at a depth of 388 cm (unit 3), 
which is rich in wood remains in its upper part. A 
more detailed description of the different sedimento-
logical units and an optical image of the bottommost 
sequence are presented in Fig. 8 and for the sediments 
up to the beginning of peat in Appendix 6-8.  
 Åkerö, interpretation: - The sandy units (1A 
and 1B) represent a stage when the channel was still 
active as the outlet of the Siljan lake basin. The clayey 
interbeds within unit 1A, and the shift to medium sand 
(unit 1B) indicate a change in the energy regime of the 
system. Clayey sediments typically get deposited dur-
ing weaker river flows when the water is unable to 
carry and mobilize coarser sediments from the lake 

Table 2. Lithostratigraphic units identified in the Åkerö sediment record.  

Fig. 8. Overview of core 8 (550 – 650 cm) from the Åkerö sediment record. From left to right, the log of lithology with assigned 

units, radiocarbon, and pollen samples. The optical and radiographic (RD) image, density, magnetic susceptibility (MS), relative 

concentrations of typical elements for lake surveying, Ca/Ti and Mn/Fe proxies. The box indicates a zone with an unusual sig-

nal.    
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bed. The presence of medium sand indicates a shift to 
higher energy conditions. Therefore, units 1A and 1B 
must be of fluvial origin. The gradual/erosional bound-
ary to the overlying silty gyttja (2A) marks the transi-
tion from an open channel to an enclosed water body. 
After that, there is a gradual depletion in the coarse 
fraction of the sediments towards unit 2B and clay 
gyttja. The newly formed pond became richer in fine-
grained organic matter in unit 2C, and the occasional 
thick bands of interbedded minerogenic material may 
indicate slump events from the steep walls around the 
pond. In unit 2D, the coarse detritus gyttja signals a 
shallowing of the basin. The depth of the pond at the 
coring site had become shallow, and primarily autoch-
thonous organic material was deposited. Then, the 
transition to unit 3A suggests that telmatic vegetation 
took over, and peat started to accumulate in the basin 
(units 3B to 3D). More stable ground provided a good 
foundation for the settlement of trees, and the vegeta-
tion transformed into a forest (unit 3E).  

3.2 Sediment chronologies 

Heden: - The results of radiocarbon dating for the 
Heden record are presented in Table 3. A selective 
pollen analysis was also applied to compare the radio-
carbon dates of Heden with a nearby site. The presen-
tation and analysis of pollen are part of the chronologi-
cal interpretation of the Heden record. 
 Heden, interpretation: Radiocarbon dating at 
Heden exhibits a peculiar trend in that the ages of the 
14C dates of deeper buried sediments in the two lower-
most units appear younger than the overlying units, in 
a way that the first sample is younger than the second 
and both are younger than the third. The prospect of 
having contamination by reservoir or hard-water effect 
(MacDonald et al. 1991) in the uppermost samples 
seems unlikely since the sequence of the remaining 
four radiocarbon dates from unit 2B to 2G of the 
Heden record are in chronological order, and the in-
ferred age model implies a steady sedimentation rate 

Table 3. Complete list of AMS 14C dating results and calibrated ages of terrestrial macroscopic plant remains from 

the Heden and Åkerö sediment records sorted by sample number.  

Fig. 9. Age-depth model for the sedi-

ment record from Heden. The model is 

extrapolated to 10 m below the surface. 

Radiocarbon dates not included in the 

model are shown in red. The lower 

boundary of unit 1 is marked with a 

question mark because the exact depth 

is unknown.  
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Fig. 10. Pollen frequencies of major plant taxa from selected depths, contributing additional dating control to the 

lower part of the Heden sediment record.  

(Fig. 9). The anomalously young ages of the two sam-
ples in unit 1 and 2A indicate earlier contamination by 
organic material of a younger age or contamination of 
the samples during or after extraction. These two radi-
ocarbon dates were therefore excluded from the age 
model. 
 The pollen analysis of the lowermost units (Fig. 
10) of the Heden record demonstrates a high abun-
dance of tree species that gradually increase up-core. 
Pinus sylvestris was most probably the dominating tree 
in the landscape, with Betula nana as an essential 
component. Increases in Pinus pollen coincide with 
decreases in Betula and vice versa. Different herbs, 
along with Poaceae and Cyperaceae, are also present 
but decrease as tree taxa increase. The pollen percent-
ages show that Alnus glutinosa appears in meaningful 
concentrations (that is, probably established) in the last 
sub-sample of the analysis. 
 The analysis indicates that a partially forested 
landscape with open space for grasses and herbs grad-
ually turned into a landscape with denser tree-cover. 
The pollen diagram from a detailed pollen record from 
Lake Holtjärnen (60°39'6.79"N 14°55'35.33"E) at 232 
m a.s.l. and about 10 km to the SW from Heden sug-

gests that Alnus settled and started to expand at ap-
proximately 9700 cal yr BP (Giesecke 2005). The tim-
ing of the increase in Alnus frequency at Lake 
Holtjärnen can be used as a basis for additional chron-
ological control of the Heden sediment record. The 
uppermost pollen sample (H_5) at 726 cm depth, 
which shows a significant frequency of Alnus, can be 
interpreted as younger than 9.7 cal kyr while the sam-
ples from greater depths with negligible frequencies of 
Alnus are likely to be older than 9.7 cal kyr.  
 Åkerö: - The results of radiocarbon dating for 
the Åkerö record are presented in Table 3. 
 Åkerö, interpretation: The age-depth sequence 
for all the samples, but the bottommost is in good or-
der (Fig. 11). It appears that the deposited sediments 
within the old channel at Åkerö change from fluvial 
sand in unit 1B to gyttja in unit 2A around 8.5 cal kyr 
BP. However, the lithological boundary is erosive, 
which suggests that the rerouting to Leksand and clo-
sure of Åkerö may have happened slightly earlier. The 
age-depth curve shows that during the gyttja deposi-
tion period, there was rapid sedimentation. Somewhat 
before the appearance of coarse detritus gyttja (unit 
2D), sedimentation rates significantly decrease. Final-

Fig. 11. Age-depth model for the sedi-

ment record from Åkerö. The model is 

extrapolated to 6 m below the surface. 

The lower boundary of unit 1A is 

marked with a question mark because 

the exact depth is unknown. Towards 

the top of the age-depth model, the 

spline has high curvature, which is 

unrealistic.  
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ly, rates of accumulation in the uppermost units 
of peat (units 3C to 3E) appear enormous, and 
they show an unrealistic backward trend towards 
the top. At the same time, there is a large margin 
of error after unit 3B.      

 

3.3 Magnetic susceptibility and 
density 

Heden: - The observed correlation in the mag-
netic susceptibility signal in the overlapping sec-
tions of the cores indicate frequent, small offsets 
of 6 mm that can reach up to 88 mm. The lower-
most sandy unit (1) shows a gradual increase in 
magnetic susceptibility (MS), after which there 
is a drop in the highly organic gyttja (unit 2A) 
(Fig. 6). The next layer, gyttja clay (unit 2B), 
shows a dramatic increase in the magnetic sus-
ceptibility in the laminated part, followed by a 
dramatic decline. After that, the magnetic sus-
ceptibility gradually decreases (Fig. 7; Appendix 
1-5). However, it shows a small increase in the 
part with silty lenses (Fig. 7; Appendix 1). The 
sediments show an overall gradual density de-
crease upwards. Furthermore, there are long in-
tervals without any significant fluctuations. Nev-
ertheless, there are two abrupt changes to lower 
and higher density in the gyttja and gyttja clay 
units (2A and 2B), respectively (Fig. 6).  
 Heden, interpretation: MS usually re-
flects either the intensity of erosion in the catch-
ment area (Snowball 1996) or more local chang-
es on the basin floor (Ojala and Saarnisto 1999). 
Fluctuations in the magnetic signal in Heden 
appear to be triggered by the in-wash of detrital 
material. Overall, the lithological units are uni-
form, do not show any interbeds, and no lenses 
are observed in the overlying algae-rich gyttja 
(unit 2E). MS signal, especially after 680 cm, 
gradually decreases up-core. Thus, the deposi-
tion of detrital magnetite also decreases. The 
most dramatic fluctuations are seen in units 2A 
(MS-low) and 2B (MS-high). The MS signal, 
along with the lithological characteristics of 
these units suggest post-depositional changes in 
the sediments due to the chemical and biological 
conditions in the basin (Thomson et al. 1975). In 
unit 2A, the low MS signal can stem from the 
dissolution of magnetite particles due to reduc-
tion processes from the decomposition of organic 
matter (Snowball 1996), while in unit 2B, the 
high signal can be accounted to greigite authi-
genesis (Snowball and Thompson 1990; Snow-
ball 1994; Snowball 1996).   
 Åkerö: - The observed correlation in the 
magnetic susceptibility signal in the overlapping 
sections of the cores indicate frequent, small 
offsets of 20 mm that can reach up to 88 mm. 
MS is low and stable in the fine sand (unit 1A), 
slightly increases in the medium sand (unit 1B), 
and increases abruptly in the silty-sandy gyttja 
(unit 2A) (Fig. 8). After that, the signal fluctu-
ates but gradually decreases (Appendix 6-8). In 
sections with higher minerogenic content like at 

parts with lenses or interbeds of higher minero-
genic content, the magnetic signal momentarily 
increases. There is an overall gradual decrease in 
density upwards in the sequence; however, at 
intervals when minerogenic content and MS in-
crease, density also appears to increase.   
 Åkerö, interpretation: The in-wash of 
minerogenic detrital material with magnetic 
properties controls the MS fluctuations at Åkerö. 
The overall decreasing trend is interrupted by 
frequent periods of relatively higher MS. Erosion 
processes and surface runoff at the steep walls of 
the channel occasionally deposited material that 
infilled the erosional bottom of the old channel at 
more rapid sedimentation rates like through 
slump events. 

 

3.4 XRF elemental scanning 

Heden: - The XRF analysis of the lowermost 
core in Heden shows an abrupt change in the 
signal of most of the elements between units 2A 
and 2B (Fig. 6). Fluctuations of smaller magni-
tude are also observed up-core. The most distinct 
are from 680 cm to 665 cm, and from 645 cm to 
625 cm in unit 2E (Fig. 7; Appendix 1), and from 
335 to 320 cm in unit 2G (Appendix 4 and 5). 
Otherwise, there are short-term fluctuations and 
long-term gradual changes in the relative concen-
trations of the elements. During the data fluctua-
tions, most of the examined elements respond 
with either positive or negative trends. The most 
distinctive patterns in the data are observed in 
Mn, Fe, K, Si, Ti, Zr, Rb, and Sr and to a smaller 
extent in Al, S, Br, As, P, and Ca (Fig. 6 and 7; 
Appendix 1-5). 
 The elemental ratio proxies record signifi-
cant variations in units 2A and 2B (Fig. 6), and 
after that, frequent but smaller in scale variations 
up-core. Especially at 720 cm, after the transition 
to algae-rich gyttja and for the rest of the record 
of core 9 (Fig. 7), variations in the ratios of the 
elements appear with high frequency and are 
substantial in magnitude.  
 The correlation coefficient analysis of the 
XRF data shows that most elements have a 
strong correlation (above 0.5) with at least one 
additional element (Appendix 9). Only Ar, Ni, 
Br, Y, and Mo do not show a strong correlation 
with any other element. Furthermore, principal 
component analysis (Fig. 12; Appendix 10 and 
11) of the 13,303 data rows (depth) indicates that 
the first component explains 33.4 % of the varia-
tion, and the elements Al, Si, K, Ca, Ti, Mn, Fe, 

Zn, Rb, Sr, Zr, and Ce are strongly correlated. 
While elements like Cu and Ni are negatively 
correlated. The second component explains ap-
proximately 14 % of the variation, and the ele-
ments P, Cr, Fe, As, Tm, and Nd are strongly 
correlated.   
 Heden, interpretation: Based on some of 
the known properties of the investigated elements 
and the PCA results, a relation between element 
occurrence and deposition processes may be es-
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tablished. The first component may be related to the 
deposition of allochthonous lithogenic material that 
constitutes the product of erosion and weathering of 
rocks. Hence, elements like Cu, which are associated 
with organic matter, are negatively correlated. The 
elements of the second component seem more variable 
and may be connected to water geochemistry, nutrient, 
and oxygen levels, detrital rare earth elements, and 
sediment province.  
 Thereby, the first, dramatic change in units 2A 
and 2B with the reduction in the first component ele-
ments (but Fe and Mn, which increase) is likely related 
to a decrease in the deposition of detrital lithogenic 
material. Furthermore, by investigating 2A and 2B 
separately, there is a transient increase in Fe, S (and 
MS) in the beginning (Fig. 6), which probably marks 
the transition from unit 1 to unit 2A. At the same time, 
there is an increase in Br, which is the only element 
that is high throughout unit 2A. Bromine is linked to 
detrital organic matter, the formation of sediments 
under saline conditions, and sea-spray (De Vos and 
Tarvainen 2006; Davies et al. 2015). Bromine does not 
show a significant correlation with any other element, 
and it is very unlikely to indicate marine influence 
because Siljan had briefly been under freshwater dur-
ing the Ancylus Lake Stage (von Post 1934; Möller 
2006). Therefore, it is more likely that the peak in Br 
is related to the increase in the input of detrital organic 
matter along with the decrease in the relative concen-
tration of other elements found in detrital material with 
high minerogenic content (Rydberg and Martinez-
Cortizas 2014). The high Ca/Ti ratio indicates drier 
conditions or a low stand in the lake level, and the low 
Mn/Fe ratio is indicative of low oxygenated water 
probably due to poor ventilation in connection to the 
massive input of organic matter. 
 A transient increase in Fe, S, As, P (and MS), 
and an increase in Mn (with weak, 0.48, significance 
to component 2), marks the transition to unit 2B. Iron 
is related to MS and authigenesis (Rothwell and Crou-
dace 2015b), which can explain the presence of greig-
ite in 2B. At the same time, a high concentration of S 

indicates reducing conditions in the sediments 
(Rothwell and Croudace 2015b) and an anoxic envi-
ronment (Harff et al. 2011). Phosphate is linked to 
nutrient enrichment (Davies et al. 2015). The presence 
of As is indicative of the transition to anaerobic condi-
tions and also the reduction reactions of Fe and Mn 
(De Vos and Tarvainen 2006). The subsequent in-
crease in Mn after the drop in the other elements indi-
cates a change to more oxygenated waters, which can 
potentially be coupled to better ventilation of the water 
column due to lake-level lowering or enhanced biolog-
ical productivity (Kylander et al. 2011). The transition 
to well-oxygenated waters is also marked by the in-
crease in Mn/Fe. The increase in the second compo-
nent elements is thus very likely to reflect broader 
environmental changes in the lake system that trig-
gered an enhanced geochemical activity in the sedi-
ments and formed megascopic chemical laminae 
(Rothwell and Croudance 2015b), which are marked 
by the peaks in the XRF signal. Furthermore, there is a 
substantial increase in the Ca/Ti ratio, which may 
point out that environmental changes are related to a 
high stand in the lake level.     
 The fluctuation in the XRF data from 680 to 
665 cm in unit 2E (Fig. 7) should be related to either 
the climate, a stochastic event, or generally a combina-
tion of environmental conditions that favoured erosion 
in the surroundings of the catchment. There is a gradu-
al increase in most of the elements from component 1 
(and MS), and there are direct observations of minero-
genic lenses within the gyttja. The Ca/Ti, and Mn/Fe 
ratios show an abrupt drop and after, a gradual in-
crease during the interval, which can reflect a high 
stand with low ventilation in the lake system followed 
by a lake level lowering and better ventilation. At 645 
cm in unit 2E (Appendix 1) is the shallowest position 
in the sedimentary record where silty lenses are ob-
served, and from 645 to 625 cm, there is a slight in-
crease and then a gradual, relatively more distinct de-
crease. Finally, the XRF fluctuation from 335 to 320 
cm in unit 2G (Appendix 4 and 5) is signified by an 
earlier interval where the XRF scanner was off due to 

Fig. 12. Principal component analysis of XRF data from the plot of Heden sediment record with the two 

significant components that explain 47.4 % of the variance.   
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intense variations on the surface of the coarse detritus 
gyttja. Nevertheless, most of the elements show higher 
relative concentrations, which can probably be ex-
plained by an increase in detrital input.       
 Åkerö: - In the Åkerö record, there are short-
term fluctuations and gradual, long term changes in the 
relative concentrations of the elements. At the transi-
tion from unit 1B to 2A, there is a distinct change to 
most of the elements, but there is neither an abrupt nor 
a massive response in all of them (Fig. 8). However, 
most of the elements (and MS) start a continuous de-
crease from the silty-sandy gyttja unit (2A) or just 
above in the clay gyttja (unit 2B). The elements that 
show a decreasing trend throughout the sequence are 
Al, Si, P, K, Ca, Ti, Rb, Sr, Zr, Zn, Ce, and Yb. At the 
same time, the elements Mn, Fe, Br, La, and Nd in-
crease substantially. The relative concentrations of As 
and Ni decrease but then quickly rise again while Cu 
shows a very gradual increase. The element ratio prox-

ies also mark a change in the transition to the lacus-
trine environment with Ca/Ti to show an increasing 
trend and Mn/Fe a decreasing trend.  
 Furthermore, there are short-term fluctuations 
in the sections with higher in-washed minerogenic 
material. In these layers, the primary trend reverses, 
and elements that decrease start to increase and vice 
versa.    
 The correlation coefficient analysis shows that 
most elements have a strong correlation (above 0.5) 
with at least one additional element (Appendix 12). 
The elements P, S, Ar, Mn, Y, and Mo do not show a 
strong correlation with any other element. Further-
more, principal component analysis (Fig. 13; Appen-
dix 13 and 14) of the 3,951 data rows (depth) indicates 
that the first component explains 45.3 % of the varia-
tion, and the elements Al, Si, K, Ca, Ti, Zn, Rb, Sr, Zr, 
Ce, and Yb are positively correlated. At the same time, 
Cr, Fe, Ni, Cu, As, Br, La, Nd, and Tm are negatively 

Fig. 13. Principal component analysis plot of XRF data from the Åkerö sediment record with the two signif-

icant components that explain 58.3 % of the variance.  

associated. The second component explains approxi-
mately 13 % of the variation, and the elements Mn, 
and La are strongly correlated.  
 Åkerö, interpretation: There is a clear-cut sepa-
ration between elements related to the deposition of 
allochthonous lithogenic material and elements with 
other established relations. Positive and negative cor-
relations explain a substantial percentage of the data in 
the first component. The positively correlated elements 
are related to the minerogenic detrital matter that is 
carried to the basin by erosion-transport-deposition 
processes. The apparent closure of the channel after 
the transition from the fluvial sand unit (1A and 1B) to 
the gyttja unit (2A), prevented the transport of ele-
ments that would otherwise be deposited and led to a 
low stand (Ca/Ti increase) with poorly ventilated wa-
ters (Mn/Fe decrease). The negatively correlated ele-
ments either increase in relative concentration due to 
the gradual decline in the abundance of the transported 
detrital matter, due to surface runoff from the catch-
ment area of the newly formed pond or due to a new 

geochemical regime that is triggered by the shift to an 
enclosed basin. The short-lived, higher concentrations 
in the positively correlated elements of the first com-
ponent in sections with interbeds are explained by 
events of massive sedimentation that occur in slumps.           

 

3.5 Carbon and Nitrogen analysis 

Carbon and nitrogen analyses were only conducted on 
the Heden cores. 
 Heden: - The Heden record (Fig. 6) shows ini-
tially a very high C/N ratio together with high C con-
tent in the gyttja of unit 2A. A dramatic drop follows 
it in both units of gyttja clay (2B and 2C) due to a 
significant decrease in C content and a relatively 
smaller decrease in N content. In the clay gyttja unit 
(2D), there is a gradual increase in both C and N. In 
the algae-rich gyttja (2E), there are two brief intervals 
of declining organic matter content. However, the C/N 
ratio is not affected significantly (Fig. 7). After the 
initial fall in unit 2A, the C/N ratio remains slightly 
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above 10. 
 Heden, interpretation: The fluctuations in the 
ratio of total carbon to total nitrogen in the sediments 
are usually perceived to reflect the proportion of lacus-
trine and terrestrial organic material (Meyers and Ishi-
watari 1993). In unit 2A, even though gyttja is typical-
ly formed in lake systems, the C/N ratio, which is at 
20, indicates a significant amount of organic matter of 
terrestrial origin (Meyers and Ishiwatari 1993; Liiv et 
al. 2019). Thereby, there is an in-wash of land-derived 
organic material from the catchment. In units 2B and 
2C, both elements appear in reduced concentrations, 
which indicate a relatively lower content of organic 
matter in the sediments. At the same time, the C/N 
ratio is slightly above 10, which reflects the domi-
nance of autochthonous organic matter in a mixture of 
non-vascular plants, like aquatic algae, with vascular 
plants (Liiv et al. 2019) which are common observa-
tions to lakes (Meyers and Ishiwatari 1993). Despite 
the gradual increase in both C and N in unit 2D and 
especially in unit 2E, the C/N ratio remains slightly 
above 10. The intervals in unit 2E with declining car-
bon and nitrogen contents in the sediments can indi-
cate periods of reduced aquatic productivity and re-
duced terrestrial organic matter input from the catch-
ment. 
  

4  Discussion 

4.1 Overview and synthesis 

The present study applies different methodologies to 
test the hypothesis that Lake Siljan was covering a 
greater area after its isolation from the Ancylus Lake 
stage and that the water level of ancient Lake Siljan 
was abruptly lowered (by c. 6 m - from 168.5 m a.s.l.) 
by a drainage event caused by the opening of a new 
outlet (von Post 1934). According to von Post (1934), 
the aftermath of the event was the abandonment of the 
Åkerö channel and the isolation of the basin in Heden. 
The results of this study provide support for the view 
that both Åkerö (Fig. 3) and Heden (Fig. 4) sites were 
once part of a more extensive lake system than today. 
The presence of gyttja in the collected sedimentary 
sequences is a manifestation of the development of a 
lacustrine environment (Schnurrenberger et al. 2003). 
However, the initial conditions of the inception of the 
lacustrine environment at the two sites are distinct. 
The distinct character of each location within the la-
custrine system means that if at some point, both areas 
were part of the same system, it would presuppose 
different environmental dynamics that would produce 

different sedimentary sequences between the two loca-
tions. In other words, the initiation of gyttja deposition 
at Åkerö (Fig. 8 and Fig. 17A) marks the end of the 
operation of the Åkerö channel as the outlet of River 
Österdalälven and the shift to an isolated waterbody 
where low-energy conditions enabled the accumula-
tion of fine-grained organic-rich sediments. Hence, if 
both Heden and Åkerö were part of the same system, it 
would be before the abandonment of the Åkerö chan-
nel at approximately 8.5 cal kyr BP and after the initia-
tion of deposition of gyttja at Heden, at c. 10 cal kyr 
BP.    
 The findings from the Heden record suggest 
that the transition from glaciolacustrine sediments 
(sandy-silty sediments) to lake sediments (gyttja) oc-
curred at around 10 cal kyr ago (Fig. 6 and Fig. 14). 
The initiation of this lacustrine phase must have hap-
pened sometime after the local deglaciation, which 
occurred c. at 10.6 cal kyr BP according to Stroeven et 
al. (2016) (Fig. 15A). The varve chronology construct-
ed by Fromm (1991) suggests that the entrance to Lake 
Siljan just north of Leksand was at varve year 580 in 
the Swedish varve chronology, which corresponds to 
10.5-10.6 cal kyr BP (Möller 2006), i.e., in agreement 
with the view of Stroeven et al. (2016). The Ancylus 
Lake inundated the Siljan basin in connection to the  
deglaciation (Fig. 15B). According to the shore level 
database in SGU’s map finder 
(http://apps.sgu.se/kartgenerator/maporder_en.html, 
module ‘shoreline map’), the Siljan basin became iso-
lated from the Ancylus Lake at around 10 cal kyr BP 
(Fig. 16), i.e., more or less at the indicated age of initi-
ation of gyttja deposition in the Heden basin.  
  Before the gyttja stage, the cored location does 
not demonstrate the occurrence of any varved sedi-
ments, which would have been expected to have been 
deposited in ancient Lake Siljan soon after the deglaci-
ation. This assumption is based on the fact that varved 
sediment successions are recorded from Lake Orsasjön 
(Per Möller, personal communication, 2020) and the 
presence of varved sediments in Lake Siljan will be 
investigated during a field campaign in summer 2020 
(Möller in progress). Deglaciation in Siljan area was 
unusual in comparison to central Sweden (Calles 
1985), a multitude of glaciofluvial channels was 
formed (Gustavsson and Kolstrup 2009), and there is a 
large number of dead-ice hollows and stagnant ice 
fields, often buried below glaciofluvial outwash mate-
rial (Nordell 1984). Accordingly, the most plausible 
explanation for non-existing varved sediments below 
the gyttja in the Heden basin is that an ice block was 
buried in the basal subaqueous sediments of the area. 

Fig. 14. Selected part of core 11 from the Heden record with the assigned ages according to the age-depth model.   

http://apps.sgu.se/kartgenerator/maporder_en.html
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After its melting and the creation of the Heden basin 
the formation of varved sediments had ceased and 
gyttja was deposited directly on the glaciolacustrine 
subaqueous fan deposits. The hummocky topography 
of these deposits in the surrounding area suggests nu-
merous occurrences of buried ice blocks, which also is 
indicated on the SGU map of the area. 
 Accordingly, the sandy unit (1) in the Heden 
record, as is also characterized by the Geological Sur-
vey of Sweden (Fig. 1A), is related to meltwater dur-
ing deglaciation, and more specifically underflows that 
gradually deposited material to build up subaqueous 
fans (pers. comm. P. Möller). Above a possible depo-
sitional hiatus (due to burried iceberg melt) is Unit 2A, 
which is a gyttja with a high percentage of organic 
material (C-N analysis, Fig. 6 and Fig. 14). This can 
be interpreted as the product of redeposition processes 
during water level changes. Changes in the hydrologi-
cal conditions and ventilation of the lake are also indi-
cated by the elemental ratios (Ca/Ti and Mn/Fe).  As a 
result of the chronology in unit 2B and the structure of 

Fig. 15. Lake Siljan evolution stages of the SE outlet area at 
present Leksand until 10 cal kyr BP. A. The area before 10.6 
cal kyr BP and slightly after the start of deglaciation. Higher 
elevated areas are the first to be uncovered. B. The Ancylus 
Lake ingression takes place around 10.6 cal kyr BP and lasts 
approximately until 10 cal kyr BP.  

Fig. 16. Shore-level displacement diagram for the Siljan 
region based on the isostatic uplift and sea-level fall for the 
past 10 kyr and with projection to the future. Shortly after 10 
cal kyr BP, the Ancylus Lake regression passed the 168.5 m 
threshold indication of the isolation of the Siljan basin and 
the formation of ancient Lake Siljan. The time of the drain-
age event corresponds to a late stage of the Mastogloia sea, 
where the shoreline of the Baltic basin was slightly lower 
than 110 m a.s.l. The figure is a re-drawn and modified ver-
sion of the original produced by the Geological Survey of 
Sweden (SGU) and the shore level database in SGU’s map 
finder. The timings of the different Baltic Sea stages are 
adapted from Björck (2008).    

the sediments of the units 1 and 2A at the bottom of 
the Heden record can form the evidence of the transi-
tion to ice-free conditions and possibly the Ancylus 
Lake ingression. Nevertheless, the dates of these units 
are erroneous due to either contamination or natural 
causes, and the extrapolation of the age-depth model 
based on the reliable radiocarbon-dated ages of the 
upper samples may not show high accuracy. Hence, 
this scenario needs further investigation. 
 Even though the results from Heden appear to 
be particularly interesting in units 2A and 2B due to 
the abrupt transitions in most of the analysed data, the 
most relevant units regarding the question in scope are 
units 2D and 2E (Fig. 7 and Fig. 17B). The factor that 
seems to place the drainage event to these units is the 
timing of the abandonment of the former outlet at 
Åkerö, at 8486 cal kyr BP or according to the age-
depth model of Åkerö, precisely at the transition to 2A 
(579 cm), at 8547 cal yr BP (Fig. 11). The increased 
frequency of Alnus in the pollen record from Heden at 
726 cm (Fig. 10) is close to the radiocarbon age of 
9477 cal yr BP at approximately 735 cm (Table 3; Fig. 
6). Moreover, the timing of the appearance of Alnus in 
the pollen record of the proximate Lake Holtjärnen (c. 
7 km SW of Leksand) is at 9.7 cal kyr BP (Giesecke 
2005). Hence, the radiocarbon date of 9477 cal yr BP 
at 735 cm constitutes the trustworthy age that is placed 
earlier than the transition in the sediments of Åkerö at 
8.5 cal kyr BP.  
 At Heden, after the massive input of organic 
matter with high C/N ratio content in unit 2A, and the 
dramatic decrease in the relative concentration of most 
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elements but Br and As (Fig. 6), there is a trend to 
higher elemental concentrations and stabilization. Lat-
er, changes in the concentration appear to be more 
restrained apart from the transition to algae-rich gyttja 
(2E) (Fig. 7), where there is a gradual reduction and 
stabilization of most of the PCA component 1 ele-
ments of detrital origin (Fig. 12). Subsequently, there 
is a peculiar trend in the concentration of detrital ele-
ments at 680 cm, lasting up to 665 cm. Additionally, 
this fluctuation in the XRF data is accompanied by a 
peak in magnetic susceptibility and a significant de-
crease in the organic matter content (Fig. 7 and Fig. 
17B). Interestingly, the reduction in C concentrations 
occurs after an earlier period of increasing concentra-
tions, which can be accounted to the input of organic 
matter from the vegetated soils (Paus et al. 2019). The 
increase in MS occurs after a previous period of de-
creasing MS signal. Moreover, there is also a slightly 
higher sediment density, and the sediments contain 
more frequent silty lenses. The response of Ca/Ti and 
Mn/Fe proxies is also peculiar and show an abrupt 
decrease at 680 cm, followed by a more gradual in-
crease. The most significant changes in the element 
ratios come in two steps. The first starts simultaneous-
ly with the increase in the C content at approximately 
690 cm, and the second comes after an interval of sta-
bility and slightly earlier than the increase in the 
minerogenic matter and the decrease in C content at 
680 cm. The response of the record within the interval 
of 680 to 665 cm may indicate the initiation of a peri-
od of increased input of eroded material from the 
catchment of Siljan and stronger water circulation in 
the lake. The trend toward higher concentrations is 
observed after a short and abrupt peak in most of the 
elements of minerogenic detrital origin at approxi-
mately 679 cm.  
 The age-depth model of Heden (Fig. 9), places 
the start of the period with increased organic matter 
input (690 cm) at 8.9 cal kyr BP, the time of decrease 
of the elemental ratios (680 cm) and the beginning of 
the period with increased minerogenic sedimentation 
(679 cm) at c. 8.8 cal kyr BP. At 8.65 cal kyr BP, the 
XRF elemental data, MS, and C-N proxies have al-
ready come back to typical values and start a very 
gradual decreasing trend up-core (Appendix 1-5). Nev-

ertheless, the distribution of the occurrence of cata-
strophic drainage over 100 years seems contradictory 
as this most probaly was a very short event of erosion 
at which overflowing water from the Siljan basin cut a 
new outlet north of the Åkerö channel. Hence, more 
attention should be paid on the exact point in the rec-
ord where elements of detrital origin have a more pro-
found signal at 679 cm. Therefore, the gradual and 
smooth curve that is observed after 679 until approxi-
mately 668 cm represents a long chronological period 
in the Heden sediment record that must reflect the ef-
fect of the drainage; the lake level drop lead to expo-
sure of barren lake sediments and thus mobilization of 
clastic sediment into the Heden basin, interbedding 
with the deposition of gyttja. This exposure of former-
ly submerged land is set to 8.8 cal kyr BP as a best 
guess from the age-depth model for the assigned depth 
from min 95% at 8745 to max 95% at 8847 cal yr BP.  

 

4.2 Climate and hydrology 

The cause of the rise in the water level of the ancient 
Lake Siljan leading to the drainage event and the for-
mation of a new outlet north of the Åkerö channel is 
most probably a stochastic event in connection to the 
local climate. The current study does not use any cli-
matic proxies, and hence, a description of the local 
palaeoclimate at that time based solely on XRF and C-
N data is not feasible. However, it is vital to under-
stand the climatic trends during the indicated time of 
the event. It is generally accepted that temperatures 
over Scandinavia were rising between 10 and 8.2 cal 
kyr BP (Borzenkova et al. 2015). At 9 cal kyr BP, oxy-
gen-isotope data from the Abisko area in Northern 
Sweden, suggest warm and moist climatic conditions 
(Hammarlund et al. 2002). In north-central Sweden, 
climate reconstructions based on the pollen record of 
Lake Gilltjärnen indicate rapid warming from 10 to 9 
cal kyr BP and is suggested that warming continued 
until 8.6 cal kyr BP (Antonsson et al. 2006). However, 
a small shift to minor cooling can also be seen earlier 
than 8.6 cal kyr BP in the smoothed annual mean tem-
perature reconstructions of Antonsson and colleagues 
(2006). In an examination of approximately 50 global-
ly distributed palaeoclimatic records for investigating 

Fig. 17. Selected parts from the Heden and Åkerö records with assigned ages according to the age-depth model. A. The transi-
tion to the gyttja sequence in core 8 of Åkerö (Fig. 8). B. The interval in core 9 of the Heden record that corresponds to the 
drainage event.    
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climate variability in the Holocene period, Mayewski 
et al. (2004) describe the period from 9 to 8 cal kyr BP 
as a time of rapid climate changes due to the “glacial 
aftermath.” A general cooling towards the poles is 
suggested, which among others, is reflected by ice 
rafting and intense atmospheric circulation in North 
Atlantic and Siberia and glacier advances in Scandina-
via (Mayewski et al. 2004). A study of the Holocene 
climate of Scandinavia based on radiocarbon dates and 
lacustrine data that reflect glacier variations, propose 
the start of a warm period around 8.6 cal kyr BP that 
peaks at 8.3 cal kyr BP (Karlén and Kuylenstierna 
1996). Even though the relative disagreements, the 
changes in the climate led to the well-recognized cool-
ing during the “8.2 kyr” event that may portray the 
impact of meltwater pulse in the Atlantic Ocean from 
Lake Agassiz (Mayewski et al. 2004; Antonsson et al. 
2006; Paus et al. 2019).     
 It can be speculated that erosion processes were 
generated around 8.8 cal kyr BP. Climatic fluctuations 
could cause erosion in two distinct ways, first, by af-
fecting the slope hydrology (Huggett 2011). For exam-
ple, increased precipitation and stronger winds, in 
combination with sparsely vegetated soils, can stimu-
late erosion and surface runoff. Another potential fac-
tor that can cause erosion is the input of a higher vol-
ume of water in the lake, causing the lake levels to rise 
above the sill and then abruptly drop and expose previ-
ously submerged areas. In the first case scenario, it is 
not likely that vegetation was sparse at the time of the 
ancient Lake Siljan drainage event. Furthermore, it is 
difficult to accept such a smooth and long-term effect 
in the record of Heden purely from surface runoff in 
the catchment. On the contrary, the response of the 
elemental proxies Ca/Ti and Mn/Fe earlier than the 
event suggest frequent and abrupt variations in the 
hydrological conditions of the lake that can potentially 
be indicative of stochastic or seasonal water-level fluc-
tuations. Therefore, in the case of the ancient Lake 
Siljan, the scenario of erosion after a higher water 
stand seems more plausible.    
 The original hypothesis by von Post (1934) 
postulates that the opening of the new channel came 
after erosion and down-cutting of the silty-sandy sedi-
ments during an exceptional high-stand in the lake-
level of ancient Lake Siljan. Lake waters can rise ei-
ther through more intense precipitation and snowmelt 
or clogging of the outflow channel. A more massive 
inflow of water typically results in raised lake level 
that is balanced by higher outflows (Bengtsson and 
Malm 1997). Consequently, if the inflow of water is 
significantly higher so that the volume of water cannot 
be accommodated within the contemporary outflow 
channel, the lake will absorb and compensate the mis-
balance by rising to a higher level. Historical observa-
tions of Lake Siljan show that water level can increase 
to 6.5 m above the sill, and recent records of seasonal 
fluctuations show a typical range between 1.1 to 1.7 m 
above the sill, which mainly occur due to upstream 
accumulation of snow (Bengtsson and Malm 1997). 
 

4.3 The drainage scenario 

Overall, the results of this study suggest that the an-
cient Lake Siljan existed for approximately 1200 years 

(Fig. 14 and Fig. 18A). Shore platforms and beach 
bluffs to the west of Åkerö can be followed into the 
Åkerö channel, suggesting a water level of ancient 
Lake Siljan at 168.5 m a.s.l. (von Post 1934) which 
can also be confirmed from the present-day DEM over 
the area (Figs. 3, 4 and 5). The sediment surfaces at the 
walls north and south of the Åkerö channel are at c. 
175 m a.s.l. Hence, it can be speculated (von Post 
1934), that the area of the present outlet for River 
Österdalälven was at a lower-elevation depression be-
tween 168.5 and 175 m a.s.l. At approximately 8.8 cal 
kyr BP, during a stochastic water level rise of the an-
cient Lake Siljan, the depression was flooded. The 
water level rise must have been in the order of 6 m or 
less and initiated erosion processes that led to the for-
mation of a new, lower-situated outlet for the Siljan 
basin. A lake level lowering signaled the end of an-
cient lake Siljan and the abandonment of the Åkerö 
channel. Erosion processes continued to act on the 
landscape after the lake lowering occurred.  
 The increase in the minerogenic detrital matter 
and the decrease in organic matter content (Fig. 7 and 
Fig. 17B) in Heden, indicate that this lake level lower-
ing took place at c. 8.8 cal kyr BP (Fig. 18B). The ab-
sence of shorelines from 164 to 168 m a.s.l. demon-
strate the abruptness of the lowering. Simultaneously, 
the water flow and minerogenic matter in the water 
column increased, which led to the deposition of mate-
rial (silty lenses in the Heden basin) originating from 
formerly submerged land. In Åkerö, the first sign of 
increased water flow is seen in the coarsening of the 
fluvial sand (Fig. 8 and Fig. 17A) at c. 8.65 cal kyr BP 
(Fig. 11), while the abandonment of the old channel is 
seen at the transition to lacustrine deposits at c. 8.5 cal 
kyr BP. However, the great dynamism in the environ-
ment of an outlet channel that responded to the drain-
age suggests a more volatile sedimentary record. The 
reduction in the minerogenic content after 8.65 cal kyr 
BP at Heden indicate that, by assigning the drainage at 
this age that the 8.5 cal kyr age for the sand at the base 
of the core from Åkerö is lagging somewhat behind. 
Therefore, the evidence of the sedimentary record of a 
calm environment like the basin in Heden indicates 
that the drainage event must have happened when the 
detrital minerogenic fraction increased around 8.8 cal 
kyr BP. If the timing of the Littorina maximum is 
placed between 7.6 and 6.5 cal kyr BP (Yu et al. 
2007), the timing of the channel relocation to the north 
of Åkerö is seemingly about 1000 to 2000 years older 
than the original scenario by von Post (1934). Howev-
er, an offset of this magnitude is a typical underestima-
tion of sediment chronologies at that time (Fredén 
1967). Furthermore, unless the proxies of elemental 
ratios are not fully applicable to the environmental 
conditions of the present study, fluctuations in Ca/Ti 
and Mn/Fe at the time before and after the event indi-
cate that lake levels rose remarkably and fell in several 
occasions. However, the profound catastrophe that 
makes this stochastic event unique is the opening of 
the new outlet channel.  
 Limitations to this study are that the isolation of 
the Heden basin could have potentially been marked 
more profoundly in the analysed data and that a better 
chronological relation to the abandonment of the 
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Åkerö channel could have been established. The lake 
level rise can be suggested to be seen in the elemental 
ratios at 680 cm, however, these ratios were initially 
applied in other geological settings. The ratios should 
be combined with more sedimentary and biological 
observations in the lake, and they must be tested over 
more extended periods to increase the confidence re-
garding their validity. The effect of the lake level low-
ering is seen in the Heden record. Still, on the radio-
carbon dated age of the transition to lake sediments at 
the Åkerö record, the Heden record only demonstrates 

the absence of silty lenses. Nevertheless, the drainage 
at 679 cm and the interval of the apparent aftermath 
from 679 to 665 cm in Heden, is chronologically close 
to the transition in Åkerö, is not repetitive, and the 
record, in general, constitutes this interval the right 
candidate for the examined scenario. The overall ob-
servations corroborate von Post’s (1934) hypothesis of 
a higher lake-level before the drainage and the pro-
posed magnitude of this lake level rise is supported by 
DEM data.  

Further investigation could shed light on some 

Fig. 18. Lake Siljan evolution stages of the SE outlet area at present Leksand after 

10 cal kyr BP. A. Isostatic uplift on land resulted in the isolation of the Siljan basin 

from Ancylus Lake around 10 cal kyr BP and 168.5 m a.s.l. After the isolation, 

ancient Lake Siljan covered a greater area than today and drained through the 

now-abandoned Åkerö channel to a lake at lower altitude further to the east. This 

an-cient Lake Siljan phase lasted approximately until 8.8 cal kyr BP when the new 

outlet channel opened. B. Lake Siljan after the catastrophic drainage event. The 

Åkerö channel was abandoned and the Heden basin, which was earlier a part of 

ancient Lake Siljan, became isolated.  
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of the aspects of the drainage event. It would be inter-
esting to find out more regarding the underlying caus-
es of the higher water levels, the effect on the rates of 
deposition, how fast the lowering occurred, and wheth-
er it happened in more than one stage. In this respect, 
future studies could focus on other strategic locations 
for coring, identification of relict beach ridges, a more 
analytical reconstruction of the palaeoenvironment 
after 9 cal kyr BP based on pollen, diatoms, and other 
environmental proxies, a more extended analysis of C 
and N content up-core, and identification of other local 
proxies that could indicate lake-level changes.  

 

5  Conclusions 

The present study uses traditional and modern geologi-
cal methods for the assessment of the Lake Siljan 
drainage scenario of von Post (1934) that encompasses 
the abandonment of the Åkerö channel at Leksand and 
the isolation of the Heden basin c. 2 km to the south. 
The current findings strengthen the view that an abrupt 
event led to the rerouting of the outlet of Lake Siljan 
and the separation of the Heden basin from the Siljan 
lake basin. The results constrain previous findings 
concerning the timing of the event, provide evidence 
of water level lowering, and suggest a connection be-
tween the lithology in the record of Heden and the 
isolation of the basin from Lake Siljan. In summary, 

 

• The catastrophic drainage is placed at 8.8 cal 
kyr BP. The peak in the minerogenic detrital 
matter at 679 cm of the Heden record marks the 
fall in water levels. Therefore, the opening of 
the new channel at Leksand took place approxi-
mately 1-2 cal kyr earlier than the original sce-
nario proposed by von Post (1934). 

• The connection of the Heden basin to the Siljan 
basin is reflected by the silty lenses in the algae 
rich gyttja in the lower part of the Heden sedi-
ment core. 

• The coarsening of sand at Åkerö around 8.65 
cal kyr BP reflects the erosion and stronger 
water-flow of the drainage event, however, the 
sedimentary record of a channel that responded 
to the event is more volatile and should not be 
trusted chronologically. 

• Future research could strengthen the present 
study and should focus on a more thorough 
investigation of proxies from additional sedi-
mentary records, and a more analytical study of 
the preserved geomorphology. 
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8  Appendices 

Appendix 1. Overview of core 8 (560 – 660 cm) from Heden. From left to right, the log of lithology with assigned units. The 

optical and radiographic (RD) image, density, magnetic susceptibility (MS), relative concentrations of typical elements for lake 

surveying, Ca/Ti and Mn/Fe proxies. The box indicates a zone of peculiar values.  
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Appendix 2. Overview of core 7 (480 – 580 cm) from Heden. From left to right, the log of lithology with assigned units, and 

radiocarbon samples. The optical and radiographic (RD) image, density, magnetic susceptibility (MS), relative concentrations 

of typical elements for lake surveying, Ca/Ti and Mn/Fe proxies.  

Appendix 3. Overview of core 6 (400 – 500 cm) from Heden. From left to right, the log of lithology with assigned units, the 

optical and radiographic (RD) image, density, magnetic susceptibility (MS), relative concentrations of typical elements for lake 

surveying, Ca/Ti and Mn/Fe proxies.  
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Appendix 4. Overview of core 5 (320 – 420 cm) from Heden. From left to right, the log of lithology with assigned units, and 

radiocarbon samples. The optical and radiographic (RD) image, density, magnetic susceptibility (MS), relative concentrations 

of typical elements for lake surveying, Ca/Ti and Mn/Fe proxies. The box indicates a zone of peculiar values.  

Appendix 5. Overview of core 4 (240 – 340 cm) from Heden. From left to right, the log of lithology with assigned units, and 

radiocarbon samples. The optical and radiographic (RD) image, density, magnetic susceptibility (MS), relative concentrations 

of typical elements for lake surveying, Ca/Ti and Mn/Fe proxies. The box indicates a zone of peculiar values.     
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Appendix 6. Overview of core 7 (480 – 580 cm) from Åkerö. From left to right, the log of lithology with assigned units, and 
radiocarbon samples. The optical and radiographic (RD) image, density, magnetic susceptibility (MS), relative concentrations 
of typical elements for lake surveying, Ca/Ti and Mn/Fe proxies.    

Appendix 7. Overview of core 6 (400 – 500 cm) from Åkerö. From left to right, the log of lithology with assigned units, and 
radiocarbon samples. The optical and radiographic (RD) image, density, magnetic susceptibility (MS), relative concentrations 
of typical elements for lake surveying, Ca/Ti and Mn/Fe proxies. The boxes indicate zones of peculiar values.        
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Appendix 8. Overview of core 5 (320 – 420 cm) from Åkerö. From left to right, the log of lithology with assigned units, and 

radiocarbon samples. The optical and radiographic (RD) image, density, magnetic susceptibility (MS), relative concentrations 

of typical elements for lake surveying, Ca/Ti and Mn/Fe proxies. The box indicates a zone of peculiar values.        
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Appendix 10. Scree plot and PCA of the explained variance by the first fifteen components at Heden. According to the scree 

plot, the first three to four components are the most significant and solve most of the variance.  

Appendix 11. PCA of the three most significant components at 
Heden. Strong positive or negative correlations are shown in bold. 
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Appendix 13. Scree plot and PCA of the explained variance by the first fifteen components at Åkerö. According to the scree 

plot, the first three components are the most significant and solve most of the variance.  

Appendix 14.  PCA of the three most significant components in 
Åkerö. Strong positive or negative correlations are shown in bold.  
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landskapet i södra Sverige under Atlantisk 
tid? (15 hp) 

566. Molin, Emmy, 2019: Litologi, sedimen-
tologi och kolisotopstratigrafi över krita–
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En litterarurstudie som jämför vulkanism 



 

 

på låg respektive hög latitud. (15 hp) 
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Trelleborg - Abbekås under perioden 
2007-2018. (15 hp) 

593. Agudelo Motta, Laura Catalina, 2020: 
Methods for rockfall risk assessment and 
estimation of runout zones: A case study 
in Gothenburg, SW Sweden. (45 hp) 

594. Johansson, Jonna, 2020: Potentiella 
nedslagskratrar i Sverige med fokus på 
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