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Abstract  
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Hertzman, H., 2021: Odensjön – A new varved  lake sediment record from southern Sweden. Dissertations in 
Geology at Lund University, No. 611, 26 pp. 45 hp (45 ECTS credits). 

Keywords:  Varved lake sediment, late Holocene, organic sediments, diatoms, land-use history, southern Sweden, 
palaeolimnology  

Supervisors: Karl Ljung and Dan Hammarlund 

Subject: Quaternary Geology 

Hanna Hertzman, Department of Geology, Lund University, Sölvegatan 12, SE-223 62 Lund, Sweden. E-mail: 
hanna.hertzman@gmail.com 

Abstract: Annually laminated (varved) sediments provide opportunities to reconstruct climate change and human 
impact on the environment with high temporal resolution. Depending on the character of the varves, such sediments 
can provide insight into the delivery of both autochthonous and allochthonous material from the lake and its catch-
ment and answer questions regarding both regional and local responses to climate- and land-use changes. This the-
sis examines a new sediment record from the small Lake Odensjön in southern Sweden. The aim of the study is to 
describe the sedimentary sequence, determine the type of laminations and establish if these are annual, and to date 
the sediment sequence using radiometric methods together with varve counts.  The uppermost 910 mm of the sedi-
ment sequence was collected with a freeze-corer at 20 m water depth in the deepest part of the lake. Dating with  
210Pb and 137Cs in combination with identification of the distinctive and well-documented pollution Pb peak associ-
ated with the use of leaded petrol in the mid 1970’s confirms that the sediments partly consist of laminations repre-
senting annual varves. Radiocarbon dating of the lower part of the record demonstrates its extension to around 450 
years before present. The sediments are characterized by X-ray fluorescence, biogenic silica content, total carbon 
and nitrogen content and microscopic analyses are showing high contents of biogenic silica and organic matter, 
abundant diatoms and low minerogenic content, demonstrating that the varves are of biogenic origin and annual. 
The varve counting was limited by thin and indistinct layers in part of the core. The conditions for varve formation 
have changed through time and substantial variations in the content of macroscopic plant remains give evidence of 
pronounced changes in catchment land-use. In the late 19th century the catchment most likely was completely de-
forested, while rapid colonization by beech, Fagus sylvatica, occurred during the following century as demonstrat-
ed by abundant well-preserved leaves. 
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Svensk sammanfattning 

HANNA HERTZMAN 

Hertzman, H., 2021: Odensjön – ett nytt varvigt sjösediment från södra Sverige.  Examensarbeten i geologi vid 
Lunds universitet, Nr. 611, 26 sid. 45 hp.  

Nyckelord: Varviga sjösediment, sen Holocen, organiska sediment, diatomer, landskapshistorik, södra Sverige, 
paleolimnologi   

Handledare: Karl Ljung och Dan Hammarlund  

Hanna Hertzman Geologiska institutionen, Lunds Universitet, Sölvegatan 12, 223 62 Lund, Sverige. E-post: 
hanna.hertzman@gmail.com 

Sammanfattning: Varviga sediment utgör unika högupplösta klimat- och miljöarkiv som ger oss möjligheter att 
rekonstruera klimatförändringar och mänsklig påverkan på miljön. Genom varvens karaktär och genom sedimentet 
kan vi få insikt i hur både autoktont och alloktont material, det vill säga både material från sjön och från 
avrinningsområdet, och detta kan i sin tur ge information om både regionala och lokala förändringar till följd av 
förändrad markanvändning och klimatologiska förhållanden. Här presenteras ett nytt sedimentarkiv från en liten 
dimiktisk sjö, Odensjön i Skåne, södra Sverige. Syftet med studien är att avgöra vilken typ av laminering som 
sedimenten är uppbyggda av och om lamineringen är årlig, samt att datera sedimenten med hjälp av radiometriska 
metoder och varvräkning. Två fryskärnor har tagits upp från den djupaste delen av sjön på 20 meters vattendjup. 
Dessa kärnor omfattar de översta 91 cm av sedimentet i sjön. Datering med hjälp av 210Pb och 137Cs  i kombination 
av identifiering av förhöjda bly-värden under mitten av 1970-talet till följd av användningen av bly i bensinen har 
kunnat användas för att klargöra att den översta delen av kärnan består av årliga lamineringar, alltså ett varvigt 
sediment. 14C datering av den nedersta delen av kärnan gav resultatet att hela kärnan är ungefär 500 år gammal. 
XRF, BSi, C:N förhållanden och mikroskopanalyser av sedimentet har visat ett högt innehåll av biogent kisel samt 
organiskt material, högt innehåll av kiselalger och ett lågt innehåll av minerogent material har visat att sedimentet 
och varven är avsatta av biogena processer. Förhållandena för varvbildning har förändrats över tid och väsentliga 
skillnader i andelen avsatta makroskopiska växtdelar ger oss indikationer på stora förändringar i markanvändningen 
i sjöns avrinningsområde. Vid 1800-talets mitt var avrinningsområdet förmodligen helt avskogat och under det 
följande århundrandet så har återkoloniseringen av bok, Fagus sylvatica varit snabb och omfattande. Detta 
representeras i kärnan av ett stort innehåll av välbevarade löv från 1900-talets början tills idag. Detta nya varviga 
sediment representerar det sydligaste i Skandinavien av sitt slag, sedimentet kommer att fortsätta att analyseras med 
en rad olika metoder och resultera i en djupare förståelse i hur miljö- och klimatförändringar har påverkat södra 
Sverige. 
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1 Introduction  
Sediments deposited in water, weather it is in marine 
or lacustrine settings hold information about past 
environmental changes (Ojala et al. 2012).  
  Varved sediments are useful arcives for 
understanding and investigating both local and 
regional climate change and ecosystem responses to 
human impact and land-use changes in the past 
(Brauer, 2004; Ojala et al. 2012; Randsalu Wendrup et 
al. 2012; Tylmann et al. 2013; Zolitschka et al. 2015). 
The great advantage with varved sediments is that past 
environmental changes can be reconstructed with high 
temporal resolution and precision. There are  
fundamental requirements for the formation of varved 
sediments in lacustrine environments. Firstly, there 
needs to be a seasonal variation in the chemical 
processes, biological activity and the input from the 
terrestrial surroundings. Secondly, that the varves are 
formed under conditions that are preserving them, i.e. 
anoxic bottom waters with no or negligible 
bioturbation (Zolitschka, 2007).    

 In Europe, varved sediments are mostly found 
in formerly glaciated northern and central regions. In 
Sweden approximately 100 lakes with varved 
sediments have been found, predominantly in the 
central and northern parts of Sweden. (Petterson, 
1996).       

 This thesis will focus on Lake Odensjön in 
southern Sweden. According to Rapp (1988) the 
uppermost 5.5 m deposits of lake Odensjön consists of 
varved gyttja down until an age of late Younger Dryas. 
The varved sediments in Lake Odensjön have not been 
described in detail until now.  Therefore, the aims of 
this study is to describe the sediments, what they 
consist of and how they are build. Further, the aim 
was to identify if the varves are annually formed 
and what processes that contribute to the formation 
of the varves. The sediments provide a new and 
important palaeoenvironment and palaeoclimate 
record. It is likely the most southerly lake with varved 
sediments in Sweden.  

 

This thesis is focusing on the following 
questions: 
 What kind of sediment constitutes the 

varved sequence from Lake Odensjön? 

 Do the laminae build annually forming 
varves? 

 How old is the sediment sequence? 

 

 

2 Study area and site description 
Lake Odensjön is located in the northwestern part of 
the southernmost province of Sweden, Scania (56° 
0'13.96"N, 13°16'32.27"E, at 60 m asl, Fig. 1).  
 It is situated on the east side of one of the horst 
ridges, Söderåsen, that runs across Scania in a north-
west-southeast direction. The lake is small with a di-
ameter of appr. 160 m and a maximum depth of 
around 20 meters. It is surrounded by steep talus 
slopes reaching 30 m above lake level. According to 
Rapp (1984) Lake Odensjön was formed by a glacier 
niche during tundra periods before and after last glaci-
ation. Odensjön has the typical features of nivation 
with a hollow in bedrock and a semicircular back rim, 
a floor that has a gentle slope and angular rock debris 

covering the floor and sides (Berglund and Rapp, 
1988, Fig. 2). The lake is drained through a wetland to 
the north of the lake.      

 The bedrock surrounding Lake Odensjön com-
prise  primarily of Precambrian gneiss. Soils in the 
direct surroundings contain angular blocks and talus, 

Fig. 1. Location of Lake Odensjön in Sweden. 

Fig. 2. Geological map of the area around Lake Odensjön. 5 
m between counter lines. The figure is modified from Ber-
glund and Rapp (1988) 
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partly covered by peat (SGU, 2019: Fig. 3) The cli-
mate in the area is influenced by the proximity to the 
west coast. The mean annual air temperature is 7.7° C 
and the mean annual precipitation is 687 mm (at the 
closest weather station, Svalöv at a distance of 16 km, 
for the period 19611990, SMHI 2018 a and b). Today 
the landscape in the direct vicinity of the lake is main-
ly covered by Fagus sylvatica, with some minor occur-
rence of Alnus glutinosa and Betula pendula. Above 
the talus slopes surrounding the lake Picea abies has 
been planted.       

 Regarding the historical land-use around the 
lake there is not much literature describing the direct 
surroundings of the lake. Historical maps of the area 
from the time period AD 1717 to 1915 describe the 
steep talus slopes surrounding the lake as “unusable 
land” (Lantmäteriet, 2018).1  However, there are some 
literature describing the land-use history of the whole 
area of Söderåsen (Håkansson, 1948; Persson, 1971). 
The oldest map of the Söderåsen area was constructed 
by Gerhard Buhrman, AD 1684 (Håkansson, 1948). 
On this map, most of the forest is described as domi-
nated by Fagus and the surrounding plains were open 
farmland (Persson, 1971). At this time, the Swedish 
Crown, i.e. the state, owned the silviculture except for 
Alnus, Betula, Salix and Corylus that was growing on 
the wetlands (Håkansson, 1948). These species were 
allowed to be used by the farmers. It was not until AD 
1793 when the taxpaying farmers were allowed to use 
the forest, including the Fagus but it was still owned 
by the state (Persson, 1971). At this time the forest 
was mainly used for grazing by cattle, horses and pigs 

(Håkansson, 1948). In the beginning of the 19th centu-
ry deforestation started, and a more open landscape 
was created on the Söderåsen Ridge. During this time, 
the Laga skifte was implemented. Laga skifte was a 
land reform where the Crown’s forest was devolved to 
private owning and a more effective agriculture took 
form. As a consequence of this, deforestation intensi-
fied and the area of Söderåsen was as most open dur-
ing the 1850’s. The agriculture was further intensified 
with the help of industrially produced fertilizers. This 
led to reduced pressure on the forest due to less graz-
ing because the farmers used less land to produce feed 
for the animals. The replanting of the area started in 
AD 1875. The open landscape was replanted with 
Picea and some of the Fagus was replaced by Picea 
(Persson, 1971). The only animals that were still graz-
ing on the Söderåsen Ridge were pigs, until the 
1930’s. 

3 Materials and Methods   
3.1 Sediment coring       
Two cores were extracted with a freeze corer from 
lake ice in January 2016. The cores were extracted 
from the deepest parts of the lake, one at 19.9 m and 
the other at 18.8 m depth. For this thesis the core from 
19.9 m depth was used for analyses. The core was 
wrapped in plastic and kept frozen at -18 °C before 
subsampling.   

3.2 Subsampling and documentations   , : 
Photos were taken throughout the sediment core to be 

Fig. 3  Map of soils in the surrounding. Lake Odensjön is marked with an arrow. SGU, 2018a.  
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for documentation of the core and to be used for 
counting the laminae. The subsampling and photo doc-
umentation were done in a freezer room to make sure 
the sediments were kept frozen for further analyses. 
Photos were taken on the still frozen core to prevent 
reactions, oxidation and colour changes of the sedi-
ment caused by thawing.  

3.3 Lithostratigraphic description   

The core is 910 mm long and consists of more or less 
visible laminations. Light and dark laminae are visible 
and the general colour is changing throughout the core. 
As seen in Fig. 4, the brown colour is changing from 
light reddish brown in the very top of the core to a 
more dark brown colour at a depth of approximately 
250 mm to 340 mm. Thereafter the colour is again 
more reddish brown down to a depth of around 800 
mm where the colour is again changing to darker vari-
ation of brown.  The laminations mostly consists of 
material of organic origin.   

3.4 Varve counting      

The laminae were counted from highresolution pic-
tures that were taken in the freezer room. The lamina-
tions throughout the full core were counted three 
times. The pictures were used both as a printed version 
and digitally so that the colour settings could be 
changed to visualize the laminae in the best possible 
way. 

3.5 Radiocarbon and 210Pb dating   
To date the sediment we used 210Pb dating and ra-
diocarbon dating. The uppermost part of the core 
was 210Pb dated and the lower part radiocarbon 
dated using macrofossils. Along with the counted 
laminae the purpose of using these techniques was 
to achieve a chronology as detailed as possible.  
 For 210Pb dating, the top 33 cm of the core was 
cut in 2 cm subsamples. The uppermost sample was 
cut in a 4 cm subsample due to the high water content.  
The samples were freeze-dried and analyzed for 210Pb, 
226Ra, 137Cs and 241Am at the Environmental Radio-
metric Facility at University College London.  
 Three samples were taken for 14C dating. 
Macrofossils of leaves from the depths of 687, 760 and 
885 mm were used for the analyses. The samples were 
treated with HCl and NaOH prior to analysis. The 
analysis was performed at the Radiocarbon Dating 
Laboratory at Lund University. 

3.6 Wiggle-matching    

The calibration of the 14C dates was preformed using 
OxCal v.4.3.2 Bronk Ramsey (2008). Calibration of 
the radiocarbon dates were done using both D-

sequence and P-sequence. D-sequence was used to 
wiggle match the radiocarbon dates. D-Sequence is a 
wiggle matching method using the number of varves 
(years) between ages to constrain the calibration. P-

Sequence is a less rigid model based on the assump-
tion of stratigraphic order of the radiocarbon dates. 
Because of a large uncertainty in the number of lami-
nations between the two lowermost dated horizons the 
radiocarbon ages were also calibrated using P-

sequence. The final age-depth model was constructed 

using the information from the 210Pb dates and 14C 
dates calibrated using P-sequence, and not the infor-
mation from the lamina counting. The information 
from the lamina counts was excluded because of the 
uncertainty of the lamina counting between two 14C 
dates in the lower part of the core.  

 

3.7 XRF-analysis     

The XRF analysis were done for the purpose of find-
ing in lamina elemental variations that could an-
swer questions about the formation processes form-
ing the laminae. The XRF analysis was per formed 
at the Centre of GeoGenetics at the Natural History 
Museum of Denmark in Copenhagen. An Itrax Core 
Scanner was used with a Rhodium tube. The exposure 
time was set to 2 seconds with 100 microns resolution. 
The initial spectra were scanned with a step size of 0.1 
mm i.e one data point per 0.1 mm, this was done to be 
able to reconstruct variantions on varve-scale and use 
the elemental composition for counting varves. To 
increase the signal strength the spectra were later add-
ed up to 1 mm resolution. The results are given in 
counts per second (c/s) which is the intensity of X-rays 
as a function of the energy emitted from one data point 
(Croudace & Rothwell, 2015) The XRF analysis was 
done down to a depth of 880 mm (of the total 910 
mm). The core was cut into subsamples in the freezer 
room to keep them frozen for the analysis. The XRF 
sections were cut in approximately 160 mm slabs with 
overlaps of ~40 mm. The length of the XRF sections 
was kept short to minimize thawing during the XRF 
scanning. The XRF sections were packed in Styrofoam 
boxes to reduce thawing and the samples were taken 
out of the freezer just before analysis and covered with 
plastic film.   The Fe curve and the high resolution 
pictures were used for correlation of individual sec-
tions. However, some limitations using the Fe curve 
have to be considered. The laterally overlapping slabs, 
and their laminations do not look the same when mov-
ing a few centimeters to the side on the core. There-
fore, features of the core such as laminae and 
macrofossils were used to visually fit the slabs and to 
obtain a continuous Fe record.    

3.8 Biogenic Silica     

To measure the biogenic silica (BSi) concentration in 
the sediment a sequential alkaline extraction method 
described by DeMaster (1981) was used. 30 mg of 
sediment from each cm of the core was freeze-dried, 
homogenized and mixed with 40 ml of 0.1 M 
Na2CO3, and then put in a shaking water bath at 85°C 
for 5 h. Thereafter an aliquot was subsampled after 3, 
4 and 5 h of reaction and neutralized with 9 ml of 
0.021 M HCl. The dissolved Si (DSi) was measured 
with a SmartChem 200 discrete chemical analyzer 
using the molydate-blue methodology (Eggimann et al. 
1980). Lastly the BSi concentrations were calculated 
by determining the intercept of the regression between 
total extracted Si and extraction time (Conley, 1998; 
Sauer et al 2006).  This method was used to answer 
questions about the laminae, what they consists of 
and how they are formed.  
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3.9 Bulk carbon and nitrogen analyses 
Total organic carbon (TC) and total nitrogen (TN) 
contents were measured on samples taken every sec-
ond cm down to 880 mm of depth. To answer ques-
tions about the laminae and what the sediment con-
sists of macrofossils were avoided during sampling. 
This was done to avoid results showing the TC and 
TN of the macrofossils themselves instead of the 
sediment. Approximately 3 mg of freeze dr ied sam-
ple material was loaded into Sn-capsules before meas-
urements.  The analyses were performed on a Costech 
ECS4010 at the Department of Geology, Lund Univer-
sity.                                       

 The results from the analysis of the carbon and 
nitrogen content of the sediment were multiplied with 
1.167 to get the atomic ratios. The variation of C:N 
atomic ratio within lake sediment can be used to deter-
mine the source of organic matter to the lake. General-
ly, algal organic matter has lower ratios, between 4-10 
and terrestrial organic matter have C:N ratios greater 
than 20 (Meyers, 1994).   

3.10 Smearslide analysis      
Samples for smear slides were taken from both dark 
and light layers, with the aim of identifying lithologi-
cal differences and to study the differences between 
the light and the dark laminae. A semi-quantitative 
approach was used for this analysis and a small 
amount from each layer was added into 1.5 ml of de-
ionized water and put in an ultrasonic bath for 1 mi-
nute to break up aggregates. 200 µl of the solution was 
transferred to an object glass and fixed with Naphrax. 
Each sample was analysed under light microscope at 
10x40 times magnification. The following material 
classes were identified and counted; mineral particles, 
detritus, cellular fragments, charcoal fragments, Daph-
nia, and diatoms. The diatoms were further divided 
into the following morphological classes centric-, pen-
nate- and oval- shaped diatoms, and one class for other 
shapes of diatoms. Furthermore, the diversity in the 
class “other shapes” was noted while counting.  

5 Results       
5.1 Description of the core                    
The full core was 910 mm in total. The characteristics, 
structure and colour of the sediments change through-
out the core and to facilitate the description of the core 
and its characteristics the core was divided into six 
different sections. The sections are named S1, S2 and 
so on. Each section (Sx) contains further ‘undefined’ 
subsections (HSx), shown in Fig. 4 and Table 1. These 
sections are called undefined because the laminae have 
been difficult to distinguish within these sections. 
Some of them contain laminae that are visible to the 
naked eye whereas others appear to consist of more or 
less homogenous detritus gyttja.  Section 1 (0-270 
mm, hereafter S1 etc, Fig. 4) has well-defined and less 
consolidated laminae than further down the core, i.e 
the laminae are here less compacted. When this section 
was thawed it shrunk to almost half its original size 
due to the high water content. The laminae in this sec-
tion are generally thicker (2-4 mm) than in sections 
further down the core (1-5mm), The section has on 

Fig. 4. Full core of Lake Odensjön with markers for sections 
described in table 1 and text.  
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average 2.5 laminae per cm (Table 1). Two undefined 
subsections are found in S1, HS1 and HS2 at 99-109 
mm and 118-141 mm, respectively (the undefined sec-
tions, HSx, are listed in Table 1 and marked on Fig. 4) 
S1 has a high content of macroscopic plant remains. 
Most of the plant remains are leaves of Fagus (Fig. 5) 
and a few Alnus and Betula were observed. The 
boundary between where leaves were found (in great 
abundance) and almost no leaves is very sharp, at a 
depth of approximately 270 mm. This is also the 
boundary between S1 and S2. The section below, S2 
has a darker colour and less well-defined laminae. In 
this section the laminae were very difficult to distin-
guish and count, mostly due to the thin and dark-

coloured laminae, less than 1 mm or thinner. It was 
possible to distinguish approximately four laminae per 
cm (Table 1), but these were all thinner than 1 mm. 
Therefore, there are probably laminae that were not 
possible to distinguish in this section. Scattered Fagus 
sylvestris leaves were found throughout the section.  In 
the next section, S3, the colour changes to more red-

dish brown and the number of laminae per cm is on 
average 3.4. Two undefined subsections were found, 
HS3 and HS4. The macroscopic plant remains found 
were dominated by Fagus spp leaves. S4 is the longest 
section, spanning from 474-673 mm of depth and here 
the laminae are well-defined, compared to S2. The 
lighter laminae are lighter than in S3. Between 630 
and 645 mm depth a section with disturbed laminae 
was found, the disturbed laminae may be due to gas 
escape (Fig. 6).  During subsampling and thawing of 
the samples gas bubbles were seen escaping from the 
sediments. The gas was probably methane, but the 
smell also indicated presence of hydrogen sulfide. 
Three laminae with greater thickness than average of 
the section were found with a thickness of around 3 
mm at depths of 526, 604 and 677 mm respectively. 
The average number of laminae per cm is 4.7. The 
macro-fossils identified were mainly Fagus leaves. 
 Further down, in S5, the colour changes to 
darker brown and the laminae are welldefined. This 
section represents the part of the core with the thinnest 
countable laminae, with 6.75 laminae per cm. As well 
as in the previous section, this section contains a num-
ber of thicker laminae with a thickness of 2-3 mm (at 
depths of 686, 780 and 795 mm). The macro-fossils 
found here were leaves of Betula. The last section S6 
has a dark brown colour and the upper 45 mm part of 
this section consists of homogeneous detritus gyttja, 
HS5. The thickest lamina found in the consolidated 
part of the core was situated at 860-865 mm of depth 
with a thickness of 5 mm. Only 11 laminae were visi-
ble over 100 mm. The lowermost part of the analysed 
core (below 880 mm of  depth) consists of homoge-

Table 1.  Sections of the core and their ages and depths.  

Fig. 5. Photo taken just after coring, the sharp boundary 
between a great abundance of leaves and almost no leaves is 
clear. 

Fig. 6. Figure showing probable gas escape during and after 
sedimentation of laminae at depths of 630 to 645 mm. 
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nous detritus gyttja, HS6. Macro-fossils found at this 
depth were leaves of Betula spp. and Corylus spp.   

 

5.2 Chronology         
The chronology of the core is based on independent 
dating using 210Pb, 14C and lamina counting (Fig. 7). 
The lamina counting was done from top to bottom and 
performed three times. The total number of visible 
laminae was determined to 339 (Fig. 7). At first, the 
undefined subsections of the core were counted as 
single laminae. However, as the undefined sections 
probably represent more than one year an estimation 
of the number of laminae within the undefined subsec-
tions was done after the first counting. The undefined 
subsections were compared with the closest centime-
ters (with lamination) situated above and below these 
sections. The average number of laminae per cm was 
then extrapolated to the undefined subsections. The 
result after these tentative additions gave a total num-
ber of 423 laminae (Fig. 7).     

 
210Pb dating was done down to a depth of 330 

mm (Fig. 7). The chronology and sedimentation rates 
were calculated using the constant rate of 210Pb supply 
(CRS) dating model (Appelby and Oldfield, 1978; 
Appelby, 2001). In this chronology, the year 1963 and 
1986 were placed at depths of around 230 and 170 
mm, respectively using the information obtained 
from the samples representing the depths from the 
210Pb  dating  (Table 2). These depths represent the 
peaks in both 137Cs and 241Am from the artificial fall-
out of radionuclides from the testing of nuclear weap-

Fig. 7. Graph showing counted laminae.. The light grey solid line represents the counted laminae where the undefined subsec-
tions are considered as one laminae. The dark grey solid line represents the counted laminae with the extrapolated laminae in 
the subsections. The triangles represent the Pb-dating and the squares represent the carbon 14– dating with error bars.  

Table 2.  Age distribution derived from 210-Pb dating 
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Fig. 8. Fallout radionuclide concentrations in the core taken from Lake Odensjön, showing (a) total 210Pb, (b) unsupported 
210Pb, and (c) 137Cs and 241Am concentrations versus depth. 

Fig. 9. Lead distribution in the core during the last 300 
years. A peak is seen during the 1970’s and after this a gen-
eral decrease in the Pb c/s. The orange solid line is a 10 

Table 3.  The depth and the type of microscopic plant re-
mains used for radiocarbon dating and thereof obtained 
ages. 

Fig. 10.  Calibration curve for the radiocarbon dates 

Table 4. Information from the wiggle matching with 
D_sequence and the P_sequence with depth as prior. 

Fig. 11. D_Sequence wiggle match and the calibrated ages.   
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ons (corresponding to peaks around AD 1963) and the 
Chernobyl accident (AD 1986), respectively (Hardy, 
1977; Cambray et al. 1987, Fig. 8).   

 As shown in Fig 7, the number of visible lami-
nae fits well with the 210Pb dating, down to approxi-

mately 270 mm. Below this depth the number of visi-
ble laminae and the 210Pb dates diverge.    

 The 210Pb dating is corroborated by a peak in 
the Pb results from the XRF at around 200 mm, which 
represent the elevated pollution lead deposition during 
the 1970’s as a result of extensive use of lead in petrol 
(Smol, 2008, Fig. 9).     

 The lower part of the core was radiocarbon 

Fig. 12.   P_sequence model.   

Fig. 13. Final age model based on information from the 
P_sequence obtained in OxCal. The black triangels are 
210Pb dates. The red triangles are radiocarbon dates cali-
brated using D-sequence. The blue line is the model ob-
tained from the P_sequence with two sigma standard devia-
tion in shaded blue.  

Fig. 14. Records of different morphological classes identified in smear  -slides. The dominant classes are pennate and centric 
diatoms.  
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dated (Table 3). 14C-dating was done at depths of 687, 
760 and 885 mm. The dating at depths of 760 and 885 
mm gave the same age. The radiocarbon dates were 
calibrated using both wiggle matching (D-sequence) 

and only the depth as prior (P-sequence). The radiocar-
bon ages fall on a section of the calibration curve with 
large shifts that can be used to give good wiggle 
matching provided the age gaps between dated levels 
are known (Fig. 10).        
 Because of the undefined subsections between 
818 and 862 mm (HS5) and between 866 and 910 
(HS6) the number of laminae between the depths of 
760 and 885 mm are uncertain. The average number of 
laminae between 760 mm (AD 1583) and 885 mm 
(AD 1489) is therefore uncertain, and the radiocarbon 
ages were calibrated using only depth as prior.  
 For the wiggle match, D-sequence in OxCal v 
4.3.2 was used (Fig. 11 and Table 4). The number of 
laminae is 50 between 687 mm and 760 mm and 124 
between 760 and 885 mm. This assumes that the unde-
fined sections are not representing one event i.e one 
deposition event but instead they have been deposited 
with the same sedimentation rate as above, just with-
out visible laminations. The results show an overall 
agreement index of 41 %. The agreement index is used 
as a way to  evaluate the model statistically (Ramsey 
et al 2001, Table 4). This is lower than the suggested 
60 % agreement index for a reliable calibration. The 
radiocarbon age at 760 mm has a low agreement index 
of 19 %, which is well below the cut off  (Table 4). 
This indicates that this age is erroneous and too old 
rather than the date below being too young. This is 
probably due to re-deposition of plant remains within 
the catchment. There might have been old leaves in 
other parts of the catchment that have been redeposited 
to where they are found today. Due to the fact that the 
core is laminated, younger material cannot have 
moved within the core because of bioturbation or other 
processes.                                                     
 The radiocarbon ages were further calibrated 
using the P-sequence, a more conservative model, 
which only uses depth and assumptions on sedimenta-

tion 

Fig. 15.  Total amounts of counted diatoms in different lay-
ers. For each depth (except the uppermost two samples), one 
light (yellow) and one dark lamina (blue) were analysed.  

Fig. 16.  Graph showing Total C, Total N and the C:N ratio as well as the results from the BSi 
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as prior information. The P-sequence was run with the 
depths of the radiocarbon dates and the 210Pb ages. 
The k-value was set at 1 (cm). The overall agreement 
index for the P-sequence is 82 % (Fig. 12). The radio-
carbon date at 760 mm has an agreement index of 21 
%, indicating that the obtained age does not fit well 
with the model (see Table 4). The D-sequence proce-
dure gave different ages, but within the error esti-
mates, than the calibration using P-sequence (Table 
4). Both methods show that the date at 760 mm fits 
the model poorly, and likely is too old. Because of the 
uncertainty in the number of lamina between the low-
er two radiocarbon dates the more conservative P-

sequence model is used for the final age model (Fig. 
13).   

5.3 Smear-slides        
Out of the different classes of material that were iden-
tified during smear-slide analysis, the highest numbers 
were found in the pennate and centric diatom classes 
(Figure 14).      

 Therefore, the sediments and laminae are con-
sidered to be biogenic. There were also minor portions 
of mineral particles, detritus and cellular fragments 
(Fig. 14). Thus, most of the sediments in Lake 
Odensjön have an autochthonous origin. However, the 
mineral particles are allochthonous and some of the 
detritus and cellular fragments could have an origin 
from the surrounding environment. When only the 
number of diatoms is studied, and the dark and light 
laminae are compared the results show that there are 
in general  more diatoms in the light layers than in the 
dark laminae (Fig. 15). The light lamina (yellow in 
graph) have a greater total amount of diatoms than the 
dark lamina (blue in graph).  

The two top samples were mixed samples (green in 
graph), i.e. the samples were taken from a bulk sample 
and therefore mixed with both light and dark laminae 
from one cm. The highest amounts of diatoms were 
found between 662 and 517 mm depth (AD 1734 – 
1619), which coincides with the maximum content of 
biogenic silica (Fig. 16).  The smallest number of 
counted diatoms was found at the depth of 187189 
mm (AD 1978). However, the uppermost sample is 
not really comparable with the rest of the samples 
because this samples was mixed and is representing a 
bulk sample from 10 mm of the core. As the absolute 
abundance of diatoms falls from a depth of 414 mm 
towards the top.        
 Figure 14 shows the distribution of all identi-
fied morphological classes of combined smear-slide 
data from dark and light layers. The data show a sim-
ultaneous increase in the centric morphological group 
and a decrease in the pennate group beginning at 807 
mm (AD 1530) and the trend is again shifting towards 
an increase in pennate diatoms and a simultaneous 
decrease in centric diatoms during the last 200 years, 
from AD 1876 and onwards. 

5.4 Geochemistry        
5.4.1 Carbon and nitrogen      
The total carbon (TC) and total nitrogen (TN) contents 
are shown in Fig. 16. TC and TN contents are follow-
ing the same trends throughout the core, except for in 
the very top where TC increases, and TN decreases. 
The highest values of TC content are found in the 
lowermost samples where it reaches 32 % (AD 1518). 
Within 17 years (from AD 1518 to 1538) the decrease 
is drastic and reaches a value of 18 % (AD 1538). 
Within the same time period, the TN content decreas-
es from 2.3 to 1.5 %. Between AD 1572 and 1645 
there are some fluctuations in both TC (between 16 – 
21 %) and TN (between 1.3 – 1.6 %). From the late 
17th century to the beginning of 19th century the val-
ues for both TC and TN content are rather stable (TC 
around 19 % and TN around 1.5 %) except for one 
minor peak at AD 1724 (TC around 23 % and TN 
around 1.7 %). In AD 1803 the values for both TC and 
TN are again increasing and reaching values of 22 % 
and 1.6 % respectively. During the rest of the 19th 
century and the mid 20th century both TC and TN 
content are fluctuating but the general trend is increas-
ing for both elements until a peak in 1952 where TC is 
reaching values of 28 % and TN 1.9 %. During the 
following 18 years the values are drastically decreas-
ing to 18 % for TC and 1.4 % for TN. From 1952 until 
present there are large fluctuations in both elements. 
From AD 1952 to 1995 both elements show the same 
trends but subsequently the elements are fluctuating 
differently. The last three samples representing AD 
2007, 2011 and 2014 show a small decrease in TC 
(from 26 to 24 %) whereas TN starts to increase al-
ready 2004 from 1.73 to 2.14 % This is also seen in 
the C:N ratio, which decreases during the last years 
with a, for this record, drastic change from 13.4 in AD 
2007 to 11.2 in AD 2014.      

   As further seen in figure 16 the 
C:N atomic ratio in the Lake Odensjön sediment se-
quence ranges between 13 and 17. In the bottom of the 
core there is a drastic decrease over a 30 year period 
between AD 1518 and 1548, from 16.1 to 13.6 respec-
tively. After this minimum, it increases again to a val-
ue around 15 in the  late 16th century. During the 17th 
century the values were around 15, although with a 
slow general increase towards the end of the century. 
In the beginning of the 18th century the trend is again 
decreasing and values from 16.3 (AD 1708) to 14.7 
(AD 1787) were recorded. From AD 1818 to AD 1952 
the general trend is increasing from values around 14 
to 17, which is the highest value found in the whole 
record.  After this peak at 1952 until the 1970’s 
the ratio is decreasing to 14.7.                                      
 Hereafter, the C/N ratio is fluctuating until 
present, and the last sample representing 2014 exhibits 
the lowest atomic ratio of the whole core (13.09).   

5.4.2 Biogenic Silica        
The record of biogenic silica content (BSi) is shown in 
Figure 16. The values are ranging from 28.4 to 55.6 % 
with generally higher values from the mid-16th centu-
ry to the mid-19th century. The trends are negatively 
correlated with TC, with some minor exceptions. The 
lowermost three samples show relatively low values 
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ranging from 28 to 34 %, followed by an increase 
reaching 55 % within the following 30 years. From 
this point towards the end of the 17th century BSi con-
tent decreases to 47 %, followed by an increase to 55 
% within 20 years. The values during the 17th century 
are relatively stable, ranging from 50 to 55 %. From 
AD 1692 to 1724 the values decrease drastically from 
53 to 41 %. During the 18th century BSi content in-
creases again to values around 50 in AD 1771. The 

18th century represents a period of great fluctuations 
in BSi content. In AD 1803 there is a relatively low 
value of 45 % followed by a drastic increase to 52 % 
within 15 years. The next peak with 52 % in AD 
1866 is again followed by a drastic decrease to 35 % 
in AD 1882. The rest of the record until the present 
shows values around 35 % except for minimum value 
in AD 1952 at 28 % BSi.    

Fig. 17.  The XRF results for K, Si, Ti, Mn, Cr and Ca throughout the core. The red lines represent the top boundaries for each 
sample slab scanned.  

Fig. 18.  The distribution of Cr in each sample slab separately where AX1 represents the top of the core. The first mm of AX1 is 
representing the sediment-water interface therefore the signal starts a few mm down. The analyses are done from top to bottom. 
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5.4.3 XRF analyses        
The results of the XRF analysis are interpreted with 
caution (as further discussed below). Some of the 
elements (K, Si, Ti, Mn, Cr, Ca) have results that 
are not 
con-

sidered reliable (Fig. 17).   As seen in Figure 17 the 
values are higher at the beginning of each XRF-

scan (they were scanned from top to bottom). This 
phenomenon is further shown in figure 18. This 
Figure shows the results for Cr for each individual 
XRF section. The figure clearly shows that the val-
ues are higher in the top of each XRF section and 
then decrease towards the bottom. AX7, the last 
XRF section in the core shows a different trend. In 
this subsection there are not such large peaks as is 
in the other samples.   The higher c/s in the top of 
the samples is not seen for all elements but for the 
elements represented in Figure 17.   However, 
some elements are not showing the pattern with a 
declining trend along the measurement, and these 
are considered reliable, but still interpreted with 
caution. For example, as already shown, the Pb rec-
ord shows a peak during the 1970’s which is, as 
described above, believed to be related to leaded 
petrol (Fig. 21).  

5.4.3.1 Iron and Manganese       
The Fe record is shown in Figure 19. There are fluc-
tuations in the bottom of the core ranging from 
2800 to 25000 c/s with high amplitude peaks. In the 
middle part of the core, from the end of the 17th 
century to around 1820 the amplitude of the varia-
tions is lower, ranging from 6000 to 17000 c/s. Af-

Fig. 19.  The distribution of Iron and Manganese throughout 
the core in c/s. 

Fig. 20.  The Fe record in the uppermost XRF section, repre-
senting the top 133 mm of the core. Fe shows higher Fe 
values in dark laminae than in light. The analysis is done 
from top to bottom. 

Fig. 21. The Mn/Fe ratio throughout the core. The red 
line represents a 10 point running average. 
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ter AD 1900 until the present the fluctuations are 
again larger with values ranging from 2200 to 
23000 c/s.                                 If the Fe 
record is studied in more detail, i.e. if the results are 
put on top of only one sample slab as shown in fig-
ure 20. The higher values correspond to the darker 
laminae whereas lower values correspond to light 
laminae.       

 The Mn record is shown in Fig. 19. In the 
beginning of the record there is a minor increase 
from around 370 c/s around the beginning of the 
16th century and around 600 around AD 1530, fol-
lowed by a decrease to around 300 c/s around 30 
years later. From this point on the values are again 
increasing to reach around 650 c/s towards the end 
of the 16th century. The next period of higher am-
plitude fluctuations is located in the mid 17th centu-
ry where the values range from 90 to around 700 c/
s.      The three following 
periods of high amplitude fluctuation are located 
around AD 1750, 1850 and 1950, lasting for ap-
proximately 30 years each. These higher fluctua-
tions are each situated in the beginning of the XRF 
sections (see figure 17) and this issue will be dis-
cussed further below.   

5.4.3.2 Mn/Fe ratio           
The Mn/Fe ratio is shown in figure 21. As described 
above, the Mn values are interpreted with caution 
due to the higher values in the beginning of each 
XRF slab, therefore the 10 points running average 
(hereafter, RPA) is considered here to avoid the 
high amplitude peaks and further, with the assump-
tion that Fe and Mn have reacted in a similar way 
during the XRF analysis and that the ratios are not 
affected even though absolute counts per second 

changes. In the bottom of the core, from the beginning 
of the 16th century until the end, the ratio is decreas-
ing from values around 0.05 to 0.009 at around AD 
1572. After this, the ratio is slowly increased towards 
mid 17th century with a ratio around 0.05. After this, 
the ratio is again decreasing to a ratio around 0.01. 
During the 18th century the ratio was kept with rather 
stable around 0.04. In the beginning of the 19th centu-
ry the ratio is starting to increase from around 0.04 in 
the beginning of the century to 0.075 around AD 
1850. After this  

 

 

 

 

 

 

 

 

 

 

 

Fig. 22. Pb record. The red line represents a 10 point 
running average.  

Fig. 22. The distribution of Ti and K throughout the core 
used for indicator of erosion.  
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point the general trend is decreasing until around AD 
1950 where it reaches a ratio of around 0.02. From that 
period until the present, ratios are fluctuating largely 
but with a general increasing trend and the last sample 
in the record represent a ratio of 0.08.  

5.4.3.3 Pb   
The Pb record exhibits two periods of elevated values, 
the first one during the mid 19th century and the sec-
ond one is divided into two peaks, one during the 
1940’s and the last one during the 1970’s (Fig. 22) 
After these peaks until the present the Pb values de-
crease to levels comparable to the bottom of the core.  

5.4.3.4 Titanium and Potassium        
As for indicators of erosion the fluctuations of K and 
Ti are used and visualized in figure 23. However, the 
results were analysed with caution due to the uncer-
tainties with the results from the analysis Both ele-
ments show similar trends throughout the core, with 
large fluctuations in the bottom of the core and a gen-
eral increase towards a peak during mid 18th century. 
Here, Ti reaches 760 c/s whereas K peaks at 640 c/s. 
After this peak, K drastically decreases to values 
around 130 c/s and remains stable until the mid 19th 
century where there is a minor increase to values 

around 215 c/s during the 1870’s. For Ti, the values 
are fluctuating during the period from 1770’s to the 
1820’s, with a slow general decrease. The Ti values 
are thereafter slowly increasing until the 1860’s 
(reaching 435 c/s) where it is again starting to de-
crease slightly until 1930’s where it reaches 220 c/s. 
After this period in time, both Ti and K is again 
showing larger fluctuations towards the top of the 
core, although not as large as in before 1650’s.    

6 Discussion         
6.1 Chronology         
The upper part of the chronology is well con-
strained by lamina counts and 210Pb. This is shown 
by the close fit between the lamina counts and the 
210Pb dating down to a depth of approximately 270 
mm. Below this the lamina and the lead-dates start 
to diverge, and this is probably due to the character-
istics of the sediment. S2 (from 270 to 346 mm of 
depth) has a darker color and the laminations are 
harder to distinguish and the possibility of missed 
laminae is therefore larger. A less probable explana-
tion is that the leaddating gave a slightly too old age 
but since it fits well with the artificial fall out of 
137Cs and 241Am (see figure 8), this is not very like-
ly. When similar sedimentation rates were assumed 
for the undefined sections (HS1 and HS2) in the 
upper part of the core (down to a depth of 330 mm) 
the divergance started earlier (Figure 7). This 
means, that it is clear that the upper part of the core 
consists of annually formed varves, and therefore 
the undefined sections are representing one year of 
deposition.          

 Further down the core, there are more unde-
fined sections. HS3 and HS4 (at depths of 425-448 
mm and 470-484 mm respectively) these sections 
are found above all of the radiocarbon dates. This 
part has the fastest sedimentations rate with an aver-
age of 2,36 mm/year.        
 The radiocarbon analysis was made on large, 
and well-suited macro fossils for radiocarbon-

dating, at depths of 687, 760 and 885 mm, respec-
tively. As seen in Table 3 the result gave ages of 
340 ± 40 (AC5) and 430 ± 30 BP (AC21 and 
AC25). When these ages were calibrated the ages 
given with the P-sequence were AD 1530, AD 1491 
and 1441 AD, respectively. Whereas the counted 
visible laminae when including the estimates for the 
undefined sections (i.e where an estimation was 
made based on sedimentation rate below and above 
the undefined sections) gave 269, 307 and 404 years 
(AD 1748, 1710 and 1613, respectively) for the 
depths of the radiocarbon dates (depths where the 
macro fossils where found). Consequently, there are 
“missing” varves and the number of laminae is not 
matching up to the ages of wiggle matched radio-
carbon dates. The most probable explanation for the 
difference between the number of counted varves 
and the radiocarbon dates is that visual identifica-
tion of some lamina was not possible when count-
ing. As the laminae were counted 3 times, it is more 
likely that some laminae were impossible to distin-
guish, than laminae being missed or skipped as a 
result of human counting error. Another possible 

Fig. 24. Figure showing the location of the radiocarbon 
dates that gave the same age AC21 and AC25. As seen in the 
picture AC21 was located within laminations and AC25 was 
located within the undefined  section HS6.   
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explanation is that the radiocarbon dates are too old. 
However, the sedimentation rates from the laminae 
counting between these depths and the sedimentation 
rates from the wiggle matched radio carbon dates are 
giving similar numbers. The section between 687-885 
mm of depth has an average sedimentation rate of 1,8 
mm/year if it is calculated with the radiocarbon dates 
and 2,02 mm/year with the laminae counting. One 
possible explanation could be that the laminations are 
not annual. However, that is not very likely due to the 
fact that there are varves that are formed yearly in the 
top of the core.        

  The calibration of the radiocarbon ages 
was done both wiggle matching (dsequence) and as a 
stratigraphic model (psequence) in OxCal. For the d-

sequence estimations of the number of laminae be-
tween the dated horizons were used. Undefined sec-
tions (HS5 and HS6, see Table 1 and 3) between the 
dated levels made the prior input to the wiggle match 
model uncertain. The model gave an overall agreement 
index slightly below 60, and low agreement index for 
the middle sample AC21. Because the gap between the 
lower and upper dates fits well it is likely that AC21 is 
too old. There are a few alternative explanations for 
the erroneous age. Either, there has been fast sedimen-
tation in the bottom part of the core and the two bot-
tom radiocarbon samples have been deposited close in 
time. As there are undefined sections in the bottom of 
the core this could be a possibility. However, the 
AC21 was found within the laminated part of the core 
and AC25 was found in an undefined section (HS6). 
Therefore, the exact number of laminae between these 
two samples is not known and the number of laminae 
used as prior in the model was based on an estimate 
done by comparing the number of laminae above and 
below the undefined sections. The last radiocarbon 
date, AC25 was taken within an undefined section 
(HS6) and above this, HS5 is situated (see figure 24). 
This means that the closest set of laminations that 
could be used for the estimation of sedimentation rate 
is situated 50 mm above the radiocarbon date and there 
are no laminations to compare with below this radio-
carbon date (AC25). Another possibility is that the 
macro-fossils have been redeposited or moved while 
coring. If the sample has been moved while coring (i.e. 
moved within the stratigraphy), even if that is not like-
ly, the only possible sample is AC25 because that sam-
ple was not found within laminae whereas the other 
two samples were found in-between laminae.    
  

However, AC25 was found within the sediment in a 
way that makes moving of material while coring un-
likely.        An-
other possibility is that there was a redeposition of the 
macro-fossil in the catchment. However, there are at 
least 53 visible and counted laminae between these 
samples (AC21 and AC25), in this case, the macro-

fossil should have been kept in the catchment for at 
least 53 years before redeposition.    

    The result from the P-

sequence was used to construct the age-depth. The P-

sequence was preferred over the Dsequence due to the 
uncertainties of the number of laminae between the 
radiocarbon-dates. Moreover, the Psequence was used 

because the prior used in this model is less strict than 
the priors used in D-sequence where more details are 
put into the model.  

6.2 Geochemistry  

6.2.1 XRF         
Initially, the purpose of the XRF analyses was to be 
able to have a 0.1 mm resolution on the results to be 
able to reconstruct variations on varve-scale, and use 
the elemental composition for counting varves. To 
limit the analysis time and the thawing of the subsam-
ples, the count time on each step was kept short. This 
resulted in low counts, sometimes below detection 
limit and high noise levels.   To increase the signal  10 
sepctra were summed, and the results are presented 
with 1 mm resolution. Therefore, some of the infor-
mation on laminae was lost due to the fact that some of 
the laminae were thinner than 1 mm, and the variations 
within the laminations could not be analyzed.   
   The results from the XRF scan 
have features that indicate problems with the analysis 
and some of the results are interpreted as unreliable. 
The results were probably affected by the methods 
used during the analysis. As described above and seen 
in Figure 17, there are higher c/s of these elements in 
the top of every scanned XRF section. The samples 
were scanned from top to bottom once, and the begin-
ning of the graphs represents the top of each sample 
(as in figure 17 and 18). One possible effect on the 
result is that frost and water accumulated  on the sur-
face of the frozen sample during scanning. Since each 
sample took about one hour to scan, the surface was 
first covered in frost and with time, the surface started 
to thaw and created an additional water film between 
the sample surface and the plastic film. This effect 
probably contributed to the lower counts at the end of 
the scans. The sediment sections also shrunk while 
thawing, increasing the distance from the scanner, also 
contributing to lower counts. The samples were only 
scanned once from top to bottom. This effect could 
possibly have been avoided by letting the samples 
thaw on the surface before scanning to ensure that the 
results reflected similar conditions on the surface, and 
use longer scan times to increase the signal. There was 
however concerns that the high water content in the 
uppermost samples of the core would make the sample 
melt too much during an hour of analysis.                            
 When Gregory et al. (2018) tested a method for 
running XRF-scans on frozen sediment samples, they 
used a well-insulated containment vessel with double 
Styrofoam walls. The walls were separated by high-

density polyethylene sheets that were filled with freeze 
pack gel to prevent thawing while scanning. Before 
their analyses they kept the sample in room tempera-
ture for half an hour to ensure that the plastic film was 
adhered to the sediment surface. In contrast, when the 
analyses for this thesis were measured, the samples 
were kept in Styrofoam boxes with no further isolation 
or freeze pack gel. The plastic film was put on the sed-
iment as soon as it was taken out of the freezer. Grego-
ry et al. (2018) reported an increase in c/s in the end of 
the analysis of each sediment slab which is in contrast 
to my results where the higher c/s was found in the top 
or the beginning of each scan. Gregory et al. (2018) 
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rejected the hypothesis that the increase was caused by 
a thin water film created on the surface of the sediment 
while it was thawing. They could reject this effect due 
to the lack of gradual increase in X-ray scatter during 
scanning, which was not observed in their study. 
Moreover, they scanned multiple cores with varying 
length and observed the same effect, suggesting that 
this could not be due to the melting of the core materi-
al. Further, Gregory et al (2018) could reject the effect 
of condensation and therefore an increased distance 
between the sediment surface and the plastic film, by 
an examination of the Ar record that showed no obvi-
ous increase coeval with a rapid increase in X-ray scat-
ter. However, Gregory et al (2018) suggest that the 
analyses should be done under low humidity condi-
tions to minimize the risk of condensation. Preferably 
during the drier winter months. Gregory et al (2018) 
also point out the importance of a smooth and even 
surface of the sediment. To minimize the error the 
researchers further scanned each sample from top to 
bottom and vice versa. My analyses were only done 
from top to bottom once. As shown in Figure 17 and 
18 the increased c/s is in the top part of the samples, 
after approximately one third of the sample the c/s 
starts to decrease more or less gradually to more stable 
values, with less high amplitude peaks. This might be 
explained by the fact that the frost on the surface was 
thawed after one third of the analysis (20 minutes) or 
maybe that the surface of the sediment was also thaw-
ing, and this affected the results from the XRF. This 
effect should have been further evaluated by scanning 
the samples from both directions or to thaw the surface 
of the sediment before analysis.      

 The organic matter content of the sediment can 
also influence the XRF measurements. The signal 
emitted from the sediment sample surface to the X-ray 
fluorescence detector is a function of the composition 
of the sediment. The light elements such as C, O and N 
that form a large part of organic matter are outside the 
range of measuring on the XRF-detector (Löwemark et 
al. 2011). As these elements are diluting the effect it is 
resulting in lower counts per second for the heavier 
elements i.e. higher organic matter content results in 
lower counts detected for all the detected elements 
(Calvert, 1983: Rollinson, 1993). The results from the 
XRF analyses for this project were initially given in a 
0.1 mm step size resolution and thereafter added up to 
1 mm. This was done because the low signal and very 
noisy result. This could have been caused by the high 
organic content in the sediment. Furthermore, my anal-
yses were performed with a 2 sec exposure time and 
according to Cuven et al. (2015) the exposure time can 
also have an effect on the results. Cuven et al. (2015) 
tested different exposure times on different types on 
sediment to determine the best settings for obtaining 
good results (less noise) and recommended 10-20 sec-
onds exposure time for lacustrine sediments high in 
organic matter. As my analyses where performed with 
an exposure time of 2 seconds, this might have caused 
the low c/s obtained and noisy results. Löwmark et al. 
(2011) further investigated if and to what extent Al 
measured by the XRF-scanner could be used to nor-
malize other elements and by this reach better assess-
ments of their relative change in organic rich sedi-
ments. They found that the elements and their meas-

urements from the XRF detector were strongly influ-
enced by the organic components of the sediments, 
and reached the conclusion that the signals should be 
normalized against a conservative element or a stand-
ard. They further found that Al was the most suitable 
element for normalizing due to the fact that Al is 
little affected by redox and biological processes.  
  My results from both the smear-slide 
analysis and bulk C and N analysis show that the 
sediment has a rather high content of organic material 
and carbon. However, even if Al is used for normali-
zation of the other elements, the increased c/s in the 
uppermost part of each sediment slab cannot be cor-
rected for. Furthermore, Löwemark et al (2011) 
points out that the poor detection limits for Al, the 
sediments should be measured with different X-ray 
tubes to obtain the full spectrum of the element 
whereas my analyses were only preformed once, with 
a Rh tube.     As the studied 
literature provides no conclusive explanation of the 
higher amplitude peaks in the beginning of the sedi-
ment slaps that are seen in this study (igure 17), the 
conclusion drawn from the results from this thesis is 
that this is a result of the thawing sediment, as no 
other plausible factors was identified which could 
have caused such results.       

6.2.2 Pb   
There is an increase in Pb around AD 1530 (see fig-
ure 22) that might reflect the increased silver ore pro-
cessing in continental Europe at this time that used 
lead in the process of extracting silver (Brännvall et 
al. 2001). Furthermore, a decrease is seen after AD 
1648  which Brännvall et al. (2001) attribute to the 
Thirty Years War (AD 1618-1648). The major in-
crease in lead in the sediment is starting in the begin-
ning of the 20th century which is in agreement with 
what Renberg et al. (2000) have seen in their study. 
Furthermore Brännvall et al. (2001) point out that, 
even if the industrial revolution started already in the 
mid 19th century it is not until the 20th century we 
can see a large increase in the lead pollution. In my 
results there are three periods of higher values during 
the 1930’s, 1940’s and 1970’s. The peak in the 
1930’s is also seen in the study by Renberg et al. 
(2000) as they found a minor increase in the 
206Pb/207Pb ratio at this time in Lake Nylandssjön in 
the north of Sweden. However, they are not further 
explaining the reason for this minor increase.  The 
second peak, during the 1940’s is reflecting the in-
crease in the use of lead after the Second World War 
and the last one the added lead in the gasoline and the 
prohibiting thereof that caused the decrease after the 
1970’s (Brännvall et al. 2001; Smol, 2008).   

6.3 C:N and BSi and the development in 
and around Lake Odensjön 

6.3.1 1500 – 1800  AD         
As mentioned in the introduction, at this time the 
crown owned the mature forest and the farmers were 
only allowed to use Alnus, Betula, Salix and Corylus  
that was growing on the wetlands and it was not until 
the end of this period that the deforestation started. 
What happened at this time in the direct vicinity of 
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Lake Odensjön have not been found in the literature. 
However, there is an ecological response to changes in 
the environment found in the lake record described 
below.                                          
 C:N ratios are used as an indicator of the rela-
tive contribution of terrestrial and aquatic organic mat-
ter in a lake system. Ratios below 10 indicate domi-
nance of algal organic matter whereas ratios above 20 
indicate high proportion of terrestrial organic matter 
(Meyers, 1994) The C:N ratios in the core have values 
ranging from 11.2 to 14.6. In the lower part of the core 
the ratio starts with three rather high values (for this 
core) around 13 in the end of the 15th century to the 
beginning of 16th century. After this there is a drastic 
decrease from almost 14 to 11.6 within 30 years. The 
reason for this drastic change is unclear but a similar, 
and reverse trend is seen in the BSi and it might imply 
a change in the algae community, where the diatoms 
are outcompeting other primary producers. However, a 
cold phase lasting from AD 1440-1470 has been de-
scribed by Zawiska et al (2017). They used Chirono-
midaebased transfer functions and assemblages of Chi-
ronomidae fossils in the lake sediments of Atnsjøn in  
the south of Norway. The results showed a colder peri-
od during this time. This cold period was coinciding 
with a pronounced negative NAO phase (Trouet el al. 
2009) and a large volcanic eruption in AD 1452 at 
Kuwae Island in Vanuatu, the climate effects of this 
eruption have been described worldwide (Witter and 
Self, 2006). Though, this period was not included in 
my record, the drastic change in the beginning of the 
record might be a response to the climate change at 
this time. However, this is only a speculation of what 
could have caused the drastic change in the beginning 
of the record. Even if the answer to the change cannot 
be found here, the change in both C:N and BSi is indi-
cating an ecological change in the environment around 
the lake at this time.      

    After this drastic decrease 
in C:N the ratio starts to increase again from 1550’s 
and is increasing until the beginning of the 1700’s. 
Again, the BSi is reacting in a similar but reverse trend 
except for one shift in the beginning of the 1600’s. At 

this depth, from 670 to 690 mm (AD 1613 to 1598) 
there are two thick light laminae. This also coincides 
with the second highest number of counted diatoms 
from the smear-slide analysis (sample from 662 mm of 
depth, Figure 15). This sample was taken from a thick 
light lamina and was therefore easy to sample and be 
sure that the sample was taken from one lamina only. 
Therefore, the result might be regarded as a bit biased 
though the second highest number of diatoms were 
found in a sample taken from a thick light layer.  It 
could be suspected to contain a high number of dia-
toms. This might not say, though that the BSi is high-
est at this depth however, it is an increase in the BSi in 
the beginning of 17th century. And this tells us that 
there is a large number of diatoms in the sampled lay-
er, both from results from smearslides and BSi. The 
color of the sediment also changes at this depth, from a 
darker brown to a more reddish brown. The change in 
color coincides with an increase in the Fe c/s that starts 
around AD 1622 (Figure 20). Further this is also 
where there is a shift from a dominance of pennate 
diatoms to a dominance of centric diatoms at 662 mm 
of depth, corresponding to around AD 1619 (Figure 
14). The centric diatoms are dominating until around 
AD 1815 where it is shifting again, and the pennate 
diatoms are again dominating towards the present. The 
majority of centric diatoms are planktonic (Cohen, 
2003). There might have been an environmental 
change in the lake system at this time that was more 
favorable for one group of diatoms. One possible ef-
fect is the land-use changes in the beginning of the 
19th century when the deforestation started that might 
have changed the environment in the lake to more fa-
vorable conditions for the pennate diatoms. If the tax-
onomy of the diatoms had been studied further, ques-
tions regarding their environment and the changes 
within the lake system could have been answered.  
     The diatom com-
munity within a surface water is controlled by a range 
of factors such as temperature, pH, nutrients and they 
respond rapidly to environmental changes (Battarbee, 
1991) So if the full diatom distribution is studied, the 
changes in species composition could have been used 
to answer more details about the environment in the 
lake, but it was outside of the scope of this project.   

6.3.2 1800 - 1950   AD       
The influx of terrestrial inorganic and organic matter 
to a lake is affected by the catchment erosion and the 
processes taking place within the environment,  such 
as land use, human activities, precipitation and vegeta-
tion cover (Engstrom and Wright, 1984) It seems like 
the C:N ratio in Lake Odensjön has been affected by 
the landuse change in the beginning of the 19th centu-
ry. At the time for forest clearing on Söderåsen the 
C:N ratio starts to increase (see figure 16). In approxi-
mately 130 years the C:N ratio increases from 12 to 
14. Even if this change in ratio is small, it is coinciding 
with the time of deforestation and this might have led 
to an increase in transport of terrestrial material to the 
lake but the primary producers were still a large contri-
bution to the organic material in the lake. Kaushal and 
Binford (1999) found a higher proportion of terrestrial 
organic matter and an increase in the C:N ratio follow-
ing the deforestation caused by the European settle-

Fig. 25. Centric:Pennate ratio and how it is changing 
throughout the core. 
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ment within the catchment area of Lake Pleasant in 
Massachusetts, USA. However, the increase in that 
lake system was larger than the change in Odensjön as 
a result of deforestation. One possible explanation for 
this is that lake Odensjön and its catchment is very 
small and the effect of land use change might not have 
had a significant consequence for the lake system in 
terms of changes in C:N ratio. Moreover, the defor-
estation might not have been so large  immediately 
around the lake because of the talus slopes surround-
ing the lake. However, there is a large difference be-
tween S1 and S2 in the leaf content and the boundary 
is very sharp so there must at least have been a change 
in the vegetation cover surrounding the lake at this 
point in time, around AD 1930. Furthermore, even if 
the Ti results from the XRF is being analyzed with 
caution there is a minor increase in Ti at the beginning 
of the 18th century that might imply increase in ero-
sion at this time. However, this coincides with the ele-
vated c/s in the beginning of AX4 slab and it can 
therefore not be regarded as a reliable proxy for ero-
sion. Furthermore, if the environment around the lake 
is taken into consideration in this analysis it might be 
hard to distinguish changes in erosion due to defor-
estation. The lake is surrounded by talus slopes and the 
direct vicinity of the lake might not have been changed 
so drastically during deforestation since it was consid-
ered as “unusable land”. Therefore, the change in ero-
sion might not be seen in the results in a great extent. 
The abrupt change in color between S2 and S3 is coin-
ciding with the time period when Söderåsen was as 
most open and the deforestation was largest around 
AD 1850. Except for one exception in the BSi at AD 
1866 with 51.8 % there is a general decrease in BSi 
from the beginning towards the end of 19th century. 
The decrease from that outlier to 34 % at AD 1882 
coincides with the change in characteristics of the sed-
iment. The darker part, S2 has its onset around AD 
1869 and lasts until 1952 when the concentrations of 
leaves were high in the sediment. The increase in C:N 
ratios however, started already in the beginning of the 
19th century and the increase lasted until AD 1952. 
Something changed in the environment in the lake at 
the onset of the deforestation in the area. The BSi de-
creased while the C:N ratios increased. The diatom 
community was probably facing environmental chang-
es that were not favorable for them as a consequence 
of deforestation. Diatom concentrations were also low-
er from the beginning of the 19th century until the 
present. There was also a change in the morphological 
groups of diatoms at these depths (see figure 14).  At 
the depth of 662 mm (AD 1619, see figure 25), the 
community changes from being dominated by pennate 
diatoms to centric diatoms. The centric:pennate ratio 
can be used in estuarine systems as an indicator of loss 
of benthic habitat (pennate is often benthic) and nutri-
ent enrichment (Stoermer and Smol, 2001). If there-
fore, the increase in pennate corresponding to the de-
crease in centric means nutrient enrichment this would 
have taken place from the 17th century towards the 
end of 19th century. This cannot be explained by the 
deforestation only. Therefore, there might have been 
another nutrient load that have entered the lake in an 
earlier stage as the shift from pennate to centric domi-
nation starts already around AD 1530, at depths of 

around 800 mm (see figure 14).   

6.3.3 1950 AD - today              
The uppermost part of the core is represented by the 
last 67 years and most of the S1 section of the sedi-
ment. Here it has been demonstrated that there are 
annually formed laminations. The C:N ratio is general-
ly decreasing towards a lower ratio than was seen as a 
response to the deforestation. The high abundance of 
leaves is not seen in the results as expected, as a high 
abundance of leaves would result in a higher C:N ra-
tio. The ratio was expected to be higher here since the 
sediments have a high abundance of Fagus leaves. The 
C:N ratio is also showing greater variability during the 
last couple of years ranging from 11.8 to 13.4, which 
might indicate differences in leaf content of the sam-
ples. The BSi is increasing with 10 % units from AD 
1952 to 1963 but after this point the BSi is stable until 
today with a value around 36 %.   

6.4 Mn/Fe ratios         
Mn/Fe ratios have been repeatedly used as an indicator 
of redox conditions in lakes (Wersin et al. 1991; 
Loizeau et al. 2001; Koinig et al. 2003; Dean & Doner, 
2012). In all these studies lower Mn/Fe ratios are inter-
preted as lower O2 concentrations in the water column 
and vice versa.       

 Interestingly, the Mn/Fe ratios (even if it is in-
terpreted with caution due to the XRF results, especial-
ly regarding Mn) follow the same general pattern 
throughout the core as the BSi and TC, with high Mn/
Fe during periods with high BSi and low TC. Further-
more, even if the smearslide analyses were semiquan-
titative and do not represent true concentrations, a shift 
from pennate to centric could mean an increase in nu-
trient load to the lake system and that the amount of 
oxygen in the water column is a limiting factor for the 
diatom community as a whole including both centric 
and pennate diatoms. This might imply that the lake 
system and the ecology within it are sensitive to 
changes in the nutrient load transported to the lake.   

 

7 Conclusions 

 The sediment sequence from Lake Odensjön 
consists of  annually laminated sediments, at 
least in the uppermost part of the core (down to 
a depth of 330 mm)  •  

 The varves are of biologic origin consisting 
of both autochthonous and allochthonous 
material from the lake and its catchment.  

 The determination of the age of the sediment 
was done using 210Pb dating, radiocarbon 
dating and lamina counting. The results of 
these three methods suggest that the sedi-
ment sequence is representing the time 
frame from around 1450 AD until present. 
The lowermost radiocarbon date gave the 
result of 430 ± 30 years before present. How-
ever, cautions have to be made because two 
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lowermost radiocarbon dates gave the same 
age and due to the uncertainty of the count-
ed laminae between these two dates the P 
sequence (that only uses depth as prior) was 
used for wiggle matching. If the laminae be-
tween these two radiocarbon dates had been 
more precise, the D sequence could have 
been used to get a more precise age-depth 
model.  

 Changes in the environment indicated by the 
analysis BSi, C:N and smearslides the sediment 
itself. There are changes in colour and the 
thickness of the laminations throughout the 
core. The largest change was likely caused by 
deforestation in the 19th century. From around 
AD 1860 the characteristics of the sediments 
changed and there was a change in dominating 
morphological diatom group. The C:N in-
creased at the same time as the deforestation as 
a consequence of increased deposition of terres-
trial organic matter. However, the BSi content 
did not respond in the same manner as the C:N. 
The BSi content responded to the change when 
landscape openness reached a maximum.  

 The problems encountered with the unreliable 
XRF data is showing higher values (counts) in 
the uppermost part of each analyzed sample 
could possibly be avoided by using the method-
ology suggested by Gregory et al. (2018). They 
used a double insulated box to store the core or 
sediment slabs during analysis. Moreover, they 
thawed the surface of the sample before analy-
sis to avoid the effects of thawing during analy-
sis.  

 To ensure reliable XRF results one suggestion 
for the future is to have a longer exposure time 
for a sediment with high organic matter con-
tent. However, this can be hard to do on frozen 
samples with high water content. Therefore, I 
suggest that the XRF analysis might be better to 
perform on samples stored in better insulated 
boxes to ensure that the samples are kept frozen 
during the whole analysis.   

 For future studies on this sediment and the evo-
lution of the lake and the local and regional 
environment over time. One suggestions is to 
identify the taxa to species or even genera level, 
in addition to the centric-pennate ratio used 
here. This could help to further analyze and 
answer the questions in this project.    
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