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Abstract 
For studies using lake sediments as a medium, understanding factors governing sediment 

distribution and properties is crucial for making accurate interpretations and conclusions. 

General lake sedimentation theory is however mainly based on larger lakes and systems, 

potentially leading to biased sampling and data interpretation when applied on a smaller 

system. In a paper published in 2008, Rippey et al. evaluated the fit of some general 

sedimentation theories on element distribution in the sediments of Kassjön (63°55´ N, 20°01´ 

E), northern Sweden. This small boreal lake reoccurs in the scientific literature, largely from 

paleolimnological studies on varved sediments in the lake, making the understanding of its 

sediment properties highly relevant. As part of a wider geochemical study on the lake, this 

paper scrutinizes the findings of Rippey et al. (2008) by using updated bathymetry and 

geochemical analyses, to provide further insight on sedimentation in Kassjön. Element 

composition, analysed with X-ray fluorescence spectrometry, and dry weight was obtained 

from sediment samples at 40 sites. Depth at sampling sites, together with catchment 

morphometry and previous bathymetry, was used to improve the bathymetric understanding. 

Kassjön was found to have a less steep bathymetry than previously assumed, with distribution 

of sediment geochemistry and dry weight showing heterogeneity differing from that expected 

of general sedimentation theories only. These results indicate that previous findings on 

sedimentation in Kassjön might be too simplistic, and that small-lake sedimentation is 

influenced by factors not included in general sedimentation models. Caution is therefore 

advised when e.g. interpreting the environmental record in lake sediments. 

 

Key words: Kassjön, Sedimentation, Element distribution, Small lake, Bathymetry, X-ray 

fluorescence spectrometry. 
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1 Introduction  
 
1.1 Lake sediments  
Lake sediments, owing to their autochthonous (from the lake itself) and allochthonous (from 
the catchment) origin, have proven to be a valuable tool when studying past, and present, 
biogeochemical interactions and variations in the biosphere. Effectively, geochemical input 
reflecting, e.g., physical and biological environment changes within a lake and its catchment 
will be both directly, and indirectly, reflected in the lake sediments through biogenic and 
minerogenic deposits (Håkanson and Jansson 1983). Continuous depositions can, over time, 
also result in a historical environmental archive. As shown by, e.g., Ljungqvist et al. (2016) and 
Moss (2012), by putting such sediment archives into a wider context, spatial and temporal 
trends on regional and even global scales can be studied. This can provide important insights 
in, e.g., historic climate variations (Battarbee 2000) and vegetation changes (Segerström 
1990), as well as giving temporal pollution records (Meriläinen 2011, Brännvall et al. 2001), 
and shedding light on anthropogenic impacts in the surrounding landscape through, e.g., 
agricultural land uses (Segerström et al. 1984, Segerström 1990). Thus, paleolimnology are 
continuously providing valuable insights into our environment, both past and present as well 
as setting the scene for predicting the future (Anderson 1995).  
 
The usefulness of studying sediments cannot be understated. However, some implications do 
exist when working with lake sediments. The most important one is, perhaps, the question of 
sample and sample site representability. Håkanson and Jansson (1983), which is to date, one 
of the most complete works on sedimentation processes and sediment sampling methods, 
describe a plethora of important factors for lake sedimentation and sedimentation patterns. 
One factor highlighted is lake bathymetric conditions, where the authors describe lake-bottom 
slope as a strong influence on, e.g., sediment transport and sediment water content. Since 
publishing in 1983, further work by, e.g., Rowan et al. (1992 a, 1992 b), Bindler et al. (2001) 
and Korsman et al. (1999) has shown that sedimentation processes and sediment distribution 
in smaller lakes display even higher complexity and heterogeneity than might previously have 
been assumed, much of this owing to the bathymetry. As an example, the concept of sediment 
focussing (Likens and Davies 1975), i.e., that finer-grained sediment will be transported 
through resuspension from shallower areas of a lake to deeper parts, has been showed to be 
more connected to bathymetry than previously assumed (Blais and Kalff 1995).  
 
Biogeochemical processes in lakes, such as mercury methylation (Ullrich 2001), effects of 
nutrient loading (Jeppesen et al. 2005) and carbon mineralization (den Heyer and Kalff 1998) 
are often coupled to sediment heterogeneity - either because of it, or being an influencing factor 
for it. Using a single sediment sample (no matter how well placed it might be) for drawing 
conclusions on a whole-lake basis is, therefore, often not recommendable (Engstrom and Rose 
2013). As addressed by, e.g., Rowan et al. (1995) and Engstrom and Rose (2013), single-core 
studies are, however, continuously carried out, often due to resource-limitations. A multiple-
sample approach is usually preferable to, e.g., mitigate spatial differences. This does however, 
inherently mean an increased workload and cost, which for sediment analyses easily becomes 
both time and resource consuming. Attempts at optimizing sampling practices to get 
representative data with lesser sampling effort have therefore been done. By building on 
concepts presented by, e.g., Håkanson and Jansson (1983) to further develop previous works 
(Rowan et al. 1992 a and 1992 b), Rowan et al. (1995) did provide an algorithm for optimizing 
the number and distribution of sites for lake samples. By using the concept of mud deposition 
boundary depth (Rowan et al. 1992 a) together with the bathymetry, the lake bottom can be 
classed as being either in an erosional zone (area where fine-grained particles are transported 
by the largest annual storm), a transitional zone (area affected by even less frequent storms) 
or a depositional zone (area unaffected by wave-action) (Rowan et al. 1992 a). By further 
incorporating existing knowledge on sediment water content and its influence on, e.g., 
sediment texture and metal concentrations as well as organic matter, Rowan et al. (1995) 
showed that oftentimes a total of 5-10 sample-cores is sufficient to get a reasonably high 
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representativeness of the lake sediment conditions. Although, even implementation of these 
methods to rationalize sampling efforts might not result in a high enough accuracy of 
conditions in the chosen sampling sites. Increased understanding of influencing processes, and 
which biogeochemical and sedimentary signals reach the deepest parts of lakes is, thus, of 
importance. 
 

1.2 A study example of small-lake sedimentation properties  
One of the many ways to approach lake sediment studies is to examine the whole-lake 
accumulation rate (AR). As briefly summarized by Rippey et al. (2008), this can shed light on 
numerous aspects of both catchment and in-lake processes. But, in comparison to previously 
mentioned paleolimnological advances in sediment understanding, Rippey et al. also 
highlighted the fact that similar efforts had not been made for the specific understanding of 
chemical AR in sediments. Therefore, a three-part study to investigate the accuracy of existing 
knowledge on physical sediment-behaviour, applied on individual elements were conducted.  
 
By choosing Kassjön, a lake in northern coastal Sweden previously used in e.g. paleolimnologic 
research (e.g. Segerström et al. 1984, Anderson et al. 1994 and Petterson et al. 2010), the 
authors could use an existing minerogenic sediment layer as a time-marker to study sediments 
from the time-period 1902 to 1988. Existing knowledge on lake sedimentation were first used 
to interpret and describe observed spatial patterns of sediment accumulation and sediment-
associated chemicals. These were: organic carbon, Calcium (Ca), Magnesium (Mg), Natrium 
(Na), Potassium (K), Phosphorous (P), Zinc (Zn), Copper (Cu), Nickel (Ni) and Lead (Pb)). 
Accuracy of three commonly used methods in estimating whole-lake AR of chemicals in 
sediments were then evaluated. An investigation on how sample-site abundance and 
representativeness, affect the accuracy of simple mean accumulation rate method were also 
made. Their resulting interpretations were that existing models on whole-lake sedimentation 
AR (as well as sample-site numbers) was not only accurate, but applicable also on the studied 
in-sediment chemicals. Furthermore, claims that Kassjön is an average lake of its’ type and 
that the findings are transferable to a broader scale were also made. This was mainly based on 
that sedimentation zones in Kassjön were distinguishable by using existing models and 
understandings on lake sedimentation. 
 
Some methods of Rippey et al. (2008) do however raise questions. First and foremost, the 
sample design, with 43 sample-sites in 8 diverging transects from the deepest point, gave large 
unsampled areas. This affected subsequent interpolations of, e.g., element-distributions as 
well as the bathymetry used. At some areas, depth differs several meters to previously 
presented bathymetric maps (Anderson et al. 1994). Considering the apparent importance of 
bathymetric conditions for lake-sediment modelling, an updated bathymetric model for 
Kassjön can therefore contribute to further understandings on sedimentation conditions. An 
aspect entirely overlooked by the element analyses by Rippey et al., is Silica (Si). Si has been 
shown to sometimes occur in concentrations of up to 60% in lake sediments (Stoermer et al. 
1995). It is thus necessary to also incorporate this when looking at total element concentrations 
in sediments. Moreover, between-element ratios can be used as indicators of biogeochemical 
conditions within sediments. Mapping these ratios can therefore, in a simple way, reveal 
spatial patterns and heterogeneity within lake sediments. 
 

1.3 The use of Si/Al- and Ti/Zr-ratios as biogeochemical indicators  
Silica is one of the main constituents of lake sediments, and does mainly occur in two forms: 
Detrital Si (from weathering processes in the catchment) and biogenic Si (mainly in the form 
of diatom frustules) (Peinerud 2000). Assuming a constant relationship between Si and 
Aluminium (Al) in allochthonous weathered particles, Peinerud (2000) showed that sediment 
Si/Al-ratio changes can serve as indicator of past diatom population variations in lakes. 
Variations in the Si/Al-ratio, reflecting diatom abundance, could thus also indicate historical 
changes in the trophic status of lakes (Langdon et al. 2006). Furthermore, Si/Al-ratio has also 
been shown to reflect variations of land-use changes within the catchment (Peinerud 2000).  
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Studies by Koinig et al. (2003) and Taboada et al. (2006) has shown that Titanium (Ti) and 
Zirconium (Zr) accumulates, and occur, in varying proportions in the particle fractions Silt and 
Clay. Ti is, e.g., more readily accumulated in the clay fraction. It has since been suggested by 
Koinig et al. (2003), and later by Boës et al. (2011), that changes in the relation between Ti and 
Zr can display sediment particle size variations. When using a Ti/Zr-ratio in particle-size 
assessment, higher ratio would indicate higher abundance of smaller particles (clay-fraction).  
Whereas a lower ratio would, inversely, be coupled to increase in the, larger, silt-fraction 
particles. 
 
1.4 Study aim  
The overreaching purpose of this project is to contribute to the understanding of ongoing 
sedimentation processes in Kassjön. This will be part of a wider study that is focused on 
geochemical analyses of the full varved sediment record of the lake, as well as analyses of 
sediment traps currently placed in the lake.  
 
The aim of this study is first and foremost to improve the Kassjön bathymetry, as presented by 
Rippey et al. (2008). Thus, creating a better basis for, e.g., sampling methodology developed 
by Rowan et al. (1995). Based on alternative sample distribution and different analysis method, 
a geochemical comparison between Rippey et al. and newly analysed element concentrations 
is also made. The new concentrations are further evaluated and discussed in the light of spatial, 
as well as, temporal variability. 
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2 Method  
 
2.1 Study Site  
The soft water Kassjön in northern coastal Sweden (63°55´ N, 20°01´ E) lays in a catchment 
of 6.19 km2 (https://vattenwebb.smhi.se/) with soils primarily consisting of sand- and gravel-
rich till, together with post-glacial clay (Granlund 1943). It is a small (0.23km2) mesotrophic 
and dimictic lake (Petterson et al. 1993), formed some 6300 years ago due to isostatic uplift 
(Segerström 1990). Mean depth is 5.5m, maximum depth 12.2m. Today, about 25% of the 
catchment is cultivated land with the remainder being boreal forest (mixed Picea abies, Pinus 
sylvestris and Betula spp.) (Anderson et al. 1994). Orto-photographs from around the 1960s’ 
(±5 years) (https://www.lantmateriet.se), show that cultivated land-area has previously been 
larger, especially in proximity to the lake (fig. 1). The same photos also seem to reveal that the 
lake surface might have been lowered an estimated 1.5m. Noteworthy is also that the lake is at 
present part of a continuous liming program to raise its pH and receives 3000 - 5000 kg of 
powdered limestone via airdrop each autumn (https://www.viss.lansstyrelsen.se, Ahlström 

2016). 
 
Kassjön has been used for some time in limnologic research, but is perhaps mainly known from 
the paleolimnological studies conducted. The deep basin, the area where depth is >10m, has a 
well-documented occurrence of varved sediments (Anderson et al. 1994, Petterson et al. 1999, 
Arnqvist et al. 2016). These varves are continuous from the formation of the lake until 1900-
1902, when ditching in the farmland north of the lake deposited a clay marker visible in most 
of the sediments from across the lake (Anderson et al. 1994). The occurrence of varved 
sediments are the result of several processes (such as, e.g., an anoxic benthic environment) 
working together in preserving deposited material within lake sediments (Håkanson and 
Jansson 1983). Due to seasonal variations in the composition of yearly deposited material, one 
varve will be made up of three (sometimes four) layers in Swedish lakes (Petterson et al. 1993). 
Most notable within the layered structure is the difference between the allochthonous, more 

Figure 1. Historic comparison of aerial photographs. To the left:Kassjön and imediate surroundings from 1960 (±5 
years). To the right: the same view from after 1994. Scale set to 1:15 000. Scale bars in meter and north arrows also 
included. 
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minerogenically dominated, spring-flood sediment layers and the summer and winter layers 
consisting of mainly autochthonous biogenic material (ibid.). Continuous deposition on the 
lake bottom will, with time, hence create a historical record stretching further back with 
increasing depth. This can result in timescales with subdecadal resolution (Håkanson and 
Jansson 1983, Anderson et al. 1985 and Battarbee 2000). In regions, such as Scandinavia, 
which have been affected by late-quaternary glaciation, the ice-retraction and/or subsequent 
isostatic land rise will mark the beginning of these layer formations (Zillén et al. 2003, 
Battarbee 2000). This can sometimes result in precious environmental historical records of up 
to 9000 years (Renberg 1982). Lakes containing well preserved varved sediments are 
somewhat difficult to find, but are of scientific value. Thus, efforts have been made to develop 
methods for identifying possible varve-bearing lakes (Håkanson and Jansson 1983, Zillén et 
al. 2003 and Larsen et al. 1998). Further and more in-depth, descriptions of varved and 
laminated sediments and their formations can be found by, e.g., Håkanson and Jansson 
(1983), Renberg (1981) and Anderson et al. (1985).  
 
2.2 Sampling  
The sampling method used by Rippey et al. 
(2008) give large, unsampled, areas that, 
when interpolated, result in values lower 
than what should be expected. For a more 
even spread of the 40 planned sampling 
locations for this study, the tool Create 
Spatially Balanced Points (CSBP) in ESRI 
ArcMAP 10.4. (https://www.esri.com) was 
used. CSBP creates randomized locations 
from a given set of parameters, such as 
distance between sites and the importance 
of having sites in specific areas (area-
weight). By using the bathymetry from 
Rippey et al. (2008), originating from field 
measurements in 1988, 35 locations were 
obtained from the area delineated by the 
2m depth-curve. This was done by further 
separating corresponding areas of 2m 
depth-intervals. These areas were then 
treated as equally important (weight of 1), 
except for the 4-6m depth-area which was 
weighed as less important (0.8) to mitigate 
clustering of sites. To further avoid 
clustering, a minimum distance between 
locations was set to 20 m. An additional 5 
locations (Sites 35 to 39) were added 
manually, 4 within the area of 0-2m depth, 
and one at C-7 (site 38) to mitigate 
occurrence of large un-sampled areas, 
particularly for the shallow areas. 
Resulting sample-site distribution is 
displayed in fig. 2. 
 
Sampling of all 40 sites was carried out from ice-cover 24-26/01-2017. The depth (ranging 
from 1.9m to 12.3m) was measured prior to sampling with an ecosounder. A HTH sediment 
corer (Renberg and Hansson 2008) were used for all sediment sampling. Subsamples of the 
top 0-1 cm (here-after referred to as surface samples) were extracted in-situ from all sample-
cores. These are expected to roughly represent sedimentation stretching back <5 years.  Due 
to icing of the equipment, preventing exact measuring of sediment extraction, the sample 

Figure 2. Sample map over Kassjön (as used during 
sampling) displayed with the bathymetry by Rippey et al. 
(2008). 40 sample-points, labelled 0 to 39, generated by 
CSBP-function. Grid-net with denotations displayed as 
letters for the x-axis and numbers for the Y-axis 
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thickness of samples nr. 1-20 are estimates. The remainder of sample-cores, from 1cm down 
to the clay-layer (i.e. C.E. 1902) were treated in bulk and put in air-tight ziploc plastic bags 
(here by referred to as bulk-samples). Where the clay-layer was not discernible, bulk samples 
extended to the point where minerogenic inmixing resulted in a noticeable texture change to 
more solid material. Exceptions for the bulk-sampling were made for samples at sites 38, 7 and 
16 (C-7, F-7 and G-14 resp. fig. 1.), were the entire core down to the clay-layer were subsampled 
in 1 cm intervals. Occasional exceptions were made with 0,5 cm or 2 cm layers closer to the 
bottom of the core to increase/decrease resolution. All samples were stored in a cooler at ~7°C 
until treatment. 
 

2.3 Bathymetric interpolation  
To evaluate and update the bathymetry presented by Rippey et al. (2008) (fig. 2), water depths 
from the sample sites were used as a base for a new bathymetry. Mapping was done through 
spatial interpolation, using the tool Geostatistical Analyst in ESRI ArcMAP 10.4. Geostatistical 
Analyst provides the possibility, by incorporating statistical evaluation, to continuously 
monitor the interpolation precision. Thus, enabling the user to adapt the interpolation to 
possible spatial trends within the datasets, allowing continuous improvement. Empirical 
Bayesian Kriging (EBK) was used as interpolation method due to its increased precision, 
compared to classical Kriging (Krivoruchko, 2012).  
 
For comparison, and to benefit from 
existing depth data, the bathymetric 
presentation in figure 2 (p.87) by Rippey 
et al. (2008) was digitalized and 
georeferenced in ESRI ArcMAP version 
10.4. Additional height data from the lake 
surroundings was added to enhance 
precision. This was done in ESRI ArcMap 
10.4. by creating points along altitudinal 
and bathymetrical iso-lines (2m 
equidistance), using sea level as base 
level. Height data-points were also 
created along the lake-shoreline. A total of 
367 elevation points was used for the final 
interpolation. The additional elevation-
data was collected from the Swedish land 
survey at www.lantmateriet.se. Spatial 
resolution of the resulting raster surfaces 
was 2x2m. All interpolation variables, 
together with predicted errors, are 
presented in table 1. For clarity, target 
values for prediction errors can be 
described as follows: Root Mean Square 
(RMS); should be as low as possible, 
Average Standard Error; As close to RMS 
as possible, Mean Standardized; 0, and 
Root Mean Square Standardized (RMSS); 
1. For further evaluation of interpolation 
precision, a spatial mapping over 
standard error magnitude, given in meter 
(m), were also made. 
 
From the resulting interpolation of 
Kassjön, a mapping of the lake bottom slope was done, calculated as height difference in m per 
100m (%). From this mapping, the lake was divided in zones representing the <3%, 3.01-5%, 

Bathymetry-interpolation parameters

Input layers (heights in m.a.s.) Point-distance (m)

Sample-site depth -

86 to 92 m.a.s heightcurve (2m intervall) 100

Existing bathymetry (Rippey et al. 2008) 75

Lake outline (85 m.a.s) 50

Geostatistical Analyst Parameters

Interpolation method Empirical Byesian Kriging

General properties

Subset size 100

Overlap factor 2

Number of simulations 100

Transformation None

Semivariogram Type Power

Search Neighborhood

Neighborhood type Standard Circular

Maximum neighbors 15

Minimum neighbors 10

Sector type Four with 45°

Angle 15°

Radius 83,4325

Prediction errors

Samples 367 of 367

Mean -0,02611912

Root-Mean-Square (RMS) 0,8632

Mean standardized -0,0128

Root-Mean-Square-standardized (RMSS) 0,8902

Average Standard Error 1,0297

Table 1. Parameters used for interpolating bathymetry by 
Empirical Bayesian Kriging. Simplified input data, method, 
general properties and specific search neighbourhood is 
given together with prediction errors given in meters. 
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5.01-10%, 10.01-15% and >15% slope intervals (per Rippey et al. 2008 and Rowan et al. 1992 
a). Total lake area, the area below 2m depth and the area of erosion due to steep slopes were 
then calculated for comparison with Rippey et al. (2008) 
 

2.4 Sample analysis  
Prior to analysis, subsamples were 
extracted from homogenised bulk-
samples. Surface-, bulk-  and core-
samples were then weighted, freeze-
dried and re-weighted for calculation of 
dry-weight (DW), expressed as 
percentage of total sample weight. 
Dried samples where then further 
homogenized before analysis with non-
destructive X-ray fluorescence 
spectrometry (XRF) for total element 
concentrations, as described by 
Rydberg (2014). The reported accuracy 
and precision for most elements that 
can be expected to be found in 
sediments is ±10% (ibid.). A modified 
calibration of the 200mg sample size 
(ibid.), using only 50mg, was used to 
make the data compatible with the 
wider study being conducted in the 
lake. Additional replicate samples were also analysed, 5 for the surface- and bulk-samples 
respectively, as well as 2 replicates from each of the three subsampled cores. Two of the 
surface-samples (site 13 and 17 fig. 2) also displayed anomalous concentrations of Cu and 
where subsequently re-run. Resulting errors are displayed in table 2.  
 

2.5 Statistical and visual evaluations  
The ratios for Si/Al and Ti/Zr in both the bulk- and surface sediment samples were calculated 
prior to statistical evaluations. All statistics was carried out in the software Microsoft© Excel© 
2016. The physical sediment parameters tested were DW, Si/Al-ratio (as diatom abundance 
indicator), Ti/Zr-ratio (as particle-size indicator), depth (m) and slope (%). Linear regression 
analyses were made for DW, Si/Al-ratio and Ti/Zr-ratio, to evaluate their relations with slope 
and depth. All samples (n=40 for each parameter) were used with a level of confidence of 0.05. 
Additionally, DW was also tested for correlation with the Si/Al-ratio and Ti/Zr-ratio. All steps 
were repeated for both surface and bulk-sediments. Evaluation of correlations between surface 
and bulk sediments was further made by linear regression of DW, Si/Al-ratio and Ti/Zr-ratio 
as well as Ca% (due to anomalous surface concentrations).  
 
To verify the use of element ratios as proxies for physical sediment-properties, concentrations 
of Ti and Zr were mapped for comparison with Ti/Zr-ratio to evaluate spatial differences or 
similarities. For spatial comparison of surface DW, Si/Al-ratio, Ti/Zr-ratio and Ca 
concentrations mapping of analysis results per sample point was carried out. Combined 
plotting of surface and bulk sediments was also done for temporal comparison. All spatial 
analysis was made with ESRI ArcMAP 10.4. 
 
To assess within sediment variations in element concentrations, coefficient of variation (CV) 
were calculated for all elements (Ca, Mg, Na, K, P, Zn, Cu, Ni and Pb) in surface and bulk 
sediments. As a rough evaluation of temporal sedimentation patterns, F-test for comparison 
of variance were carried out between surface and bulk samples. For comparison, element 
concentration CVs for sediments (corresponding to C.E. 1902-1988) from Rippey et al. (2008) 
are also included in the results. 

Mean measurement error

Elements Surface samples Bulk samples Core samples

Na 5% 8% 3%

Mg 2% 3% 3%

Ca 3% 8% 2%

K 5% 1% 2%

P 7% 18% 3%

Zn 6% 17% 3%

Cu 21% 45% 12%

Ni 7% 13% 3%

Pb 7% 25% 6%

Si 5% 6% 2%

Al 6% 3% 2%

Ti 1% 2% 2%

Zr 6% 14% 2%

Table 2. Calculated mean measurement error from 5 replicate 
samples from surface samples (top 1 cm) and from bulk-
samples (1cm to clay-layer). For the core-samples a total of 6 
replicates (2 for each core) was made. Cu-value in the surface 
samples is corrected for outliers. 
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3 Results  
 
3.1 Bathymetric mapping  
New bathymetry is presented with contour lines every 2m, as well as magnitude of slope 
divided in five different zones (as per Rippey et al. 2008 and Rowan et al. 1992 a) in fig. 3. For 
comparison, extent of the mapped 3-25% slope interval and river sedimentation-plume, as 
shown by Rippey et al. (2008), is overlaid. No slopes steeper than 24% exists in the new 
bathymetry. Updated total lake area was calculated to ~0.23 km2, area deeper than 2m to 0.172 
km2 and the area of erosion due to steep slopes (i.e. 3-25%) to 0.128 km2. Whereas 
corresponding areas from Rippey et al. are ~0.21 km2, 0,155km2 and 0.066km2, respectively. 

Figure 3. Resulting bathymetry from EBK-interpolation with 2m contour lines. In - and 
outlets marked. Calculated slope is shown grouped as per Rippey et al. (2008) and Rowan 
et al. (1992a). Erosional and river-plume zones as described in Rippey et al. (2008) as 
overlay. 
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A spatial mapping over 
standard error distribution 
gives a general trend of lower 
standard error to the north 
and east of the lake (fig. 4). 
Whereas higher standard 
errors can be seen in the 
central-south part as well as 
for one area in the western 
parts of the lake with les 
sample-density. For more 
detail, predicted errors in the 
EBK-interpolation are as 
follows, RMS: 0.86m, RMSS: 
0.89m, Mean standardized: -
0.013m and Average standard 
error: 1.03m (table 1). 

 
3.2 Physical sediment 
parameters 
The only morphological 
factor, in both surface and 
bulk samples, that could be 
statistically proven (p<0.05) 
to influence the Si/Al-ratio, 
Ti/Zr-ratio and DW was depth 
(highlighted values in table 3). 
No significant (α=0.05) 
correlations for the 
parameters tested with 
sample site slope were 
detected by linear regression 
for the sample sites in Kassjön 
(table 3).  
 
The resulting concentrations of DW, Si/Al-ratio and Ti/Zr-ratio in the subsampled sediment 

profiles of sites 38, 7 and 16 are displayed in fig. 5. Even though varying in total sample 

thickness, a similar trend of increasing DW with depth can be seen in all three profiles. While 

increasing all through the length of site 38, this increase stretches down to 12 cm for site 7 and 

14cm at site 16, before rapidly decreasing again. Looking at Si/Al-ratio, sites 38 and 7 show 

similar values to each other, albeit with slight fluctuations through the profile. A marked 

increase of around one unit occurs for site 7 at 12cm depth. For site 16 Si/Al-ratio fluctuates all 

through the profile, with slight increases at 10-12cm depth and at the 1-2cm. The ratio for Ti/Zr 

displays a higher level of variability than DW and Si/Al-ratio, with site 16 showing highest 

overall variability. There, the lowest values occur at 12-14cm before increasing to the highest 

at 1cm. Sites 7 and 38 both decrease higher up in the sediments, starting at 6cm and 4cm 

respectively. 

 

When spatially mapped, DW displays higher values in the north of the lake, closer to the inlets, 

as well as along the southeast 2-4m interval of the lake (fig. 6). The deepest, central part, of the 

lake exhibits lowest measured DW. An exception to this is the low value in the southwestern 

bay (site 35, fig. 2). Si/Al-ratio indicates higher diatom abundance closer to the inlets in the 

north east, as well as along the 2-4m depth at the south-eastern side of the lake. In general, the 

Figure 4. Spatial presentation of predicted standard error (in meters) 
from EBK-interpolation. 2m contour lines shown for orientation. 
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higher Si/Al-ratios in the lake are recorded in depths of <6m (fig. 6). Spatial distribution of 

Ti/Zr-ratio seems to indicate a pattern of relative increase in coarser sediment particles (silt 

fraction) in the northern part of the lake. The southern part of the lake (closer to the outlet), as 

well as site 35 also show similar low ratios (fig. 6). Plotting of Ti and Zr individually, revealed 

similar patterns of generally higher concentrations to the north and south, and lowest 

concentrations in the central part of the lake (fig. 7).  

 

Surface samples n =40 α= 0.05 Bulk Samples n =40 Suface/Bulk n =40  α= 0.05

Factors R square Significance F (P) R square Significance F (P) Factors R square Significance F (P)

Si/Al / Slope (%) 1,33E-03 0,82 7,20E-04 0,87 Si/Al ratio 0,79 2,21E-14

Si/Al / Depth 0,68 6,44E-11 0,68 4,78E-11 Ti/Zr ratio 0,69 3,40E-11

Ti/Zr / Slope (%) 4,51E-03 0,68 2,38E-04 0,92 Ca 0,06 0,12

Ti/Zr / Depth 0,61 2,74E-09 0,75 4,63E-13 DW 0,55 4,40E-08

DW / Si/Al 0,15 0,01 0,08 0,09

DW / Ti/Zr 0,38 2,40E-05 0,49 4,11E-07

DW / Depth 0,40 1,18E-05 0,39 1,89E-05

DW / Slope (%) 0,01 0,55 2,62E-04 0,92

Table 3.  Resulting r2- and P- values from linear regression analyses. Significant data highlighted in bold. 

Figure 5. Sediment profiles for sites 38 (7.3m depth), 7 (10m depth) and 16 (4m depth). Presentation of 1cm interval 
depth wise variations in DW, Si/Al-ratio, Ti/Zr-ratio and Ca concentrations (%). Ca concentration for top-sample 
in 7 is displayed numerically. Subsamples have been corrected for corresponding depths when necessary. 
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Figure 6. Presentation of spatial variations in the surface sediments (0-1cm depth). DW, Si/al-ratio and Ti/Zr-
ratio presented per sample site. All values presented in quantiles. Slope, as classified by Rippey et al. (2008) 
together with 2m contour-lines are given as background. 
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Combined mapping of surface and bulk sediment values (fig. 8) enables temporal comparison 

of the sediments. DW does not only vary spatially, but also relatively in sediment depths 

across the lake. Surface DW is generally higher closer to the inlets, compared to the bulk-

sediments, than in the rest of the lake. Noteworthy is the relative DW distribution of the 

sample closest to the western inlet (site 17, fig. 2) in comparison to the surrounding samples. 

The Si/Al-ratio is showing slightly higher values in the surface sediments than in the bulk-

samples, with sample sites closer to the inlets/outlet as well as in the shallower areas of the 

lake exhibits higher differences. For Ti/Zr, slightly lower ratios in the surface sediments are 

generally found. This is especially true for sites closest to the western inlet. Some sample 

points (e.g. those closest to the north-eastern inlet) do however show higher ratios in surface 

sediments than in bulk-samples. The central and deeper parts of the lake have similar ratios 

in both surface and bulk-samples.  

 

3.3 Element concentrations  
CVs in surface sediments ranges from lowest at 21.6% (Pb and Ni), to higher of 34.4% for Na. 

Variations amongst Ca and Cu sticks out from surface concentrations with CVs of 85.1% and 

85.7% respectively (table 4). For bulk sediments, the CVs for element concentrations are on 

average lower than in corresponding surface samples, with Pb as an only exception (25.1% 

bulk, 21.6% surface). With most CVs ranging from 10.5% for K to 25.1% for Pb, only Cu displays 

a markedly higher CV of 61.0% in the bulk samples (table 4).  
  

Figure 7. Surface sediment (0-1cm depth) concentrations of Ti and Zr (given in ppm) plotted per sample site for 
comparison. Slope, as classified by Rippey et al. (2008) together with 2m contour-lines are given as background. 
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Figure 8. Comparison of relation between surface (white) and bulk (grey) -sediments displayed for DW, Si/Al-ratio 
and Ti/Zr-ratio per sample site. Spatial variations in relations indicates local temporal changes in sedimentation. 
Note that DW in bulk sediments is generally higher than surface, due to compaction. Slope, as classified by Rippey 
et al. (2008) together with 2m contour-lines are given as background. 

Surface sediments 
Bulk sediments 

Surface sediments 
Bulk sediments 

Surface sediments 
Bulk sediments 
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When spatial plotted, element concentrations across the lake appears to show some 
distinguishable patterns (fig. 7 and fig. 9). For Ti and Zr concentrations, the spatial distribution 
is rather similar, with higher concentrations at shallower areas than in the deeper part of the 
lake (fig. 7). Ca concentrations in surface sediments are more complex, with distinct increases  
in the central and eastern parts of the lake (fig. 9). This local increase can also be seen in the 
depth-profiles (fig. 5), where Ca concentrations for site 7 only corresponds to site 16 and 38 
concentrations from about 9cm and down. Above 9cm, the concentrations in site 7 steadily 
increases up to around 3cm depth, before rapidly increasing to almost five times that of the 
other sample sites at corresponding depths.  
  

Surface sediments 
Bulk sediments 

Figure 9. Spatial variations of sediment Ca concentrations in Kassjön. Surface sediment concentrations are 
presented in quantiles to the left. The right show temporal variations in sediments by comparing surface (white) 
and bulk (grey) concentrations given as background. 

Table 4. Calculated coefficients of variation (CV) from standard deviation and sample means for element 
concentrations. Results are given for surface and bulk-samples. Corresponding values from Rippey et al. (2008) 
also displayed. 
Surface samples (0-1 cm) Bulk samples Corresponding by Rippey et al. (2008)

Element Unit

Standard 

deviation 

Mean concentration 

n=40  CV (%)

Standard 

deviation 

Mean concentration 

n =40  CV (%)

Standard 

deviation 

Mean concentration 

n =40  CV (%)

Na % 0,29 0,84 34% 0,20 1,21 16% 1,48 15,31 10%

Mg % 0,14 0,53 27% 0,08 0,69 12% 1,11 10,09 11%

P ppm 437,50 1335,93 33% 271,48 1192,73 23% 0,21 1,39 15%

K % 0,26 1,18 22% 0,18 1,74 10% 1,96 21,31 9%

Ca % 1,38 1,63 85% 0,21 1,15 18% 1,18 10,95 11%

Ni ppm 4,22 19,53 22% 5,03 28,05 18% 5,25 27,84 19%

Cu ppm 9,87 11,53 86% 9,71 15,93 61% 4,88 22,47 22%

Zn ppm 31,05 126,70 25% 32,97 154,51 21% 21,60 154,60 14%

Pb ppm 6,11 28,23 22% 9,04 36,06 25% 4,87 22,67 21%



 

15 
 

4 Discussion  
 
4.1 Bathymetry  
Even though the predicted standard error for the EBK-interpolation is at most just over 1 m 
(table 1, fig. 4), there are strong reasons to assume a higher level of accuracy than in previously 
presented bathymetry (Rippey et al. 2008, Anderson et al. 1994). Increasing the amount of 
data-points used with both new and existing bathymetric data, as well as incorporating 
surrounding morphometry, ensures a more accurate interpolation. Increased accuracy is also 
attained by further utilizing an interpolation method resulting in “best-fit” of multiple 
simulations (Krivoruchko 2012), rather than relying on one single. Furthermore, the possibility 
to visually display spatial variance of predicted standard errors, as in fig. 4, enables precise 
evaluation of site specific accuracy. However, an interpolation will remain a best-guess of 
actual conditions. A more extensive survey by, e.g., echo-sounder coupled to a Global 
Positioning System, as used by Mackay et al. (2012), would thus be more suitable when striving 
for exact bathymetric understanding of lakes. Another possibility to receive high resolution 
bathymetry is aerial laser scanning with green laser, as described by Hohental et al. (2011). 
This, however, still puts considerable strains on resources. Thus, for studies conducted under 
both time and resource restraints, such as this one, interpolation by EBK is a highly viable 
alternative. 
 
Upon comparison, mainly three areas with differing bathymetry are visible between the EBK-
bathymetry and the one presented by Rippey et al. (2008) (fig. 2 & 3). These are: (1) The north 
eastern, shallower, part of the lake. The differences between models indicates a larger extent 
of the area between 2-4m depth than previously shown. (2) The area around site 17 displaces 
the 6m contour line by several meters, indicating a steeper bottom slope at the western inlet 
than previously assumed. (3) The central, deepest, part of the lake has a different extent than 
previously thought. Which could be relevant for, e.g., varved-sediment sampling. Even though 
calculated areas of the lake surface, and the below 2m depth, only differs by ~0.02 km2 (for 
both), the differences between the interpolation models is quite clear when looking at the area 
for “erosion due to steep slopes” (i.e. 3-25% slope). This is previously calculated to 0.066 km2, 
but is found to be roughly the double (0.128 km2) with the EBK-interpolation (fig. 3). Also, 
worth pointing out is that no slopes above 24% were found within the new bathymetric model. 
Judging from this, Kassjön has a more even slope-profile than previously assumed, resulting 
in smaller areas of accumulation. This finding can potentially have implications for studies 
conducted in the lake, as it potentially questions the representability of sediment samples 
previously thought to be taken in the accumulation zone. Furthermore, differences between 
general sedimentation theories and practice, has previously been observed in smaller lakes 
(such as Kassjön). By producing bathymetry of higher resolution than previously existed, 
Mackay et al. (2012) found that theories presented by, e.g., Håkanson and Jansson (1983) 
could not fully explain sedimentation patterns in a small lake of glacial origin. Instead, 
profundal wind -induced currents affected by, e.g., bathymetric conditions were calculated to 
have a large influence on sediment distribution. Thus, discussions and analyses on sediment 
properties, based on existing sedimentation theories, might result in biased conclusions for 
small lakes. Bearing these concerns in mind, findings which have previously been regarded as 
support for theories of, e.g., sediment distribution in Kassjön, could actually point to 
discrepancies between theory and practice. Also, this might raise concerns on current 
understandings on the varved sediment-archive in the lake. In this context, this new 
bathymetric model of Kassjön should provide useful information for further studies aimed at 
understanding the sediments of the lake.  
 

4.2 Physical sediment parameters  
The distribution of Ti/Zr-ratio (fig. 6), largely seems to mirror (albeit inversely) those of both 
Ti and Zr concentrations (fig. 7). I.e., sites with higher element concentrations are reflected in 
lower ratios and vice versa. This could serve as an indication that the findings of Koinig et al. 
(2003) and Boës et al. (2011) are applicable also to the sediments in Kassjön. Lower ratios, but 
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higher total concentrations of both Ti and Zr, closer to the inlets could, e.g., reflect the higher 
overall sedimentation rate together with higher water velocity in this area (Håkanson and 
Jansson 1983). These conditions result in overall higher deposition of material (i.e. higher 
element concentrations), but a comparably lower sedimentation of finer particles. These will 
instead largely be transported further out in the water body. According to Håkanson and 
Jansson (1983), particle-size (Ti/Zr-ratio) as well as diatom abundance (Si/Al-ratio) and DW, 
are expected to vary with changing bathymetric conditions, such as depth. That Si/Al-ratio, 
Ti/Zr-ratio as well as DW display good correlations with depth in both surface as well as bulk 
samples (table 1), is thus seemingly in accordance with established theories.  
 
Higher DW in both surface and bulk sediments is generally observed in the north of the lake, 
but also within the 2-4m depth to the south-east. Rippey et al. (2008) similarly noted higher 
DW in the northern parts, and coupled this to higher occurrence of larger size particles in the 
sediments. This was claimed to primarily reflect erosional effects from higher water velocity 
and high sediment input. In this context, the aforementioned low Ti/Zr-ratio noted in this area 
supports this reasoning. Though likely to be partly responsible for the high DW, particle size is 
not the only component affecting sediment DW. As pointed out by Håkanson and Jansson 
(1983), DW is dependent on many factors, organic material and particle sizes being two of 
them. In addition to low Ti/Zr-ratios in this area, corresponding Si/Al-ratios are also shown to 
be high (fig. 6). Following the findings of Peinerud (2000), diatom abundance could thus be a 
contributing factor to higher DW. DW will also increases deeper in the sediment profile due to 
increased compaction from the accumulation of sediments on top (Håkanson and Jansson 
1983), which can be seen in fig. 5. Comparing spatial variations of DW in surface and bulk 
sediments (as in fig 8) does therefore not only show spatial heterogeneity in general, but ads a 
temporal reference for variations in DW distribution. The higher DW in surface sediments of 
the northern area could therefore indicate changes in sedimentation conditions in recent years. 
 
As shown by Korsman et al. (1999), catchment features in close proximity to the water body, 
can greatly influence sedimentation properties within lakes. In a small (~0.5km2) lake some 
25 km north of Kassjön, Korsman et al. found that sediment heterogeneity across the lake, was 
traceable to local sources such as e.g. surrounding clear-cuttings, wastewater outlets and the 
effect of in- and outlets to the lake. Sample site 17 can, hence, serve as an example on how 
catchment changes has locally affected sediments in Kassjön (fig. 2). The site is located closest 
to the western inlet and displays higher values of DW as well as of Si/Al- and Ti/Zr-ratio in the 
surface sediments than surrounding sites (fig. 8). This might, however, be explained by looking 
at changes on land. Comparison of aerial photographs (fig. 1) seems to indicate recent physical 
changes with soil-disturbance in proximity to the inlet. This could likely have impacted grain-
size and amount of organic material in the sediments, thus also influencing DW. Especially 
looking at the diatom abundance and particle size indicators, temporal variations of different 
magnitude can be observed across the lake through the sediment profiles presented in fig. 5. 
Applying a similar reasoning on influences from proximal catchment features to the sites in 
the 2-4m zone to the south east, could help explaining the larger particle-size, higher Si content 
and higher DW indicated here. Changes in land-use from farmland to forest (fig. 1), could 
potentially have had influence on sediment properties in this part of the lake by altering 
biogeochemical input. The (relative) steepness in this part of the catchment could also enhance 
effects of e.g. terrestrial runoff from precipitation events or snow melt. This could in turn 
increase allochthonous input, which could influence the sediments by e.g. altering nutrient 
levels. Furthermore, a potential point-source in this part of the catchment is the gravel-road 
that passes close to the lake. In dry conditions, passing vehicles raises a dust-plume which can 
be wind-transported over the lake and settle in the water. Smaller particles would then remain 
suspended longer in the water column, making them susceptible to lateral transport by 
currents. This would eventually lead to an enrichment of larger particles in these sediments, 
affecting e.g. DW and Ti/Zr-ratio. 
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Since the lake-bottom slope has been pointed out to be of major importance to sedimentation 
conditions (Håkanson and Jansson 1983, Rowan et al 1992 a), it is noteworthy that no 
statistically supported correlations were found with the sample site slopes. However, this 
corresponds to findings of Mackay et al. (2012) where no correlation between site specific 
slopes and, e.g., particle sizes and sediment water content could be made. As Mackay et al. 
points out, this is also largely in line with Blais and Kalff (1995) whom instead recommends 
using mean basin slope when calculating zones of accumulation and erosion in studies on 
whole-lake sedimentation conditions. Inversely, DW has been used as an indicator of the 
erosional sedimentation zone (Rowan et al. 1992 a) because its stated connection to steepness 
of slope (Håkanson and Jansson 1983). This derives from reasoning on coarser particles being 
more easily retained on steeper slopes, which thus get a higher DW since smaller particles are 
expected to hold more water (Håkanson and Jansson 1983, Rowan et al. 1992 a). However, 
Rippey et al. (2008) was not able to use DW to clearly distinguish the erosional sedimentation 
zone. As explanation, they indicate this as being a consequence of errors in the DW 
interpolation. Considering the differences between past and present bathymetry, it is possible 
that their findings indicate that DW cannot be used for establishing the erosional 
sedimentation zone in Kassjön altogether. As discussed by Mackay et al. (2012), only using 
single sediment variables, such as water content, when trying to establish e.g. areas of 
accumulation, can for smaller lakes lead to an oversimplification of sediment patterns and 
heterogeneity. Factors that are important for sediment distribution in larger lakes, such as 
sediment focussing (Likens and Davies 1975), may for lakes with an area of <1km2 have little 
or no impact (Mackay et al. 2012).  
 

4.3 Element concentrations  
When considering CVs for the selected elements in Kassjön, it is apparent that element 
distribution is not homogenous within the sediments. By comparison, this study finds even 
higher variability in bulk-sediments to that of Rippey et al. (2008) (table 4). Looking at surface 
sediments, the cross-lake variations are also overall higher than in bulk sediments (table 4). 
Cu and Ca display distinctly higher variations than the other elements. Cu has higher recorded 
CVs for both surface and bulk sediments. This is most likely due to the measured 
concentrations being around the detection limit for XRF-analysis when using small sample 
masses, which is indicated by some values being reported as negative (although measured 
intensities themselves are positive). This would, by extension, mean that other elements with 
similarly low concentrations may also be influenced by the balance in measured 
concentrations, as described by Rydberg (2014). The high Ca concentrations cannot be 
regarded as measurement errors however. Considering the limited extent of higher Ca 
concentrations (fig. 9), with no apparent adjacent land-source (fig. 1), and that they are focused 
to the sediment surface (fig. 5 and 8), they appear to reflect the liming of the lake (Ahlström 
2016). White patches were also visible in some of the surface sediment cores during sampling, 
and in a long sediment profile from the deep basin the enrichment in Ca in the 
surface/subsurface sediment layers relative to the remainder of the sediment record from the 
past c. 6500 years is unique. Worth further mentioning in the context of element distribution 
is also the distribution of Ti and Zr concentrations. The distinct variations between shallower 
areas and the deep basin, further points to complications when attempting to calculate element 
concentrations on a whole lake scale from few samples. Especially when samples are taken 
from the deep basin only.  

 
 

  



 

18 
 

5 Conclusions  
 
By producing a bathymetry with higher resolution for Kassjön, the lake is shown to have a more 
even slope-profile than previously assumed. This in turn influences previous assessments on 
the extent and location of sediment accumulation, transport and erosion zones. However, the 
use of such zones and general sedimentation theories on small lakes, might not be fully 
accurate altogether. Comparing distribution of DW, particle size and diatom abundance in 
sediments with higher resolution bathymetry in Kassjön, indicate higher sedimentation 
complexity than previously assumed. Spatial differences in sediment properties are more 
influenced by local changes in the immediate surroundings of the lake than previously 
accounted for. Furthermore, previous findings that element accumulation within sediments 
follows models on general sedimentation can be questioned. Spatial heterogeneity of single 
elements in sediments is observed across the lake, both due to natural processes and 
anthropogenic influences. Extrapolating whole lake element concentrations and inventories 
from sediment samples by using methods on sediment distribution, should therefore be done 
with caution. The findings presented within this study adds to the understanding on sediment 
properties in Kassjön. This can, in turn, further the representability of sediment sampling in 
the lake, as well as increase the accuracy of interpretations on sediment properties. 
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