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1. Introduction 

The last time Sweden was covered by a glacier was by the Scandinavian Ice Sheet, which 

advanced from central Sweden into Denmark where it reached its outermost position around 

23,000-21,000 cal. yrs. BP (Houmark-Nielsen & Kjær, 2003). After that, the ice margin 

started to retreat gradually until the coastal areas of southwest Sweden were completely 

uncovered around 18,000-16,000 cal. yrs. BP (Lundqvist & Wohlfarth, 2000). As the 

deglaciation continued and the ice margin continued to retreat, several moraines were formed 

in southwest Sweden, an example of which is the Gothenburg Moraine (Larsen et al., 2012). 

The location of some of the main moraines formed in southwest Sweden and their estimated 

ages are shown in (Figure 1). These moraines mostly consist of marine ice-contact sediment 

fans or push moraines that were formed when the glacier stood still for a period of time or 

readvanced (Larsen et al., 2012). Following deglaciation, much of the area was under water 

receiving glaciomarine sediments. These sequences of sediments deposited by the glacier are 

important to understand paleoenvironmental changes in addition to understanding variations 

in sediment character which is important for infrastructure planning and execution.  

Figure 1: Major end moraines formed in southwest Sweden. Adapted from Stroeven et al. (2016). 
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With this in in mind, an infrastructure project like the current Västlänken project in the city of 

Gothenburg required the extraction of sediment cores in the substrata in several spots of the 

city in order to explore the characteristics of the underlying sediments. This is a crucial step 

of the project since the whole project is executed underground and will require a great deal of 

tunneling. This project which has only started in recent years has made many new cores 

available, some of which was donated to the University of Gothenburg to be used in scientific 

studies. One of those cores is the Korsvägen core which is the subject of this study. 

This study aims to explain the observed sedimentary environments in the Korsvägen core and 

the evolution of those environments. The study will investigate sediment type, sediment 

color, grain size, sedimentary structures, presence of organic matter, presence of 

macrofossils, where this core fits in the regional stratigraphy, and possible correlations with 

other previously investigated cores in the region. There are several regional events that 

occurred during the deglaciation of Scandinavia that may have affected sedimentation at the 

core location like the Younger Dryas cold spell, the drainage of the Baltic Ice Lake, the 

drainage of the Ancylus Ice Lake, Tapes Transgression, and the gradual shallowing due to 

interactions of eustacy and isostacy. 

  



7 
 

2. Study Area 
The core was sampled from Korsvägen which is located in the south of Gothenburg city 

center in the west coast of Sweden. The Korsvägen area is located on the western side of the 

Mölndal river (N-S directional valley system) that has its outlet in the Göta River at present 

(Figure 2). The core has an approximate location of 57°41'46.39"N, 11°59'10.20"E 

SWEREF99 TM, and approximately 4 meters above sea level (m.a.s.l.) 

The general geology of the study area is dominated by Precambrian bedrock composed of 

mainly granite and gneiss (Lundqvist & Kero, 2006). Deposited layers of the glaciomarine 

sediments have a fining-upward sequence caused by ice regression in the last deglaciation 

(Stevens & Hellgren, 1990). In the stratigraphy of Gothenburg, only a thin layer of till is 

found beneath clay layers (Fredén, 1983). Wave-washed sediments appear either exposed at 

lower slopes in the valleys or deep within the valleys on top of or covered by clay (Fredén et. 

al., 1981). 

The regional fault system strikes N-S and valleys in the area have the same orientation. The 

Göta River occupies one of the most extensive faults in the region and connects Lake Vänern 

with the Kattegat (Bergsten & Dennegård 1988). The Göta River valley system is sensitive to 

erosion given that stream flows and landslides are recurring in the clay. To distinguish the 

extent of this erosional process during the late Weichselian and Holocene is difficult, but 

there are indications that late Weichselian deposits are more likely to slide than Holocene 

deposits (Adrielsson & Klingberg, 1989). Some of the marine clay in the Gothenburg area is 

called “Quick clay”, as when the salt is leached out from the clay crystalline lattice, the clay 

collapses causing landslides (Dahlin et. al., 2014). 

The evolution of the Gothenburg area into what it is at present and its postglacial 

development are connected to the evolution of the Baltic Sea which is discussed below. The 

chronostratigraphy terminology used in the following paragraphs follows Mangerud et. al. 

Figure 2: Geographic maps over the study area. Gothenburg is marked with a yellow rectangle in the 

map on the right and the Korsvägen core is marked with a yellow star in the map on the left. Maps 

were exported from Google Earth Pro. 
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(1974) and Mangerud & Berglund (1978), and dates are expressed in calibrated 14C years, if 

not expressed otherwise. 

According to Figure 3, Korsvägen as part of the Gothenburg area started to be deglaciated 

around 14,700 cal. yrs. BP, however Klingberg et. al. (2006) mentions that the deglaciation in 

Gothenburg may not have started until 14,500 cal. yrs. BP. As shown in (Figure 4-c), at 

14,700 cal. yrs. BP, ice was covering nearly all of Gothenburg with the sea level at 

approximately 95 meters above paleo sea level (m.a.p.s.l) (Figure 3) due to isostatic 

depression. As the ice retreated, isostatic uplift kicked in and was rapid initially, so the 

shoreline regressed (Figure 4-d) and the sea level dropped at 12,700 cal. yrs. BP to 

approximately 56 m.a.p.s.l. (Figure 3). The regression continued (Figure 4-e) and the sea-

level decreased rapidly during the initial stage of the deglaciation reaching 32 m.a.p.s.l 

(Figure 3) around the end of the Younger Dryas cold period at 11,600 cal. yrs. BP which was 

around the same time the Baltic Ice Lake drainage started. As the regression continues further 

(Figure 4-f), the sea level drops to its lowest level during the Early Holocene at 18 m.a.p.s.l. 

at approximately 9,800 cal. yrs. BP (Figure 3). Following studies by Bergsten (1989; 1994), 

and Påsse (1987) combined with the sea-level curve of the study area in (Figure 3), ~15-20 

m.a.p.s.l. is supposed to be affected by the Early Holocene Transgression (also referred to as 

Tapes Transgression) in the Gothenburg area. The 20 m sea level is assumed to be dated to 

around 10,800 cal. yrs. BP and 8,100 cal. yrs. BP (Figure 3), where the latter is assigned to 

the transgression majorant. The regression minorant during the early Holocene is placed at 

around 9,800 cal. yrs. BP although is more difficult to define because the transgression event 

that followed disturbed the stratification with erosion and accumulation. The presumed 

lowest shoreline has been determined at about 15 m.a.p.s.l in the Gothenburg area (Påsse, 

1987). The Tapes Transgression reaches its peak at approximately 8,000 cal. yrs. BP (Figure 

4-g) with the sea-level rising to 21 m.a.p.s.l (Figure 3). After that, shoreline goes back to its 

regression state and sea-level drops gradually until the present time (Figure 3). A 

paleogeographic map of the investigation area is visualized in (Figure 5), and it can be 

noticed that Korsvägen and its surroundings are within the area affected by the Tapes 

Transgression. 

Figure 3: Shore displacement curve (or sea-level curve) from the SGU database and is based on a 

model by Tore Påsse. (Christian Öhrling, personal communication, December 22). 
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Figure 4:Sea level at the 

Gothenburg area at 

different periods of times. 

All data and maps are 

retrieved from SGU 

website and graphs from 

(c) to (g) are created 

using ArcGIS Pro. 

(a) Elevation map of 

southern Sweden with the 

study area highlighted in 

the blue square. (b) 

Geographic map of 

southern Sweden with the 

study area of Gothenburg 

and its surroundings 

highlighted in the blue 

square. (c) 

Paleogeographic map at 

14,700 cal. yrs. BP 

showing the ice 

(transparent blue) with 

its margin at the 

Gothenburg moraine.  

(d) Paleogeographic map 

at 12,700 cal. yrs. BP at 

the start of the Younger 

Dryas. (e) 

Paleogeographic map at 

11,600 cal. yrs. BP at the 

end of the Younger Dryas 

which is around the same 

time as the start of the 

Baltic Ice Lake drainage.  

(f) Paleogeographic map 

at 9,200 cal. yrs. BP 

when the Ancylus Ice 

Lake was draining 

through Gothenburg.  

(g) Paleogeographic map 

at 8,000 cal. yrs. BP 

marking the peak of the 

Tapes Transgression. 
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During the initial stage of the deglaciation in the southwest of Sweden, during approximately 

10,300–13,000 cal. yrs. BP the Baltic Ice Lake (BIL) was present (Figure 6) as the ice sheet 

dammed the freshwater from entering Skagerrak. Around 11,200 cal. yrs. BP due to a 

withdrawal of the ice-sheet from the Mount Billingen, located southeast of Lake Vänern, the 

drainage of the BIL started (Björck, 1995). This event would have generated a considerable 

large amount of meltwater throughout the Göta River as a passage into Skagerrak (Olausson, 

1982). However, due to the great water depth (~40 m) in the Gothenburg area at that time, it 

is believed that the bottom living marine fauna would not have been significantly disturbed 

by the large amount of freshwater outflow from this event anyway (Bergsten, 1994).  

Figure 5: Paleooceanografic map over Korsvägen and its surroundings. Data retrieved from ©SGU 

Geopackage “strandförskjutningsmodell” 

(https://resource.sgu.se/dokument/produkter/oppnadata/strandforskjutningsmodell-

oppnadatabeskrivning.pdf) representing the regressional minorant and transgressional majorant. Present 

Sea level is retrieved and modified from “GSD-Översiktskartan” ©Lantmäteriet. The study area is 

marked with a circle. 

Figure 6: Paleogeographic maps representing the four stages of the evolution of Baltic basin, which 

highly influenced the geology of south-western Sweden. (Modified from Andrén, et. al., 2011; Björck, 

1995).  
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The end of Pleistocene is assigned to be in the termination of the colder period Younger 

Dryas at 12,600–11,500 cal. yrs. BP (Björck et al. 1998; Mangerud et. al., 1974; Mangerud & 

Berglund, 1978), which continued with warmer climate in the Preboreal period of Holocene. 

Another interpretation of the Pleistocene-Holocene boundary is that a slightly colder period 

during the early Preboreal, called the Preboreal Oscillation (PBO), is recorded around 11,300 

cal. yrs. BP in the north Atlantic region, a few hundred years after the Younger Dryas (Björck 

et al. 1997). It is thought that the influx of meltwater after the BIL drainage would have 

caused decreased thermohaline circulation in the northern seas, which caused the polar front 

to migrate south (Björck, et. al., 1997). 

Over less than two years, the water level in BIL dropped, which is perceived as a rapid event 

(Becher & Johnson, 2021), to the point where the balance of global sea level and isostacy in 

the region allowed saltwater from the North Sea and Skagerrak to pass through the Vänern 

Basin into the Baltic Sea. The Göta River, Uddevalla strait and the Ottied-Steinselva River 

(Figure 6) were the suppliers of the water exchange during this time (Björck, 1995), as the 

Öresund Strait closed at ~10,300 cal. yrs. BP (Bergsten, 1994) and formed a land-ridge 

between Sweden and Denmark. This brackish stage of the Baltic Sea is called the Yoldia Sea, 

which was present between 9,500 cal. yrs. BP and 10,300 cal. yrs. BP (Björck, 1995).  

The Baltic Sea and Lake Vänern became again isolated from the North Sea at approximately 

9,500 cal. yrs. BP causing the formation and damming of the Ancylus Lake, another stage of 

the Baltic Sea characterized by a transgression in the Baltic Sea region, which occurred until 

approximately 9,000 cal. yrs. BP (Bergsten, 1994). In the transgressional phase during 9,200– 

9,500 cal. yrs. BP it is proposed that Göta River worked as the main discharge from the 

Ancylus Lake (Björck, 1995; Bergsten, 1994). During the regression phase of the Ancylus 

lake between 9,000 and 9,200 cal. yrs. BP, the Göta River together with Uddevalla strait and 

Otteid-Steinselva River lost their discharge function from the Ancylus lake. Instead, the 

drainage increased gradually in the southern Baltic Sea basin through the Danish straits 

(Dana River) into what today is called the Kattegat area (Björck, 1995). 

Around the transition between Preboreal and Boreal chronozones (9,000 cal. yrs. BP) the 

shallowing of the Ancylus Lake eventually cut off the connection between Lake Vänern and 

the Baltic Sea basin, and Göta River became the main outlet of Lake Vänern as it still is at 

present. Moreover, the drainage of the Ancylus Lake from the Dana River came to a point 

where the lake level became equal to the global sea level. As the Dana River was narrow, it 

was not until 8,000 cal. yrs. BP (the boundary between Boreal and Atlantic Chronozones), 

when the global sea level transgressed and fully opened the straits between Sweden and 

Denmark and let saline water from Kattegat enter the Baltic basin. By time the Baltic basin 

evolved to the Littorina sea stage (Björck, 1995).  

During the boundary between the Boreal and Atlantic chronozones (8,000 cal. yrs. BP), a 

major pattern in oceanography in the Skagerrak changed. As the English Channel opened, the 

Norwegian Costal Current and Southern Jutland Current were established close to present day 

circulation system, the Southern Jutland Current transported warmer water into the Skagerrak 

influencing the mixing of water. At about 3,000–4,000 cal. yrs. BP the sea level 

approximately reached the present-day level as well as the oceanographic current system of 

the Skagerrak and Kattegat area fully establishes (Nordberg 1991). 
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3. Material and Methods 

3.1. Obtaining the Core 

The Swedish Transportation Agency has given the assignment of constructing the Korsvägen 

section of the Västlänken project to Network Cybernetics Corporation (NCC) for the period 

2018 – 2026. The Västlänken is a new double track rail tunnel that will improve train travel 

in Gothenburg and West Sweden. (“West Link,” n.d.)  As part of the project, NCC has drilled 

several sediment cores to investigate the geology of the Korsvägen area and then decided to 

donate two of those cores to the Department of Earth Sciences at the University of 

Gothenburg in order to be used for the purpose of scientific research. The first core was 

sampled from Liseberg and was used in earlier master’s project in Spring 2022 by Andrea 

Claesson. The second core was sampled from Korsvägen and is the topic of this master’s 

thesis. 

3.2. Logging the Core 

The core is 24 m long, ranging in depth from 2 m to 26 m below ground level given that the 

first two meters of the core have been removed during the drilling process. From 2 m deep 

until 22 m deep, the core is split into two-meter sections. The remaining of the core is split 

into one-meter sections. All core sections were wrapped in sheets of soft plastic and stored in 

freezer to keep its moisture content until they were taken out for inspection. The handling and 

storage of the core may not have been ideal as some of the core sections seemed to have 

partially or fully lost their moisture content and looked dry compared to other sections of the 

core. Additionally, all sections of the core are shorter than what they are supposed to be, so 

two-meter sections and one-meter sections are shorter than 2 m and 1m respectively. This 

will show as gaps or hiatuses in the core log. There are also noticeable displacements with the 

core sections that must have taken place during the drilling or handling of the core. It is 

important to mention that all breakage, displacement, and removal of parts of the core have 

occurred before this study was carried out, and it should be noted that all mentioned types of 

mishandling are expected to affect this study’s results. 

The core has been logged stratigraphically through the inspection of sediment type, texture, 

color, layer thickness, sedimentary structures, occurring macrofossils and other features. The 

sediment color was decided according to Munsell Soil-Color Charts M50215B (2013). The 

core log has been first drawn using pencil and millimeter 

paper and later digitized using Affinity Designer® (version 

1.10.5.1341) and Paint® (version 11.2301.22.0)., 

3.3. Core Sampling 

A system for naming samples has been developed to be used 

in all experiments throughout the project. First, all sample 

names start with the letter “K” indicating the fact that 

samples are taken from the Korsvägen core. The “K” is 

followed by another letter indicating the purpose the sample 

is aimed to be used for. (Table 1) shows the experiment that 

corresponds to each letter used. Next is a number indicating 

the order of the sample among the samples of the same 

Letter Purpose 

A C/N 

Experiment 

C Grain Size 

Analysis 

F Foraminifera 

Identification 

S Macrofossils 

identification 

Table 1: Letters occupying the 

second digit in a sample code 

and the purpose each points 

out to. 
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experiment. Finally, the sample name ends with the depth in the core at which the sample was 

taken. For example, K-C-5-4.15 is a sample code that indicates that the sample was taken 

from the Korsvägen core to be used in the grain size analysis experiment. That sample is the 

fifth in the order of the samples to be used for grain size analysis and it was sampled at a 

depth of 4.15 m in the core. 

The sampling resolution throughout the core varied depending on the experiment to be 

carried out, grain size changes, and core preservation. For the C/N experiment, a sample was 

taken every 20 cm from the beginning of the core at 2 m deep until 16m deep except in 

rhythmites where 4 samples were taken from each layer; 2 from the winter layer and 2 from 

the summer layer with some exceptions because of layer thickness sometimes not allowing 

for that many samples. The average weight of a sample is 7 g.  Samples were taken in clay 

layers only while sand layers were skipped. For the grain size analysis, 2 samples were taken 

per meter except in rhythmites. In rhythmites, a total of 6 samples were taken: 3 samples in 

winter layers and 3 samples in summer layers. Samples were taken in clay and sandy clay 

layers while sand layers were skipped. The average weight of a sample is 60 g. For 

foraminifera identification, 2 samples were taken per meter throughout the whole core with 

the exception of coarse layers as they were skipped. It is important to mention that sampling 

for foraminifera identification has been carried out, but the samples were stored and kept for 

the purpose of being used in a separate project at a later time. For macrofossils identification, 

a total of 17 macrofossils were sampled throughout the whole core with no distinct interval 

between the samples. 

3.4. Grain Size Analysis 

3.4.1. Sieve Analysis 

The sample is placed in a 250 ml beaker. 125 ml of dispersant is added to the sample. The 

dispersant is 0.05 molar Na4P2O7. The sample is disaggregated as much as possible using a 

metal spatula. When disaggregation is done, the spatula is rinsed with distilled water in the 

sample beaker to make sure all sample particles stay in the beaker. The beaker is then 

covered with a watch glass to limit evaporation. The beaker is left for 48 hours to allow time 

for the sample to disintegrate and disperse. 

After 48 hours, the sample is sieved through a 0.063 mm sieve using distilled water (thus 

called wet sieving). A metal stand is used to hold a big plastic funnel where the sieve rests in. 

A 1000 ml cylinder is placed under the sieve so the distilled water with all clay and silt 

particles passing through the sieve would be collected in the cylinder to be used later for pipet 

analysis and SediGraph analysis. First, the beaker containing the dispersed sample is placed 

on a magnetic stirrer and the magnetic bar gets dropped into the beaker. Then, the magnetic 

stirrer is turned on and is left to operate for approximately 10 minutes to further disperse the 

sample. After that, the beaker is removed from the magnetic stirrer and is held still vertically 

for around 15 second allowing the sand particles to settle ever so slightly, so most of the slit 

and clay particles would pass cleanly first through the sieve. Next, the contents of the beaker 

is poured into the sieve. The beaker is washed thoroughly with distilled water to make sure 

all sediment from the beaker goes onto the sieve. The beaker is then set aside as it will be 

used again later. The magnetic bar used in stirring may have a significant amount of magnetic 

sediments stuck on it. The sediments may be transferred from the surface of the bar into the 

sieve using fingers and sprays of distilled water. To wet-sieve, sediments in the sieve must be 
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washed thoroughly with distilled water, so all grains smaller than 0.063 mm would pass 

through sieve into the cylinder. If there are ant sediment clumps on the sieve, they may be 

crushed using a finger with that finger then washed with distilled water into the sieve. Using 

distilled water, the sediments on the sieve should be worked back and forth until all silt and 

clay have passed through the sieve into the cylinder. It is important to wash off the sediments 

from the bottom of the sieve and the sides of the funnel, where they can be stuck, into the 

cylinder. The sand remaining in the sieve should be washed back into the original 250 ml 

beaker using distilled water. The beaker is then placed in a drying oven for 24 hours until it is 

completely dry and is ready to be dry sieved.  

For dry sieving, a stack of sieves at one-ϕ intervals is used ranging from -2 ϕ (4 mm) to 4 ϕ 

(0.0625 mm) with a pan at the bottom. The dried sample in the 250 ml beaker is emptied into 

the sieves. It is important to note that the dried sample may not only contain sand, but may 

also include organic and calcareous materials, such as fecal pellets and foraminiferal shells. 

Some sand grains might need to be loosened using a metal or a rubber spatula. Then, the 

stack of the sieves is placed in an electric shaker for approximately 10 minutes. After that, the 

sand from each sieve is weighed and its mass is recorded. The total of the sand mass from all 

sieves gives the total sand mass in 1000 ml. If there is any silt and clay that have been shaken 

down to the pan, it does not have to be weighed, but it needs to be dumped into the 1000-ml 

cylinder. The sediments from the sieves may be thrown away after they are weighed.  

Adding the total sand mass to the total mass of silt and clay (determined from pipet analysis 

as explained in the following section) gives the total mass sample. Dividing the sand mass 

from each sieve by the total sample mass gives (Class%). Adding (Class%) one after the 

other beginning from -2 ϕ until 4 ϕ gives out the (Cumulative Mass Percent Coarser). 

Subtracting the (Cumulative Mass Percent Coarser) at each sieve from 100 results in 

(Cumulative Mass Percent Finer). 

3.4.2. Pipet Analysis 

For pipet analysis the following equipment should be prepared: the 1000-ml cylinder with 

sample, sample sheet, 2 100-ml beakers, spray bottle with distilled water, an empty 250-ml 

beaker to be used as the trash beaker, a 250-ml beaker filled with distilled water to be used as 

the wash beaker, a 20-ml pipet with the 10-cm and 20-cm depths marked precisely, and a 

reliable timer clock. 

Each of the 2 100-ml beakers shall be weighed and their mass recorded on the sample sheet 

and the numbers of the beakers should also be noted. The temperature of the cylinder water 

should be measured and noted. If the content (water and sediments) of the cylinder is less 

than 1000 ml, distilled water should be added until the 1000-ml line is reached measuring 

from the bottom of the meniscus. The withdrawal time for the first sample is 20 seconds after 

the initial shaking. The first sample is to be used to determine the amount of silt and clay 

present in 1000 ml. The withdrawal time for the second sample is to be calculated using the 

following equation (a version of Stoke’s law): 

Tmin = (Depthcm)/(1500*A*dmm
2) 

where d is in mm and A is calculated from: 

A = 0.0907T + 1.764 



15 
 

where T is the temperature of the water in the cylinder in ºC (assuming that quartz, feldspars, 

and clays are the predominant sediment types). In this experiment, the withdrawal time of the 

second sample is calculated to be 2 hours after the initial shaking. The second sample is to be 

used to determine the amount of clay present in 1000 ml. 

Here is how the process of taking the samples should go: using a cylinder stir rod, suspend 

the entire sample by plunging vigorously while taking care not to break the water surface in 

order not to splash water outside of the cylinder. With a few seconds left on the withdrawal 

time, stirring stops, and the stirring rod is taken out of the cylinder. Any sediment that may be 

stuck on the rod should be washed off with distilled water. Then, the pipet should be 

submerged in the cylinder evenly and quickly until the 20 cm mark is reached. After exactly 

20 seconds from the initial shaking, the first sample should be taken by sucking on the pipet 

(with mouth or bulb) until sediment-water sample rises just over the 20-ml line in the pipet. A 

thumb is then placed over the pipet top, so the sample does not run out. After that, the pipet 

tip is placed over the trash beaker and is slowly allowed to let out sediment and water until 

muddy-water level in pipet reaches the 20-ml line. Using the spray water bottle, the outside 

of the pipet should be washed off into the trash beaker. Next, the pipet tip is transferred 

immediately to the 100-ml beaker that was weighed previously and the content of the pipet is 

emptied into the beaker. There may be silt grains stuck to the inside of the pipet and need to 

be washed out, so, using the pipet, 5-10 ml of distilled water is to be taken from the wash 

beaker to rinse out the pipet and then emptied into the 100-ml beaker. After 2 hours of the 

initial shaking, the second sample should be taken following the same procedure, but instead 

of submerging the pipet in the cylinder to the 20-cm level, it is submerged to the 10-cm level. 

When all samples have been taken, all beakers should be placed in a drying oven for at least 

24 hours. After that, the beakers may be taken out from the drying oven and let cool for about 

an hour. Then, all beakers should be weighed, and their mass recorded. Subtracting the mass 

of the beaker when it is empty from the mass of the beaker with the sample dried will give 

the aliquot mass. Then, using the aliquot mass in the relationship (aliquot – 0.056)*50 will 

give the mass of silt and clay in 1000 ml in case of the sample taken at 20 cm deep in the 

cylinder, while it will give the mass of the clay only in case of the sample taken at 10 cm 

deep in the cylinder. In this relationship, the mass of Na4P2O7 in the dried sample is 

subtracted from the aliquot, and the result is multiplied by 50 to scale the total mass up to the 

whole sample because the 20-ml aliquot is 1/50 of the entire sample. The total mass of silt 

and clay added to the total sand mass gives the total sample mass. The (Cumulative Mass 

Percent Coarser) is calculated from the relationship: 

Cum% = (100)*(Total Sample Mass – ((aliquot – 0.056)*50)) / Total Sample Mass 

However, there is no need to calculate the (Cumulative Mass Percent Coarser) for silt+clay 

using this relationship as it has been already calculated in the sieve analysis at the 4 ϕ sieve 

(Both give the same result). So, the previous relationship shall be used to calculate the 

(Cumulative Mass Percent Coarser) for clay, then the result is subtracted from 100 to give the 

(Cumulative Mass Percent Finer). 

All the explained calculations for the sieve analysis and pipet analysis can be carried out 

using the worksheet attached in Appendix A 
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3.4.3. SediGraph® 

The goal of this part of the grain size analysis is to get the Cumulative Mass Percent Finer for 

different grain sizes in silt and clay. This analysis is carried out using Micrometrics 

SediGraph® 5100 (referred to as SediGraph®). The SediGraph® does not test for sediment 

fraction >63-μm. Thus, the results from the SediGraph® for silt and clay will be combined 

with the results from the sieve analysis for sand at a later step to get a combined result for the 

whole sample. 

Here is how the sample for the SediGraph® was prepared. The same samples in 1000-ml 

cylinders used previously in sieve and pipet analyses shall be used again. Using a cylinder stir 

rod, plunge the sample in the cylinder vigorously several times until the sample is well-

suspended in the water. Using an 80-ml pipet (or a 40-ml pipet twice), a sample from the 

cylinder should be taken immediately after suspending the sample has been stopped and 

poured in a plastic cup. The sample is then placed in an ultrasonic bath for 1-2 minutes. Then, 

the sample is removed from the ultrasonic bath and lightly stirred again using a glass rod. 

Before proceeding, the analysis parameters in the SediGraph® should be set up according to 

(Table 2). The sediment fraction upper- and lower boundary set for analysis were 63 µm (~4 

ϕ) and 0.5 µm (~11 ϕ), the latter is the cut-off value for the analysis. (Figure 7) shows the 

schematic setup of the SediGraph®. 

 

Setting Property Condition 

Material Properties Sample Material Sediment 2.650 g/cm3 

Analysis Liquid Default For Water1 

Analysis Unit Standard 

Starting Diameter 63.00 µm 

Ending Diameter 0.50 µm 

Analysis Options Stirrer Time 30 Seconds 

Stirrer Speed High 

Pump Speed 3 

Bubble Detection Coarse 

Number of Tests 12 

 

 

Table 2: Settings and Setup for the SediGraph® analysis 

Figure 7: Schematic setup for the SediGraph® from WIN5100 V2.01 SediGraph® 

software.  
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Then, the sample is poured into the SediGraph® stir mixing chamber. The SediGraph® set up 

analyzes particle sizes between 0.5-63µm, and results are given in “Cumulative Mass Finer 

(Percent)”, which indicates what quantity of the sediment sample that is finer than the given 

grain size.  

The (Cumulative Mass Percent Finer) resulting from the SediGraph® is then multiplied by the 

(Cumulative Mass Percent Finer) resulting from the sieve analysis in the 4 ϕ sieve to scale the 

SediGraph® results to the entire 1000 ml sample.  

The resulting (Cumulative Mass Percent Finer) from the previous calculation along with the 

(Cumulative Mass Percent Finer) resulting from the sieve analysis are combined together in 

descending order representing the final result of the grain size analysis with the results from 

the pipet analysis marking the boundaries between sand, silt, and clay in the sample.  

The resulting data were processed in Microsoft® Excel (version 2302) and visualized in 

graphs created by the same software. 

3.5. Bulk Sediment Geochemistry Analysis 

For total organic carbon (TOC), total nitrogen (TN), and stable carbon and nitrogen isotopes, 

samples were dried in an oven at 100 ºC for 3 days. After the samples were dried, an agate 

mortar was used to crush and grind the samples into smooth powder. For each sample, 

between 15 and 30 mg of powdered sediment was weighed into small sliver cups. The silver 

cups were closed by using forceps to flatten the top of the cups, and then compressed with a 

four-arm pinch. To ensure that no sediment escaped, and no sharp edges existed on the cups, 

the flattened tops were further folded two times and the bottoms folded once until the cups 

became spherical. To dissolve carbonate content in the sediment, the sample plate was placed 

into an exicator for 48 hours where the samples were treated with exhalates of hydrochloric 

acid (HCl). Thereafter the samples were dried in an oven at approximately 50° C for two 

hours. Further, the flattened silver cups were placed in tin cups and closed in the same 

procedure as for the silver cups. All samples were analyzed by the EA-IRMS mass 

spectrometer (Department of Earth Sciences, GU). 

The data was visualized in Microsoft Excel (version 2302), where the results of TOC, TN, 

δ13C and δ15N were plotted and additionally the C/N ratio was calculated and as well plotted. 

To estimate the sources of organic matter, a scatter plot of C/N versus δ13C was used by 

following Meyers (1994). 

3.6. Accelerator Mass Spectrometry (AMS) 14C Dating 

Two macrofossil shells were picked for radiocarbon dating from the 11-13 m interval in the 

core. The macrofossils were cleaned using distilled water and weighed before they were sent 

for radiocarbon dating. The AMS 14C dating was performed by the Tandem Laboratory in 

Uppsala University. 

In the laboratory, the samples are first cleaned ultrasonically in pH 3 distilled water. 

Secondly, the samples were leached with 0.5 M HCl to extract separate fractions of CO2. In a 

first order approximation, the obtained CO2 in the different fractions could be considered to 

represent different depths in the shells, calculated from the outside, providing information 

about influence of contaminants and related (for example aragonite-calcite re-crystallisation). 
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Lastly, before the determination of the 14C content in their accelerator, the fraction of CO2 

required was graphitized with a use of Fe-catalyst reaction. In this investigation, the leaching 

has been carried out in 1 turn, and the inner fraction has been dated. 

The AMS 14C dating data from the laboratory was calibrated using software CALIB version 

8.2 (Stuiver et al., 1993). The data was compensated for marine reservoir effect of 400 years 

and 550 years. 

3.7. Paleontology 

A total of 17 medium to large macrofossils were hand-picked at different depths in the core. 

Macrofossils are the remains of ancient organisms that are visible to the naked eye. They can 

include bones, shells, teeth, leaves, and other plant and animal parts. In this study, all 17 

samples were shells, most of which were fragments, and a few were nearly whole halves. 

Macrofossils can provide valuable information about the paleoenvironment and climate. 

The process of identifying macrofossils involves a few steps. First is discovering the 

macrofossils in the core. Some of the fossils were present on the surface of the core but many 

others were covered by sediment and buried inside the core which required some excavation. 

Second is cleaning and preparation. Once macrofossils are discovered and picked, they need 

to be cleaned and prepared for analysis. This involves removing any sediments or debris that 

may be covering the macrofossil, as well as being cleaned using distilled water in order for its 

texture and physical features to be clearly visible. Third is examination. Once the macrofossil 

has been thoroughly cleaned, it is examined using the naked eye then under a microscope to 

identify its features. This includes analyzing the shape, size, texture, and other physical 

characteristics. Fourth is comparison. For a macrofossil to be identified, it is often compared 

to other fossils or known specimens of the same species. This involves looking at similarities 

in morphology and anatomy of the fossil. The last step is the classification. Once the 

macrofossil has been identified, it is classified based on its taxonomic group. 

All macrofossils were identified and classified by Kjell Nordberg, the professor of Marine 

Geology and Paleoceanography at the Department of Marine Sciences at the University of 

Gothenburg. 

3.8. XRF Elemental Analysis 

XRF stands for X-ray fluorescence, which is a non-destructive analytical technique used to 

determine the elemental composition of materials. It works by exposing a sample to high-

energy X-rays, which cause the atoms in the sample to emit characteristic fluorescent X-rays. 

By analyzing the energy and intensity of these X-rays, one can determine the elemental 

composition of the sample (Brouwer, 2006).  

The section of the core that was promising for an XRF analysis was the rhythmites between 

14 and 16 m deep in the core, but this section was destroyed during sampling.. Instead, a 

corresponding section of rhythmites in the Liseberg core mentioned earlier (The other core 

donated by NCC to GVC taken from Liseberg which is very close to Korsvägen) was still 

intact and moist, so it was taken to be scanned. That was motivated by the fact that the two 

places where the two cores were sampled are in the same area and only a couple of hundred 

meters apart, so both most probably resembles the same environment in the past and the XRF 
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results of the rhythmites in the Liseberg core scan can be analyzed in relation with other 

results of the Korsvägen core analyses. 

The machine used to analyze the core using XRF is called ITRAX. ITRAX (instruments for 

non-destructive analysis X-ray) is a core-scanning machine that uses X-ray fluorescence 

(XRF) to perform non-destructive elemental analysis (Löwemark et al., 2019). This analysis 

was carried out at the core-scanning lab in Stockholm University as there is no an ITRAX 

core scanner in GVC in University of Gothenburg. The process of analyzing a sediment core 

using an ITRAX machine involves several steps. First is core preparation. The core was 

placed on half-cylindrical trays that can be scanned by the ITRAX machine. The core was 

kept as intact as possible. Second is core scanning. “In the ITRAX system, the X-ray tube 

remains fixed, and the sample is moved beneath the detector. While the detector can move up 

and down to some extent to accommodate for variations in the microtopography of the 

sample surface, a smooth and even surface is essential for reliable results.” (Löwemark et al., 

2019). The machine produces high-resolution digital images of the sediment cores, as well as 

XRF data for each element present in the sediment. Third is data processing. The XRF data 

produced by the ITRAX machine are processed using specialized software. This involves 

calibrating the XRF data using standard reference materials and correcting for background 

signals and matrix effects. Fourth and last is elemental analysis. The processed XRF data can 

be used to determine the elemental composition of the sediment at each point in the core. 

ITRAX machines can analyze multiple elements simultaneously, which can save time as it 

eliminates the need to scan the core several times and improve the accuracy of the analysis. 

The results are exported in the form of an excel files where the concentrations of each 

chemical element are listed along the core. 
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4. Results 

4.1. Core Log and Lithology 

The core has been visually logged and described and the results are recorded in the 

stratigraphic log in Figure 8. There are several hiatuses along the core which show as gaps in 

the core log. These are probably caused while drilling for the core as some parts can fall off 

the drilling cylinder and go missing. Additionally, some of the clay intervals may be slightly 

compressed. 

Figure 8: The stratigraphic log of the core. 
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There is a general fining upward trend across the 

core as diamicton occurs more frequently towards 

the bottom of the core while, on the other hand, clay 

occurs more frequently and in thicker layers towards 

the top of the core. Observed macrofossils are 

concentrated between 8.5 m deep in the core and 

14.1 m deep while there are no macrofossils at all in 

shallower depths and only a few macrofossils in 

deeper depths. Dropstones occur at different depths 

along the core but are more concentrated at deeper 

than 21 m. They vary in size from 1 cm thick up to 8 

cm thick and are generally of igneous or 

metamorphic nature (Figure 9). 

There are several sections of rhythmites observed along the core. The first one is between 

14.55 m and 15.58 m (Figure 10). This section was logged while it was moist before it dried 

out. It is a sequence of alternating reddish clay layers with grey silty clay layers and they do 

not have shell fragments or dropstones at all. However, this section of rhythmites is 

interrupted briefly several times by fine sand layers. There are 21 rhythmites in this section 

and they range in thickness between 2.3 cm and 10.8 cm. The second section of rhythmites is 

between 16 m deep and 16.91 m. They differ from the previous section of rhythmites in 

thickness and in grain size (Figure 11). This section is composed of only 4 rhythmites ranging 

in thickness between 16.5 cm and 66 cm. They are made of alternating clay layers with 

relatively thicker laminated sandy layers. The rhythmites of both aforementioned sections are 

numbered from bottom up and their thicknesses are compared in (Figure 12).  

 

Figure 9: Example of a dropstone 

observed in the core. 

Figure 10: Section of clayey rhythmites in a dried-out condition. Going from right to left is going 

down or deeper in the core. 

Figure 11: Thick sandy rhythmites. Going from right to left is going down or deeper in the core. 
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The diamicton layer between 21.3 and 21.8, the coarse sandy clay layer between 12 m and 

13.49 m, the coarse sand layer between 7.62 m and 7.72 m, the coarse sand layer between 7.3 

m and 7.62 m, and the medium sandy clay layer between 7 m and 7.29 m may have different 

grain size prevailing but they all might have been precipitated by similar events due to all of 

them being poorly sorted massive sandy mud that are sometimes also shell-fragment rich. 

  

 

  

  

  

  

  

  

  

                                         

  
  
  
  
  
  
 
 

                

Figure 12: A graph comparing the thickness of rhythmites between 16 m and 16.91 m (1 – 4) and 

rhytmites between 14.55 m and 15.58 m (5 – 25). 
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4.2. Grain Size Analysis  

Thirty nine samples were part of the grain size analysis, and the results 

are illustrated in the depth profile in (Figure 13) and in (Figure 14 a-e). 

All 39 samples went through the sieve analysis and pipet analysis, 

however only from K-C-1-2.4 to K-C-29-14.77 were part of the 

SediGraph® analysis. That is why samples from K-C-30-14.79 to K-C-

39-24.5 (Figure 14 d) lack any data in the clay section of the graph 

while the data in the silt section of the graph is interpolated between the 

two points resulting from the pipet analysis expressing the total amount 

of silt and clay at the boundary between sand and silt and the point 

expressing the total amount of clay at 0.004 mm. The sudden change in 

most of the sample curves at the sand-silt boundary is, in fact, an 

artefact resulting from connecting the sieve analysis results and the 

SediGraph® results. 

From the bottom of the core up until 15 m deep, sediments are much 

coarser and more mixed up than the rest of the core as the dominant 

sediment type starts at the bottom as diamicton then gradually changes 

to coarser sand then finer sand (Figure 8) The clay percentage at its 

lowest ever throughout the core between 26 m and 20 m deep ranging 

between 5.5% and 16.4% (Figure 13). As seen in (Figure 14 d), samples 

from K-C-33-20.8 to K-C-39-25.4 are very coarse terminating close to 

the clay boundary at a very low percentage. 

From 15 m deep until 7 m deep, the percentage of clay varies 

considerably between 11.6% and 77.9% increasing and decreasing 

repeatedly. The clay percentage is relatively high starting at 64.1% at 

14.77 m deep and reaching 53% at 14.1 m deep. The clay percentage 

stays well below 40% between 14 m deep and 12 m deep, then it spikes 

breifly at 11.7 m deep reaching 77.3%. The clay percentage stays in 

40s% between 11.3 m and 10 m deep before dropping to 28.2% at 9.5 m 

deep. The clay percentage reaches 77.9% at 9.1 m deep before it starts 

to decrease gradually between 9 m and 8 m deep. Between 8 m and 7 m 

deep, the dominant sediment type is sand of different sizes rendering 

clay less than 15% at its maximum. 

The clay percentage reaches an all-time peak of 80.1% in the core at 6.7 

m deep as shown from sample K-C-10-6.7. From 6.3 m deep up until 

the top of the core, the percentage of clay varies within a quite a narrow 

range between 53.9% and 70.1%. As seen in the depth profile (Figure 

13), the clay percentage is consistently high from 6.7 m until the top of 

the core. It also can be seen in (Figure 14 a) that the 

curves representing the 10 samples tested from 6.7 

m deep until the top of the core show little variation 

from one another and, thus, are closely packed. This 

agrees with the representation of the same section 

of the core in the core log (Figure 8) as mainly clay. 

Figure 13: Depth 

profile showing 

clay, silt, and sand 

fraction changes 

with depth derived 

from the grain size 

analysis. 
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a) b) 

c) d) 

e) 

Figure 14: Graphs illustrating the results of the grain 

size analysis.  

(a) samples from K-C-1-2.4 to K-C-10-6.7  

(b) samples from K-C-11-7.3 to K-C-19-11.3  

(c) samples from K-C-20-11.7 to K-C-29-14.77  

(d) samples from K-C-30-14.79 to K-C-39-25.4  

(e) A collective graph that shows all samples from K-

C-1-2.4 to K-C-39-25.4 
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4.3. Bulk Sediment Geochemistry Analysis 

Sixty two samples taken at different depths between 2.2 m deep and 17.48 m deep were 

analyzed for total organic carbon (TOC), total nitrogen (TN), isotopic carbon (δ13C), and 

isotopic nitrogen (δ15N), then the atomic ratio between TOC and TN is calculated (C/N). The 

results are presented in (Figure 15). 

TOC and TN follow the same trend generally in either increasing or decreasing in their 

respective graphs. Between 2.2 m deep and 6.9 m deep, the percentage of TOC and TN 

fluctuates massively between 0.458% and 3.018% for TOC and between 0.243% and 0.054% 

for TN increasing and decreasing roughly every sample or every couple of samples with 

noticeable differences. Between 8.1 m deep and 11.6 m deep, the percentages of TOC and 

TN fluctuate but not as hard as in shallower depths. TOC ranges between 0.156% and 

1.170% while TN ranges between 0.006% and 0.096%. At 12.1 m deep, there is a significant 

spike where TOC reaches 1.672% and TN reaches 0.149%. Between 12.3 m deep and 14.53 

m deep, TOC starts high for the first 2 samples at 0.554% and 0.881%, then drops and 

stabilizes in a close range between 0.297% and 0.353%. For the same range of depth, TN 

does not fluctuate significantly ranging between 0.010% and 0.026%. Between 15.68 m deep 

and 17.48 m deep, both TOC and TN have their lowest percentages throughout the core 

fluctuating within a very narrow range. TOC ranges between 0.080% and 0.328%, and TN 

ranges between 0.002% and 0.018%. 

The C/N ratio between 2.2 m deep and 9.1 m deep ranges between 7.7 and 15.2 except for a 

little spike at 5.6 m deep where it reaches 19.3. At 9.3 m deep, the C/N ratio spikes 

significantly reaching 41.2. Between 9.5 m deep and 12.3 m deep, the C/N ratio ranges 

between 8.7 and 24.8, before it spikes hard reaching 50.9 at 13 m deep, then decreases to 32.9 

at 13.2 m deep. Between 13.45 m deep and 14.53 m deep, the C/N ratio ranges between 11.5 

and 19.2. Between 15.68 m deep and 17.48 m deep, the C/N ratio increases and decreases 

significantly back and forth ranging between 17.8 and 64.3. 

Figure 15: Bulk sediment geochemistry analysis results. Total Organic Carbon (green), Total Nitrogen (yellow), 

atomic C/N ratio (blue), isotopic carbon (purple) and isotopic nitrogen (red). Blue rectangles show where facies 

are suggested to be mud or debris flows. 
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In (Figure 16), atomic C/N ratio is plotted against isotopic carbon following (Figure 1) in 

Meyers (1994) to identify possible sources of organic matter in sediments. As shown in the 

figure, none of the samples are identified as lacustrine algae while only one sample is 

identified as C4 land plants. On the other hand, the samples taken towards the bottom of the 

core are identified as C3 land plants, while the samples taken towards the top of the core 

either fall within the marine algae field or close to it. C3 land plants grow in cool and highly 

moist environments (Raghavendra, 2003). Contrary to C3 plants, C4 land plants occur at 

warm and dry environments being most efficient at photosynthesis in hot sunny climates 

(Von Caemmerer & Furbank, 1999). Marine algae can be found in waters ranging in 

temperature from -2°C to 30°C (Setchell, 1915). They can also often be found in depths up to 

30 m deep in marine environments (Runcie & Gurgel & Mcdermid, 2008). Lacustrine algae 

live in ponds and lakes where water is relatively shallow and light penetration is significant 

(Hou et al., 2022). 

 

 4.4. Accelerator Mass Spectrometry 14C Dating 

The AMS 14C dating results are presented in (Table 3 a-b) and (Figure 17 a-b) for two dated 

macrofossils. All 14C ages align well and show no age reversals. At 11.55 m deep, the 

calibrated 14C age is 12,580 ± 44 calendar yrs. BP. At 12.92 m deep, the calibrated 14C age is 

12,673 ± 44 calendar yrs. BP. The calibrated dates are then corrected for marine reservoir 

effect of ~400 years as shown in (Table 3 a) and (Figure 17 a) which used to be the accepted 

reservoir effect before, and also corrected for marine reservoir effect of ~550 years as shown 

Figure 16: Distinctive source combinations of atomic C/N ratios and organic δ13C values of marine 

algae, lacustrine algae, C3 land plants, and C4 land plants. 
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in (Table 3 b) and (Figure 17 b) which is the accepted reservoir effect at present (Irina 

Polovodova Asteman, personal communication). Attached in Appendix B is the dating report 

from the Radiocarbon Laboratory and the Tandem Laboratory in Uppsala University. 

Sample 

Lab 

number 

Sample ID 
Depth 

(m) 

Material 

dated 

Species 

name 

δ13C‰ 

V-PDB 

14C age  

(yrs. BP) 

SD 

1σ 

Calibrated age 

range 

(δR= -150±50)  

(yrs. BP) 

Relative 

probability 

Median 

calibrated 

age  

(BP) 

Ua-77673 Korsvägen-1 11.55 
CaCO3 

Shell 

Modiolus 

modiolus 
0.1 12,580 44 14,069 – 14,383 1 14,248 

Ua-77674 Korsvägen-2 12.92 
CaCO3 

Shell 

Mytilus 

edulis 
1.2 12,673 44 14,206 – 14,586 1 14,418 

(a) 

(b) 

 

 

  

Sample 

Lab 

number 

Sample ID 
Depth 

(m) 

Material 

dated 

Species 

name 

δ13C‰ 

V-PDB 

14C 

calibrated 

age  

(yrs. BP) 

SD 

1σ 

Calibrated age 

range  

(δR= 0±50)  

(yrs. BP) 

Relative 

probability 

Median 

calibrated 

age  

(BP) 

Ua-77673 Korsvägen-1 11.55 
CaCO3 

Shell 

Modiolus 

modiolus 
0.1 12,580 44 13,861 – 14,121 1 14,008 

Ua-77674 Korsvägen-2 12.92 
CaCO3 

Shell 

Mytilus 

edulis 
1.2 12,673 44 14,011 – 14,290 1 14,156 

Table 3: AMS 14C results. (a) Marine reservoir effect correction of 400 years. (b) Marine reservoir effect 

correction of 550 years. 

(a) 

(b) 
Figure 17: The 14C dating results in calibrated calendar years plotted with depth, including the 

margin error (bars). (a) Dates are corrected for marine reservoir effect of 400 years (b) Dates are 

corrected for marine reservoir effect of 550 years. 
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4.5. Paleontology  

A total of 17 macrofossils were picked from the core and identified (Table 4). In total, 7 

different species were identified from 2 different classes. 3 out of the total 17 macrofossils 

were not possible to identify on the species level, however 2 of these 3 were identified to be 

of the class Bivalvia. The third macrofossil was not also possible to identify at the class level, 

but it exhibits signs indicating that the animal that lived in that shell might have been killed 

or at least attacked by a Natica species that belongs to the Gastropoda class. This could be 

evidence that Natica lived at some point at the sample depth, however no macrofossils 

remnants of that species were found in the core. 

The macrofossils consist of species that either have a wide range of habitats (temperate to 

polar) or exclusively polar. Modiolus modiolus can be found in both shallow and deep 

waters, but it is typically found subtidally at depths ranging from 10 to 35 m (Fariñas‐Franco 

& Roberts, 2018). It can be found in temperate coastal regions around the world (Brash et al., 

2018). Mya truncate can be found at depths ranging from 2 to 100 m, but it is typically found 

burrowing in mixed sand, sandy mud, or gravel substrata from the lower shore to about 70 m 

deep. It lives in temperate climates around the Arctic, Northern Atlantic, and Northern Pacific 

(Piepenburg, 1996). Balanus crenatus can be found in both shallow and deep waters from 

exposed waters at the surface to calm waters at up to 182 m deep. It lives around the Arctic, 

Eastern Pacific, Northern Atlantic, and the Mediterranean (Zullo, 1963). Hiatella arctica can 

be usually found between 0 and 40 m deep and lives in temperate to polar climates 

circumglobally (Raines & Huber, 2012). Astarte sulcate can be found at depths as shallow as 

0 m and as deep as 2000 m living in polar to tropical climates (Jennings et al., 1999). Mytilus 

edulis can be found at depths ranging from 0 to 60 m deep living in temperate waters 

(Harvey-Clark, 1997). Macoma calcarea is a polar species that can be found at depths ranging 

Sample Number Species Class 

K-S-1-8.75 Modiolus modiolus Bivalvia 

K-S-2-9.16 Mya truncate Bivalvia 

K-S-3-9.19 Mya truncate Bivalvia 

K-S-4-9.22 Balanus crenatus Thecostraca 

K-S-5-10.41 Hiatella arctica Bivalvia 

K-S-6-10.5 Balanus crenatus Thecostraca 

K-S-7-11.38 Modiolus modiolus Bivalvia 

K-S-8-11.8 Modiolus modiolus Bivalvia 

K-S-9-12.76 Astarte sulcate Bivalvia 

K-S-10-13.18 Mytilus edulis Bivalvia 

K-S-11-13.2 Mytilus edulis Bivalvia 

K-S-12-13.22 Macoma calcarea Bivalvia 

K-S-13-13.43 Unidentified fragment  Bivalvia 

K-S-14-14.12 Unidentified fragment  Bivalvia 

K-S-15-22.5 Balanus crenatus Thecostraca 

K-S-16-24.18 Macoma calcarea  Bivalvia 

K-S-17-25.55 Unidentified fragment Unknown Class 

Table 4: Summary of macrofossil identification where every macrofossil is given a sample number 

and identified down to the class and species level. 

 

https://www.researchgate.net/figure/Relative-frequencies-of-males-M-and-females-F-in-each-size-range-of-Modiolus-modiolus_tbl1_323584784
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from 0 to 360 m deep. It can be found in the Arctic, Pacific Ocean and Atlantic Ocean 

(Piepenburg & Chernova & Von Dorrien, 1997). 

4.6. XRF Elemental Analysis 

The results of the XRF elemental analysis were concentrations of 23 chemical elements 

throughout the rhythmites of the Liseberg core. The concentrations of 5 of those 23 elements 

are illustrated in (Figure 18 a-e). The spots in the core section where concentrations drop to 0 

ppm or approach it represent cracks in the core, so they are artefacts in the data curves rather 

than actual data. 

As seen in (Figure 18 a) and (Figure 18 b), K and Si have an inversely proportional 

relationship. Where K has high concentrations, Si has low concentrations, and vice versa. The 

concentration of K increases over the relatively thick rhythmite layers of brownish almost-

pure clay and decreases over the brief layers of grey silty clay. The opposite stands true in the 

case of Si. The concentration of Fe (Figure Y17 c) always follows the trend of K in 

increasing and decreasing while the concentration of Ca (Figure Y17 d) often follows the 

trend of Si in increasing and decreasing. The concentration of Al (Figure Y17 e) increases 

and decreases repeatedly throughout the core staying at average around 200 ppm. However, 

Al may be slightly following the trend of Si as the average concentration of Al sometimes 

increases where Si concentration increases and vice versa. 

 

(a) (b) (c) (d) (e) 

Figure 18: XRF elemental analysis results showing concentrations of chemical elements in rhythmites 

section of the Liseberg core presented in ppm with a picture of the core section in the background. (a) 

Concentration of K (b) Concentration of Si (c) Concentration of Fe (d) Concentration of Ca (e) 

Concentration of Al. 
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5. Discussion 

5.1. Interpretation of Stratigraphy and Sedimentology of the Core 

The core shall be interpreted in three main sections from bottom to top. The first section is 

from 26 m to 19 m deep which is the part with the most coarse-sediment layers in the core. 

The second section is from 19 m to 14 m deep which consists mainly of rhythmites. The third 

section is from 14 m to 2 m deep which consists mainly of clay. 

5.1.1 From 26 m to 19 m deep 

As it can be seen from (Figure 8) and (Figure 14 e), this section of the core is dominated by 

sands and diamicton which are coarse sediments with mixed gravel and rock fragments. Such 

coarse and very coarse sediments need a high energy transporting medium in order to be 

moved from its source reaching the core location. Those sediments have most probably been 

transported to the core location by meltwater discharge from the glacier (Powell, 1990; Plink-

Björklund, 1999), and, like any glacier, it is expected that it carries a sediment load of various 

grain sizes. It is a natural occurrence that a meltwater discharge originates from the glacier 

and flows beneath it in subglacial tunnels or streams transporting some of the sediment load 

that the glacier carries within. These deposits carried in meltwater discharges form 

subaqueous outwash fans (Rust & Romanelli, 1975). Subaquatic outwash in this case defines 

sediments deposited from subglacial meltwater onto the ocean floor, most likely by steady 

and surge-type turbidity currents Plink-Björklund,1999). 

It is not possible to define using the core sediments only what type of subaqueous outwash 

fans were formed at the core location according to Figure 2 in Powell (1990), however it can 

be interpreted that the water discharge was medium to high with relatively high sediment 

discharge in order to be capable of travelling for some distance transporting coarse sediments 

and, in specific, large rock fragments and gravel. What has been identified earlier as 

subaqueous outwash fan means probably the same as what is called submarine fan by Plink-

Björklund (1999). The submarine fan deposition requires meltwater currents that are 

sustained for long periods (Kneller & Branney, 1995). The sub-angularity of large clasts and 

their poor sorting reflect short transport distances (Selby, 1994), which suggests “that 

sediment was supplied by long-lived semi-continuous flood events directly produced by 

glaciofluvial discharge from ice tunnels” (Powell, 1999). Glaciofluvial discharge from ice 

tunnels directly into the submarine fan typically generates turbidity currents (Heezen et al., 

1964; Shepard & Emery, 1973; Reynolds, 1987; Wright et al., 1990; Normark & Piper, 

1991). The deposition of those currents was probably triggered by strong deceleration 

(Kneller, 1995).  

The diamictons, which are poorly-sorted matrix-supported deposits with matrix of silty sand 

to coarse sand and angular to subangular clasts ranging from granules to large pebbles, can be 

interpreted as slide and slump deposits of glacial debris that was re-deposited due to being 

unstable in front of the ice margin (Plink-Björklund, 1999). It slid and slumped due to the 

downslope component of gravity or by the shear of overpassing flows (Lowe & Lopiccolo, 

1974; Lowe, 1982; Nichols, 1995). 

In short, the meltwater discharge flowing from beneath the glacier forms turbidity currents 

that travel for relatively short distances before they decelerate rapidly and drop their 
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ungraded poorly-sorted matrix-supported sediment load onto the ocean floor forming 

subaqueous outwash fans. The glacier was in direct contact with the ocean and the core 

location was in the open ocean water, so it can be concluded that the core location must have 

been ice-proximal for the turbidites to deposit their load at the core location. As the ice 

margin retreats, it is possibility that turbidites could travel for many kilometers carrying sands 

to the core location (Wells & Dorrell, 2021), but another possibility that should be considered 

is that most sediments at this section of the core were deposited by turbidites that the glacier 

produced before the ice margin reached the Gothenburg moraine, which lies 2.5 km east of 

the core location. However, it is not possible to identify from the core the level at which the 

glacier reached the Gothenburg moraine exactly. Once the ice margin has retreated tens of 

meters from the core location, turbidity currents, and perhaps also debris flows, are present to 

transport sandy sediment onto the sea floor. The classic Bouma turbidite sequence contains 

five distinct portions (Nilsen, 1984). The sands in the Korsvägen core are somewhat poorly 

preserved but appear mostly massive with some laminated intervals, most similar to what is 

found in the Bouma A and B layer. These Bouma units are characteristic of proximal portions 

of turbidite deposits. If other parts of the Bouma sequence were formed, they were 

subsequently eroded by succeeding turbidity currents or exist more distally. 

The base of the core has been classified as diamicton because of its massive appearance, 

presence of some clasts, and wide range in grain size. However, it is not as compact nor as 

stone as the regional subglacial till (Mark Johnson, personal communication). Therefore, the 

diamicton at the base is likely not subglacially deposited sediment, but poorly sorted ice-

marginal sediment, such as debris flows or proximal outwash, perhaps deformed by small, 

ice-marginal fluctuations. The diamictons at the base of the core correspond to unit A of the 

generalized stratigraphic model of marine sequences in the Gothenburg area (Stevens & 

Hellgren, 1990) 

As seen in Figure 8, there is a finning-upward trend where it starts with diamicton then 

gradually changes into coarse sand, then ends the section with fine sand. This finning-upward 

trend can be seen as evidence of the retreat of the ice margin. Moreover, the transition from 

this section of diamiction and sands into the clay rhythmites between 19 m and 14 m deep is 

further evidence of the retreat of the ice margin away from the core location. As the glacier 

becomes further away from the core location, the meltwater discharge from the glacier drops 

the gravel and rock fragments followed by coarse sands before it reaches the core location. 

5.1.2. From 19 m to 14 m deep 

Both sequences of rhythmites present within this section of the core exhibit a cyclic character 

in sediment color, grain size, and elemental composition. In the first sequence of rhythmites 

between 16.91 m and 16 m deep, thin brownish clay layers alternate with thick tarnished 

yellow silty or sandy layers. In the second sequence of rhythmites between 14.55 m and 

15.58 m deep, brownish clay layers alternate with greyish silty clay layers. As for the 

cyclicity of elemental composition, the rhythmites of the Korsvägen core were not available 

for XRF elemental analysis as they were destroyed during sampling, so a section of 

rhythmites from the Liseberg core analyzed by Claesson (2023), which is approximately 200 

m far from the Korsvägen core, was used instead as it is believed to represent the same 

rhythmites layers in the Korsvägen core. The XRF elemental analysis of the rhythmites 

shows that the concentration of Si increases significantly over the greyish silty to sandy 
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layers and decreases significantly over the brownish clay layers. Contrastingly, the 

concentration of K increases significantly over the brownish clay layers while it decreases 

significantly over the greyish silty to sandy layers. Si being the main constituent of silt and 

sand, it makes sense for it to increase where silt and sand are the dominating sediment type 

and decrease when it is otherwise, however it is not clear why K increases when clay is the 

dominating sediment type and decreases otherwise given that K is not part of the chemical 

composition of any clay mineral. The cyclical character of the rhythmites is best displayed by 

the Fe curve, which shows highest concentration in the clayey layers. Overall, the inversely 

proportional relationship of Si and K shows a cyclic nature that agrees with the mentioned 

cyclic nature of sediment color and grain size. That cyclic nature can best be explained by 

seasonal glaciomarine deposition which makes these rhythmites varves. This interpretation 

agrees with the interpretation of Stevens (1985) and Påsse (1986) of rhythmites studied also 

in southwest Sweden as it is not uncommon to find marine varves within the region. 

The primary process that helps deposit varved sediments is to have a strong seasonal cycle 

that affects sedimentation (Hughen, 2015). In the case of the marine varves in the Korsvägen 

core, the seasonal signature stems from the increase of glacier melting during the summer due 

to the increase in temperature producing a stronger meltwater discharge that is able to 

transport sands for long distances depositing summer layers at the core location and the 

decrease of glacier melting during winter due to the decrease in temperature producing a 

weak meltwater discharge that is not able of transporting sediments to the core allowing for 

suspended clay particles to settle down over the winter depositing winter layers. 

Varved sediments have been deposited at the core location because the ice margin has 

retreated back enough that the glacier meltwater has probably been no more capable of 

transporting very coarse sands to the core location allowing only for sand or sandy clay 

deposition over summer seasons and clay deposition over winter seasons. The varves in this 

part of the core correspond to unit C of the generalized stratigraphic model of marine 

sequences in the Gothenburg area (Stevens et al., 1990). 

The total count of varves in the Korsvägen core is 25 (Figure 12), which is very few 

compared to what is found in the varved clay mapped by Påsse in Kungsbacka (1986) and 

Stevens (1985) which has 228 varves in a core in Kviberg, both of which are located in the 

Gothenburg area just like the Korsvägen core. One reason Påsse and Stevens found many 

more varves in their locations is because their cores had an unhindered supply of meltwater 

transporting sediments to their core locations. For example, Stevens’s core location was at the 

side of an east-west drainage channel for glacial meltwater flowing westward (Stevens et al., 

1984). On the other hand, the Korsvägen core location had topographic highs in the way 

between it and the glacier which hinder the meltwater flow from the glacier to the core 

location, which subsequently decreases the sediment supply reaching the core location to 

form more varves. Another reason why the Korsvägen core has so few varves compared to 

other locations is that there may have been more varves, but they were eroded by marine 

currents. However, we may not see evidence of that erosion like an unconformity by naked 

eye as such evidence was only detected using seismology creating echo sounding profiles of 

the underground in other locations in the Gothenburg area (Larsson & Stevens & Klingberg, 

2007). The varved clay mapped in Påsse (1986) is located in isolated bays and 

topographically-protected areas which are close to the bedrock highlands making the varve 

deposition protected against marine currents. Similarly, the Kviberg core of Stevens et al. 
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(1984) is located upstream in a fjord-like valley which, besides collecting and concentrating 

meltwater and allowing many years of facilitated varve deposition, protects the core location 

from marine currents that may wash away varved sediments as they are getting deposited. 

5.1.3. From 14 m to 2 m deep 

The remaining section of the core is dominated by clay with very few exceptions. The clay 

sediments range from being coarse sandy clay at times to pure clay at other times. There are 4 

parts at this section of the core that consist of coarse sandy clay with many shell fragments, 

and these are interpreted as possible mudflow deposits. From 13.49 m to 12 m deep, the 

sediments are clay mixed with coarser sediments like silt and coarser sand with abundant 

shell fragments and a few dropstones. From 11.48 m to 10.3 m deep, the sediments range 

from fine-sandy clay to clay with average amounts and various sizes of shell fragments. From 

9.7 m to 9.25 m deep, the sediments are fine-sandy clay with very abundant shell fragments. 

From 7.72 m to 7.01 m deep, the sediments within this part start with well-sorted coarse sand 

at the bottom with no shells at all, then change into clay mixed with medium sand and sparse 

shell fragments. As the subglacial meltwater increases in amount and gains speed flowing by 

the force of gravity in valleys, the meltwater transports a mixture of clay and sands at such 

high speeds at times that it can also carry large size rocks.  

It happens that those mudflow deposits in the core correspond sometimes to significant spikes 

in C/N atomic ratio and/or δ13C as can be observed from (Figure 15). The 13.49-12 m range 

is one clear example of that. While there is no exceptional increase in C/N for the 11.48-10.3 

m range, there is a spike in δ13C though. Another example where both C/N and δ13C spike 

simultaneously is the 9.7-9.25 m range. There is no clear signature of C/N or δ13C over the 

7.72-7.01 m range as it happened to not have any samples tested for C/N and δ13C in that 

part. One correlation that can be made is that organic matter thrived in those mudflow 

deposits or that the mudflows have usually transported high concentrations of organic matter 

to the core location. 

The uppermost layer of the core is logged as diamiction (Figure 8). The layer looked to be 

badly preserved, and it is expected that, being the top of the core, it may have been mixed 

with rock fragments falling from the sides of the core digging or from outside the drilling pit 

making what could have been sandy-clay into diamicton. 

As this section of the core is dominated by clays, the core location must have been ice distal 

in a calm shallow marine environment to allow for long periods of clay deposition. There 

may have been sand injections transported with meltwater from time to time, but not often. 

Another evidence is the thriving of macroorganisms in this section of the core compared to 

the other two sections. 13 out of 17 macrofossils picked from the core and identified fall 

within this section of the core, and all of them typically thrive in shallow marine 

environments. 

5.2. Bulk Sediment Geochemistry 

C/N atomic ration has often been used as an identifier of the origins of sedimentary organic 

matter given that algae typically have C/N ratios between 4 and 10 while vascular land plants 

have C/N rations that is equal or more than 20 (Meyers, 1994). From 17.48 m to 12.3 m deep, 

most samples have C/N rations well beyond 20 meaning they are land plants. From 12.1 m to 

9.3 m deep, C/N of samples fluctuate between being below 20 and being above 20. This 



34 
 

could be a transitional phase where land plants and algae coexisted. From 9.1 m to 2.2 m 

deep, samples have C/N rations that are either below 10 or slightly above 10 meaning that in 

that section of the core algae prevailed with the absence of land plants.  

Figure 16 also leads to the same interpretation. Samples towards the bottom fall within the C3 

land plants field, while samples towards the top fall within the marine algae field or very 

close to it. Samples in between fall between the C3 land plants and marine algae fields, and 

they may represent the phase where the land plants and algae coexisted as mentioned earlier.  

The most probable explanation for the existence of land plants at what should be a marine 

environment at the core location is that those plants were growing beneath the glacier far 

away from the core location, then the subglacial meltwater has transported some fragments 

and parts of those plants and deposited them at the core location. As such, the thrive of the 

land plants between 17.48 and 12.3 m deep may indicate that the core location has not been 

so far away from the glacier at that time, before the ice margin significantly retreated and the 

transport of land plants remnants ceased allowing a calm marine environment where marine 

algae thrived. 

5.3. Accelerator Mass Spectrometry 14C Dating 

The two dates that resulted from the AMS 14C dating of shells after being corrected for a 

marine reservoir effect of 550 years are 14,156 cal. yrs. BP at 12.92 m deep and 14,008 cal. 

yrs. BP at 11.55 m deep. The two dated shells are either found in situ where in this case the 

sediments will be of the same age as the shells, or found in sediments that are younger which 

in this case means that the shells were transported from elsewhere to the core location. The 

suggested age of the Gothenburg moraine varies from 14,500 to 16,100 yrs. BP, although an 

age between 14,700 and 15,000 yrs. BP seems more likely (Lundqvist and Wohlfarth, 2000;  

Larsen et al., 2012) 

As such, when the dated shells deposited at the core location, the ice margin had already 

retreated away from the core location for at least several hundred years if not probably more. 

If the shells were preserved in situ, it would mean that deposits from the base of the core at 

26 m deep up to approximately 13 m deep, which represents more than half of the core by 

length, have all deposited within an estimate of 350-1950 years while the rest of the deposits 

in the core from 13 m deep to 2 m deep have taken an estimate of 6,000 years to form if not 

more. This indicates that the sedimentation rate for the bottom half of the core was very high 

when the core location was ice proximal. However, if the shells were transported from 

elsewhere, it would mean that sediments around and below those shells down to a certain 

depth are of a younger age than those shells. Thus, the sedimentation rate of the bottom half 

of the core may not have been as high as interpreted if those shells were preserved in situ. 

5.4. Correlation With Other Cores 

Within 200-300 m from the Korsvägen core is the Lisebreg core studied by Claesson (2023). 

In the Lisebreg core, rhythmic layering of clay and silt that is very similar to the rhythmites in 

the Korsvägen core occurs in what Claesson (2023 refers to as stratigraphic zone G (SZ-G). 

While Claesson (2023) does not interpret the rhythmites of SZ-G as varves, a reinterpretation 

may be necessary after they have been reexamined in correlation with the varves in the 

Korsvägen core. The sediment color and grain size of the winter and summer layers of the 
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varves in the Korsvägen core correspond extremely well to the color and grain size of 

brownish clay layers and grey silty layers of the rhythmites of SZ-G in the Liseberg core. We 

consider this facies in each core to be the same layer. Stevens (1985) supports that the cyclic 

nature of rhythmites in this region is best explained by seasonal glaciomarine deposition. One 

more reason to interpret the SZ-G rhythmites as varves is the fact that varves are very 

common in the region and have been identified in many other cores (e.g. Stevens, 1985; 

Påsse, 1986). As a result, the varves between 14.55 m and 15.58 m deep correlate very well 

with SZ-G which can also be interpreted as varves. 

It is hard to directly correlate the Korsvägen core to the Horticultural Garden (HG) core 

studied by Bergsten (1994) due to the lack of foraminiferal analysis in the Korsvägen core, 

however one can correlate both cores by correlating the HG core to the Liseberg core of 

Claesson, because she did foraminiferal stratigraphy. Claesson (2023) correlates the 

stratigraphic zone E (SZ-E) of the Lisererg core to ‘Unit B’ of the HG core stratigraphically 

but fails to do so using foraminiferal data. SZ-E is characterized by high-clay content, sulfide 

laminations, and low abundance of foraminifera (Claesson, 2023). Such stratigraphic 

sequence corresponds well to ‘Unit B’ of the HG core. As for the foraminiferal data, C5, C6, 

and C7 zones in the Liseberg core correspond well to F6-F11 zones of the HG core, which 

are dated with 5 stratigraphically consistent dates from 10,200-11,600 cal. yrs. BP, in terms 

of the dominance of E. excavatum as well as the number of species per gram (Mark Johnson, 

personal communication). Additionally, Selseyensis appears in the Liseberg core first in the 

C4 zone which can correlate to the F5 zone in the HG core which is dated with two dates: 

10,100 cal. yrs. BP and 9,900 BP (Mark Johnson, personal communication). As such, the 

Liseberg core can be correlated to the HG core stratigraphically and using foraminiferal data.  
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6. Conclusion 

The main source of sediments at the Korsvägen core location is the glacier itself and those 

sediments are typically transported by subglacial meltwater discharges. There is a fining-

upward trend that applies generally to the whole core as the core starts at the bottom with 

diamictons, then transitions into sands, and then finally clay (Figure 8; Figure 13). The more 

ice proximal the core location was, the more sediments it received and the coarser the 

sediments were. As the ice margin gradually retreated, the sedimentation rate gradually 

decreased as well as the grain size gradually decreased. Macrofossils were most frequent 

between 14.1 m and deep 8.5 m while they are less frequent in shallower depths and very rare 

and deeper depths. Dropstones occur at different depths along the core but are more 

concentrated at deeper than 21 m. The XRF elemental analysis of the rhythmites in the 

Liseberg core supports that they are varves formed by seasonal variances in sedimentation, 

contrary to what Claesson (2023) interpreted, and this interpretation is applied to rhythmites 

of the Korsvägen core as they are believed to resemble the same layers. There are two 

sections of varves in the core. One section of varves is between 16.91 m and 16 m deep and 

the other is between 15.58 m and 14.55 m deep. Varves at the deeper section are much 

thicker than varves in the shallower section and are much less in number (Figure 12). The 

vaves in the shallower section are the ones that correlate with the varves in SZ-G of the 

Liseberg core (Claesson, 2023). Organic matter in the core comes from two main sources: 

Marine algae at shallower depths down to around 8-10 m deep and C3 land plants at depths 

below that which are probably transported from beneath the glacier by subglacial meltwater. 

Two macrofossils were carbon-dated at depths of 11.55 m and 12.92 and the resulted dates 

are 12,580 and 12,673 14C yrs. BP respectively before being calibrated to calendar years and 

corrected once for marine reservoir effect of 400 years, which used to be accepted before, and 

another time for marine reservoir effect of 550 years which is the new standard accepted now 

(Irina Polovodova Asteman, personal communication). The dates after being calibrated and 

corrected for marine reservoir effect of 550 years are 14,008 cal. yrs. BP at 11.55 m deep and 

14,156 cal. yrs. BP at 12.92 m deep. If these dated shells were found in situ, it would mean 

that sedimentation rate from the base of the core up to approximately 13 m deep was so rapid 

compared the sedimentation rate at shallower than that as the deposits of the first 13 m of the 

core would have deposited over a span of 350-1950 years while the remaining of the core 

would have deposited over a span of 6,000 years approximately. However, if the dated shells 

were not found in situ and were rather transported from elsewhere, it would mean that 

sediments around and below those shells down to a certain depth are of a younger age than 

those shells and that the sedimentation rate of the bottom half of the core may not have been 

as high as interpreted if those shells were preserved in situ. All macrofossils that were picked 

and identified at various depths typically live in shallow marine environment which indicates 

that the water depth at the core location has been shallow throughout the whole time of 

deposition of core sediments. Although there has been a time when the region of the core 

location was considered an ideal place where the Pleistocene-Holocene boundary could be 

found (Olausson, 1982), the boundary was not possible to identify and there is no evidence of 

it in the core. The sandier massive units found in the clay in the upper part of the core are 

likely debris flow deposits, and these were not recognized in the core of Claesson (2023) 

most likely due to the fact that the Korsvägen site is closer to two large bedrock knobs whose 

steep slopes allowed for collapse of accumulated marine clay and shoreline sand during 

emergence. 
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