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ABSTRACT 

Located in the middle part of the Baltic, the island of Gotland underwent major environmental 

changes, associated with different stages of the development of the basin during the Holocene, and 

therefore represents a promising location for shore-displacement studies. This thesis is focused on 

a palaeohydrological evolution of the Lina Mire, central eastern part of Gotland, in the Middle 

Holocene and aims to reconstruct the timing and environment of the Littorina transgression. The 

research is based on a multi-proxy approach and carried out, applying lithostratigraphical, 

biostratigraphical (diatom analysis) and geochemical methods (XRF, organic and carbonate 

content) along with radiocarbon dating. The initiation of the Littorina transgression was 

constrained at 8.5 ka cal BP, however, probably proceeded by a hiatus. A two-folded pattern of 

the maximum sub-phases is suggested. Acquired results fit well with previous studies on areas 

with the similar rate of apparent land uplift, suggesting an average rate of 2 mm/yr for the last 2.8 

ka. 
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INTRODUCTION 

Considering the current climate change and latest forecasts of eustatic sea-level rise (Barros et al., 

2014; Pachauri et al., 2014; Carson et al., 2016; DeConto et al., 2016), paleoenvironmental studies 

are gaining relevance as a major tool for understanding natural variability of global and regional 

climates, as well as mechanisms of ecosystems’ response to climatic shifts (Foley et al., 1994; 

Alley et al., 1997; Mayewski et al., 2004). Therewith specific attention is given to reconstructions, 

focused on evolution of areas, affected by recent glaciations, as they serve as representative 

analogues of present deglaciation areas and illustrative examples of environments that underwent 

dramatic transformations over the course of the last millennia (Carlson et al., 2008; Wohlfarth et 

al., 2008; Stroeven et al., 2016). At the same time, technological advances in paleoenvironmental 

techniques together with the relative accessibility of Late Pleistocene and Holocene natural 

archives enables high-resolution reconstructions to be done (Last & Smol, 2006; Croudace et al., 

2006; Lowe & Walker, 2014). 

The postglacial evolution of the Baltic basin has been a function of a set of factors. Four of them 

are considered to be principal: (1) ice recession pattern and subsequent variations of meltwater 

inflow, (2) eustatic sea level fluctuations, (3) uneven isostatic uplift in different parts of the basin 

and (4) erosion of thresholds (Eronen, 1974; Gudelis & Königsson, 1979; Lundqvist, 1986; Björck, 

1995, 2008). Due to the interrelation of these forcings, the basin underwent four major stages after 

its deglaciation: Baltic Ice Lake (freshwater), Yoldia Sea (brackish-marine), Ancylus Lake 

(freshwater) and Littorina Sea (brackish-marine). This division is based on salinity, sea level and 

presence or absence of connection with the Atlantic Ocean that is dependent on the factors 

mentioned above (Björck, 1995, 2008).  

Holocene water level fluctuations in the Baltic basin along with spatial and temporal irregularities 

of isostatic and other tectonic movements of the Earth crust presumes discrepancies of shore 

displacement curves between different parts the basin (Björck & Svensson, 1992; Uścinowicz, 

2003; Risberg et al., 2005). However, it has been proved that similar shore displacement patterns 

are characteristic for the areas with compatible present-day rates of postglacial isostatic uplift. 

Thus, South-Eastern Sweden, Northern and Western Estonia and the Karelian Isthmus are regarded 

to have almost concurrently experienced several distinctive events such as the abrupt plunge of 

Baltic Ice Lake level, lowstand conditions during Yoldia Sea phase and a well-pronounced 

transgression of Ancylus Lake (Berglund et al., 1971, 1996, 2005; Svensson, 1989; Mietinen et 

al., 2004; 2007; Saarse et al., 2009; Rosentau et al., 2012).  

Being another peculiar event for all the areas mentioned above, the Littorina transgression and its 

timing has been subject for discussions. Berglund et al. (1971, 1996, 2005) suggest its onset at ca 

8.5 ka cal BP and distinguish five separate phases, based on studies in Blekinge, south-eastern 

Sweden. A two-folded transgression initiated 8.4 ka cal BP at Karelian Isthmus, is argued by 

Miettinen et al. (2007). Saarse et al. (2009) and Rosentau et al. (2013) propose that the Littorina 

transgression occurred as a single event and started 8.3 ka cal BP as reflected from coastal 

sediments in northern Estonia and eastern Gulf of Finland. 

Situated at the adjacent Littorina isobases to the areas considered above, Gotland Island appears 

to be a promising location for investigation of its Holocene paleoenvironment, specifically 

paleohydrological evolution, in relation to the mentioned hypotheses on the character of Littorina 
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transgression. Located in the southern part of Scandinavia, Gotland experienced moderate isostatic 

uplift rates during the mid-Holocene (Mörner, 1977; Fjeldskaar et al., 2000). Thus, eustatic sea 

level changes were a prevailing factor in its shore position fluctuations. 

Shore displacement studies on Gotland have a long tradition, initiated by early works of Linnaeus 

(Åsberg & Stearn, 1973) and then continued by Munthe, von Post, Hede, Lundqvist, and others in 

the beginning of the twentieth century (Munthe et al., 1925, 1928; Lundqvist, 1940). Complexes 

of landforms and sediments, associated with different stages of the Baltic, were described and 

mapped together with its diatom and pollen flora. After the development of radiocarbon dating 

technique, ages for Ancylus and Littorina beaches in the middle part of the island were constrained 

(Lundqvist, 1965; Persson, 1978). A profound study by Svensson (1989) shed light on the Early 

Holocene history of the area with the help of the first attempt to apply radiocarbon dating to 

calcareous lake sediments on Gotland. However, Littorina transgression environment and its 

timing has not been examined yet in context with the recent studies in other locations (e.g. Risberg 

et al., 1991; Berglund & Sandgren, 1996; Hedenström & Risberg, 1999; Andrén et al., 2000; 

Westman & Hedenström, 2002; Sandgren et al., 2004; Berglund et al., 2005; Karlsson & Risberg, 

2005; Mietinen et al., 2007; Yu et al., 2007; Saarse et al., 2009; Rosentau et al., 2013; and others). 

The purpose of the present study is to reconstruct the environmental evolution of Lina Mire basin, 

eastern Gotland from the Early Holocene until present with the specific focus on timing and 

character of the Littorina transgression. The reconstruction is based on a multi-proxy approach, 

using a combination of lithostratigraphic interpretations, diatom analysis, organic and carbonate 

content data, geochemistry and radiocarbon dating. Consequently, the main questions of the study 

are: 

1) What was the environment of the Lina Mire basin in the end of the Ancylus Lake stage? 

Was the Lina Mire isolated from the Ancylus Lake? If so, what was the position and 

altitude of the threshold? 

2) Did the Littorina transgression(s) affect the Lina Mire basin? If so, when did it start and 

what was the environment during that time? 

3) When did the final isolation of the Lina Mire basin take place? What was the position and 

altitude of the threshold? 

4) What was the rate of the uplift of the Lina Mire during the period under consideration? 

Was it stable of variable? 

5) Do results of the study fit existing shore displacement curves for different locations around 

the Baltic? 

The study is a part of a joint archaeological and paleoenvironmental project “In Tjelvars footsteps”, 

aimed to provide a complex reconstruction of the Lina Mire and surrounding areas in the Holocene, 

and is carried out in collaboration with a fellow Master student Nichola Strandberg, who is 

responsible for a vegetation history reconstruction. 

All radiocarbon dates, obtained in this study as well as from other sources, have been calibrated 

and given in the text as calibrated years before present (cal yrs BP or ka cal BP). Isostatic uplift 

rates together with other vertical changes of shoreline position are expressed in millimeters per 

year (mm/year). Spelling ”Littorina” was chosen, following the majority of the recent publications 

(e.g. Berglund et al., 2005; Rosentau et al., 2013). 
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1. BACKGROUND 

1.1.Geographical location and bedrock geology 

The island of Gotland is situated in the middle part of the Baltic Sea ca 90 km to the east off the 

coast of the Swedish mainland (Figure 1). Being the largest island of the Baltic, it stretches ca 130 

km from north to south and ca 50 km from west to east. The relief of Gotland is low and flat with 

a mean elevation of 25 m a.s.l. (Hede, 1921; Laufeld & Bassett, 1981). The highest point (at 83 m 

a.s.l.) is located in the middle part of the island.  

 

Figure 1: Geographical location of Gotland island and Lina Mire. The mire and its outlet are 

marked orange.  

The bedrock consists exclusively of Silurian limestones, marlstones and sandstones, formed in a 

shallow epicontinental equatorial sea ca 431-411 Ma yrs ago (Regnell & Hede, 1960; Calner et al., 

2004). Being more resistant to erosion, limestones comprise three relatively high-elevated reefs 

up to 80 m a.s.l. in the northern, middle and southern parts of the island (Figure 2), whereas flat 

areas in between them are made up of marlstones (Hede, 1921; Laufeld & Bassett, 1981; Nestor 

1995). Sandstones occur only in the southernmost part. The entire Silurian succession is 

approximately 500-700 m thick and is underlain by Ordovician and Cambrian-Precambrian 

sediments and Precambrian crystalline basement (Regnell & Hede, 1960; Jeppsson, 1983). The 

strata do not show any considerable tectonic disturbances, but have a 1° dip towards the southeast, 

so that oldest rocks are exposed in the north-western part of the island (Jeppsson, 1983; Calner, 

2004). Limestone reefs often form bluff cliffed coasts (Rudberg, 1967). 

1.2.Weichselian glaciation and glacial deposits 

Gotland has been affected by several glacial-interglacial cycles during the Quaternary, including 

the Weichselian glaciation and subsequent demise of the Scandinavian Ice Sheet. Pre-Weichselian 
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part of the Quaternary is poorly reconstructed for 

Gotland because all traces of earlier glaciations are 

believed to have been vanished by the latest 

(Svensson, 1989). 

According to reconstruction by Kleman et al. (1997), 

Gotland remained ice-free at least until MIS 4 (74 ka 

BP) but was then covered by a warm-based part of the 

ice-sheet. Glacial striations indicate ice-flow direction 

towards the south in the northern part of the island and 

towards southwest in the southern and central parts 

(Svensson, 1989). The orientation of drumlins and 

glacially transported boulders supports these 

hypotheses (Munthe, 1925). Glacial deposits cover is 

scattered with the maximum observed thickness of 

10.5 m. The till is rich in clay and carbonates and 

often reworked by wave action (Munthe, 1925; 

Svensson, 1989). 

1.3. Holocene history and shore displacement 

1.3.1. Deglaciation 

Precise timing of deglaciation of Gotland remains a 

problematic issue because the bedrock was deeply 

depressed and the whole island was submerged 

under the Baltic Ice Lake, when it became ice-free 

(Munthe et al., 1925). Anjar et al. (2014) suggest 

13.0±0.8 ka cal BP as an age of emergence and, 

consequently, minimum age of deglaciation, based on 10Be dating of till boulders. This hypothesis 

is supported by correlation of pollen zones boundary between mainland and Gotland (Svensson, 

1989), as well as the reported occurrence of the Laacher See tephra (12 735 – 12 871 cal yrs BP) 

in a core north of the island (Påhlsson & Bergh Alm, 1985). 

1.3.2. Baltic Ice Lake 

Fed by meltwater discharge, a freshwater lake was formed in the southern part of the modern Baltic 

basin after its deglaciation. It was dammed by a melting ice front from the north, whereas the land 

bridge between Scandinavian and Jutland peninsulas separated it from the Atlantic (Björck 1995; 

2008). The highest water level on Gotland was ca 90-95 m a.s.l., i.e. when the whole island was 

submerged (Svensson, 1989). Postglacial isostatic uplift caused constant regression of the Baltic 

Ice Lake that led to the eventual emergence of Gotland and subsequent formation of successive 

series of beach ridges in its central part between the highest point of the island 83 m a.s.l. and 56 

m a.s.l. (Munthe, 1910; Mörner & Philip, 1974) As the whole island was situated within a littoral 

zone, fine sands and silts were accumulated in the areas that were submerged (Svensson, 1989). 

Beaches are comprised of gravelly and sandy material (Munthe, 1910; Munthe, 1928). Regression 

rate was estimated ca 50 mm/year for an initial period of this stage after deglaciation, followed by 

the substantial decrease to 12 mm/year during early Younger Dryas (Svensson, 1989). 

Figure 2: Geological map of Gotland. 

Lina Mire and its outlet are marked 

orange. Redrawn from Laufeld & 

Bassett (1981) 
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As the retreat of the ice sheet continued in the central Scandinavia, its front crossed Mt Billingen 

and a connection between the Baltic Ice Lake and the Atlantic through central Swedish lowlands 

opened, triggering a rapid catastrophic drainage of the lake down to global sea level ca 11.9 ka cal 

BP (Andrén et al., 2002; Johnson et al., 2013). Svensson (1989) dated the most prominent and 

best-preserved lowermost beach ridge of the ”Upper ridge zone” to 11.8 ka cal BP by correlation 

with the same feature on mainland close to Oskarshamn and suggested it has been formed just 

before the drainage of the Baltic Ice Lake. Subsequent sea-level drop, caused by the drainage, is 

estimated to be 25 m and corresponds to ”Erosion channel zone”, characterized by the absence of 

beach ridges, but the presence of Pre-Holocene 

features (Mörner & Philip, 1974, Svensson, 

1989). 

1.3.3. Yoldia Sea 

As a result of the drainage, water level in the 

Baltic evened with the one in the Atlantic that 

caused marine water inflow in the Baltic. It was 

followed by a 700-800 years long regression 

phase, the Yoldia Sea stage (Björck et al., 1995, 

2008). Total regression of ca 17 m with rates up 

to 30 mm/year was reported by Svensson (1989). 

Despite the presence of the connection with the 

ocean, Gotland was characterized by a freshwater 

environment during Yoldia Sea stage, except a 

100-150 years period of lower regression rate, 

when brackish conditions prevailed (Sohlenius et 

al., 1996; Svensson, 1989; Andrén, 1999; 

Heinsalu et al., 2000). 

1.3.4. Ancylus Lake 

Due to intensive ice melting in the Central 

Scandinavia in Early Holocene, isostatic uplift 

accelerated, central Swedish straits shallowed 

and eventually raised above the sea level, leading 

to isolation of the Baltic ca 10.7 ka cal BP. It 

caused damming of the basin and beginning of a 

transgressive freshwater phase, the Ancylus 

Lake, that saw its culmination around 10.3-10.4 

ka cal BP (Björck et al., 1995, 2008; Brenner, 

2005). The total magnitude of the transgression 

on Gotland was around 11 m with an average 

rate of 50 mm/year (Svensson, 1989) The 

highest Ancylus shoreline position decreases 

from ca 45 m in the northern part of the island to 

ca 20 m in the southern (Figure 3). As the sandy 

land bridge between Scandinavian and Jutland 

Figure 3: Paleogeographic map of 

Gotland, showing the positions of Ancylus 

and Littorina maxima. Lina Mire and its 

outlet are marked orange. Redrawn from 

Svensson (1989). 
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peninsulas was being eroded, a connection between the Ancylus lake and the Atlantic opened. It 

caused rapid regression of ca 5-10 m on Gotland. The stage is morphologically associated with the 

“Lower Ridge Zone”, a complex of raised shorelines of transgressive and regressive types. 

1.3.5. Mastogloia Sea and Littorina Sea 

Global temperature increase during the Holocene Climatic Optimum led to substantial eustatic sea 

level rise all over the world (Fairbanks, 1989). North Sea waters inundated and flooded Danish 

straits and intruded into the Baltic. This event caused a significant rise in salinity and water level 

in the Baltic, known as the Littorina transgression. Timing and environment of the transition from 

the freshwater Ancylus Lake to the brackish Littorina Sea has been a subject of debate and 

extensive research in recent years (Figure 4) (e.g. Risberg et al., 1991; Berglund & Sandgren, 

1996; Hedenström & Risberg, 1999; Andrén et al., 2000; Westman & Hedenström, 2002; 

Sandgren et al., 2004; Berglund et al., 2005; Karlsson & Risberg, 2005; Miettinen et al., 2007; Yu 

et al., 2007; Saarse et al., 2009a; Saarse et al., 2009b; Rosentau et al., 2012; Rosentau et al., 2013 

and others).  

 

Figure 4: Isobases of apparent isostatic uplift in Scandinavia in mm/year (redrawn from Ekman, 

1988) and areas of some principal shore-displacement studies, mentioned in the text, i.e. 1 – Lina 

Mire (present study), 2 – Blekinge (Berglund & Sandgren, 1996; Yu, 2003;  Berglund et al., 2005; 

Yu et al., 2007), 3 – Hiiumaa island (Vassiljev, 2015), 4 – Saaremaa island (Saarse et al., 2009b), 

5 - Vääna lagoon (Saarse et al., 2009a), 6 – Pärnu (Veski et al., 2005), 7 – Helsinki (Eronen, 

1974; Hyvärinen, 1999; Korhola, 1995; Tikkanen & Oksanen, 2002), 8 and 9 – Luga-Narva 

lowland (Miettinen , 2003; Sandgren et al., 2004; Rosentau et al., 2013), 10 – Karelian Isthmus 

(Kleymenova et al., 1988; Miettinen et al., 2007) 
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As both eustatic sea level rise and inundation of the thresholds were continuous processes, the 

establishment of brackish conditions in the Baltic occurred gradually (Eronen, 1974; Hyvärinen et 

al., 1988). Andrén et al. (2000) dated the first weak traces of saline water inflow at 10.1 ka cal BP, 

based on studies in Bornholm basin. This suggestion is supported by Berglund et al (2005), who 

noted slightly brackish conditions in Blekinge, SE Sweden 9.8 ka cal BP. The first phase of the 

transition to a brackish environment is known as Early Littorina Sea and continued until 9.4 ka cal 

BP (Andrén et al., 2000; Berglund et al., 2005). However, these estimates do not fully agree with 

the results of several earlier studies, suggesting a later onset of saline water impact in the southern 

Baltic (Winn et al, 1986; Eronen et al, 1990; Björck, 1995; Jensen et al., 1997). The second phase 

of the transition, Mastogloia Sea, lasted ca 1000 years (Miller & Robertsson, 1974). It is 

characterized by increased primary production and slightly higher surface salinity, but still a low 

sea level (Sohlenius et al., 1996; Andrén, 1999). Berglund et al. (2005) describe this stage as “a 

huge eutrophic lake than an inland sea”.  

 

Figure 5: Shore-displacement curves for Gotland, Gulf of Finland and Blekinge (Note: upper and 

lower vertical axis have different scales). 
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The third, and main, part of the process of marine conditions establishment is known as Littorina 

transgression. As some authors include intermediate transitional phases, described above, into the 

term ”Littorina transgression”, Berglund et al (2005) suggested a term “Littorina transgression 

sensu stricto”.  

Due to uneven isostatic uplift and configuration of the Baltic, i.e. long distance from the threshold 

to its inner part, the onset of the Littorina transgression is regarded to have been a metachronous 

event (Hyvärinen et al., 1988). Its initiation was dated to 8.6-8.5 ka cal BP in south-eastern Sweden 

(Berglund et al., 2005), Narva-Luga lowland (Sandgren et al., 2004; Rosentau et al., 2013) and 

Pärnu (Veski et al., 2005). Other researchers suggest younger ages, such as 8.4 ka cal BP in 

northern Estonia (Saarse et al, 2009a), 8.3-8.2 ka cal BP on Saaremaa island (Saarse et al., 2009b) 

and 7.4-7.3 ka cal BP in south-western Finland and Karelian Isthmus (Korhola, 1995; Miettinen 

et al., 2007). These discrepancies could also be explained by the different altitude of the study sites 

so that the mentioned ages should be regarded as youngest limits of the beginning of the Littorina 

transgression. 

First sub-phase of the transgression (L1) was probably interrupted by a regression, associated with 

a cooling event at 8.2 ka cal BP (Berglund et al., 2005; Veski et al., 2005). The amplitude of this 

sub-cycle was relatively low, as most of the locations around the Baltic lack any indication of it.  

The most prominent sub-phases of Littorina transgression were L2 and L3 (Figure 5). The 

culmination of the former one was around 7.3 ka cal BP, whereas the latter reached its peak 

approximately 6.2-6.0 ka cal BP (Sandgren et al., 2004; Berglund et al., 2005; Miettinen et al., 

2007). Some authors argue that these two sub-phases were trans-Baltic (e.g. Sandgren et al., 2004; 

Berglund et al., 2005; Miettinen et al., 2007), while others show evidence that the sea level reached 

its maximum only once and gradually fell (Saarse et al., 2009a; Rosentau et al., 2013). It could 

probably indicate different patterns of isostatic uplift in these areas, even though they experience 

nearly similar rate of apparent land uplift. For example, no evidence of the two-folded character 

of the maximum sub-phase of Littorina transgression was recorded in the regions with higher rates 

of isostatic uplift (Risberg et al., 1991; Korhola, 1995).  

Highest salinity in the Baltic was reached between 6.0 and 5.0 ka cal BP when the water exchange 

with the Atlantic was the most intense (Berglund & Sandgren, 1996; Westman et al., 1999). A 

couple of minor transgressions were indicated at this period in Blekinge and at Södertörn peninsula 

(Risberg et al., 1991; Berglund et al., 2005).  

As eustatic sea level rise became negligible around 5.0 ka cal BP (Fairbanks, 1989; Peltier, 2002), 

postglacial and tectonic uplift became the deciding factors in shore displacement in the Baltic. The 

Late Holocene was characterized by gradual regression at most of the study sites around the Baltic. 

1.4. Neotectonics and apparent land uplift 

Glacial isostatic uplift along with tectonic movements of the Earth crust has been superimposing 

eustatic sea level fluctuations and affecting the process of shore displacement in Fennoscandia. 

The highest rate of land uplift of Gotland likely occurred after deglaciation (13.0 ka cal BP) and 

equaled approximately 10 mm/year (Svensson, 1989). However, several studies in Swedish 

mainland show that uplift rate reached its maximum around 10.2 ka cal BP and significantly fell 

around 9.5 ka cal BP (Mörner, 1979, 1980; Björck & Digerfeldt, 1982; Berglund, 2004) that could 
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probably be the case for Gotland as well. Afterward, it has been exponentially declining and 

reached the present rates of 1 mm/year in the southern part of the island and 2 mm/year in the 

northern (Figure 4) (Ekman, 1988). Mörner (1977) suggests that the isostatic component of the 

uplift comprised around 8 mm/year after deglaciation and had ceased by 3.0 ka cal BP, whereas 

the tectonic component was relatively consistent over this period. Some small-scale irregularities 

in the uplift pattern were described for the mainland. These are usually associated with tectonic 

faults. However, no research on this topic was conducted on Gotland. As the island’s bedrock lacks 

any substantial faults, these inconsistencies could not have appeared on Gotland. 
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2. METHODS 

2.1.Field work 

Successive coring was performed along three transects, crossing the basin from WNW to ESE, in 

order to investigate the general stratigraphy and select a suitable location for sampling a master 

core. A standard 1 m long and 4.5 cm wide “Russian” peat sampler was employed.  Cores obtained 

from 15 different points were described for general lithology and position of stratigraphic 

boundaries. The master core sampling location was chosen in such a way as to provide the best 

possible combination of representativity and resolution. Four overlapping sequences were 

obtained for diatom analysis, loss-on-ignition, total carbon measurements and XRF core scanning. 

Moreover, 15 additional cores were taken with 70-cm long and 70-mm wide modification of 

“Russian” peat sampler to provide sufficient amount of material for radiocarbon dating.  All cores 

were wrapped with plastic film and placed in plastic half-tubes for transportation and storage. They 

were stored in a cold room with constant temperature 4-5° C at Stockholm University.  

2.2.Organic and carbonate content 

Determination of weight percent organic matter and carbonate content was performed by means 

of sequential loss on ignition (LOI) test (Dean, 1974; Bengtsson & Enell, 1986; Heiki, 2001). The 

relative changes of LOI are widely applied in paleoenvironmental studies as a proxy of changing 

biogeochemical conditions. About 1-2 g. of material was contiguously subsampled in one cm 

interval and placed in pre-weighed porcelain crucibles. Samples were dried overnight at 105° and 

weighed in order to determine dry weight of sediment (DW105°). Thereafter samples were placed 

in a muffle furnace and heated to 550° for 4 hours to combust organic matter. After cooling in a 

desiccator, crucibles were weighed (DW550°) and LOI550° was calculated using following equation:  

𝐿𝑂𝐼550° =
𝐷𝑊105° − 𝐷𝑊550°

𝐷𝑊105°
∗ 100 (%) 

Afterward, the same test was run at 950° for 2 hours to evolve carbon dioxide from carbonate and 

LOI950° was determined as 

𝐿𝑂𝐼950° =
𝐷𝑊505° − 𝐷𝑊950°

𝐷𝑊105°
∗ 100 (%) 

,where DW950° represents the dry weight of the sample after heating to 950°. 

Fluctuations of organic and carbonate content in sediments with low values (1-3%), such as sand 

and postglacial clay, are hard to detect with the loss-on-ignition test, because of the relatively big 

error of this method. Organic carbon content measurements with multiphase carbon analyzer Leco 

RC-512 were employed for these sediments. Subsamples were dried overnight at 105° and 

crushed. 150-200 g of material was combusted at 550° for ca 1-2 minutes in the oven and a volume 

of formed CO2 was measured. Organic carbon content was automatically calculated from the 

obtained CO2 volume value. Then, the same procedure was performed for combustion 950° 

2.3.X-ray fluorescence 

X-ray fluorescence (XRF) core scanning allows obtaining high-resolution data on chemical 

composition of sediment cores. Due to recent advances in scanning technology, rapid and non-

destructive measurements have become possible, and the method has gained popularity and 
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relevance in paleoenvironmental studies (Croudace et al., 2006; Thomson et al., 2006). 

Geochemical proxies have proved to be a useful tool for recognizing shifts in sediment input, 

grain-size, biological productivity and other (e.g. Kido et al., 2006; Ziegler et al., 2008; Kylander 

et al., 2013; Rothwell et al., 2016).  

Cores were analyzed with ITRAX XRF scanner at the Department of Geological Sciences, 

Stockholm University. Sediments were scanned, using a molybdenum tube set at 30 kV voltage 

and current of 50 mA.  Measurements were taken at 0.2 mm resolution for 15 seconds each. The 

obtained dataset includes a total of 16 elements (Ar, Br, Ca, Cu, Fe, K, Mn, Ni, Pb, Rb, S, Si, Sr, 

Ti, Zn, Zr) along with incoherent and coherent scattering. 

As ITRAX produces relative elemental data, all the values were normalized by Ti that is 

considered to be a conservative element (Löwemark et al., 2011). What is more, normalization 

excludes the influence of the dilution effect of organic matter (Löwemark et al., 2011).  Average 

values were calculated for 1 cm intervals for smoothing the graphs. Principal component analysis 

(PCA) was carried out with the help of JMP 9.0 software in order to detect correlations between 

different elements. 

2.4. Diatom analysis 

Diatoms are unicellular eukaryotic algae, consisting of two siliceous thecae with a unique pattern 

that allows their identification to the specific level to be done. They have been shown to be a 

reliable tool of paleoenvironmental reconstructions due to their ubiquitous occurrence in aquatic 

ecosystems and high sensitivity of diatom assemblages’ composition to changes in physical, 

chemical and biological conditions, including salinity, light, pH, etc (Battarbee, 1986; Smol & 

Storermer, 2010).  

Approximately 1 cm3 of material was subsampled in 100 ml beakers for diatom analysis from each 

of 50 levels. Subsampling intervals were chosen on the basis of relevance to the study’s purposes 

considerations, taking into account lithological characteristics and XRF data, in order to provide 

higher sampling frequency in that parts of the core that had been presumably accumulated during 

major environmental shifts, especially transgressions and isolation events.  

Samples were treated according to the standard method compiled by Battarbee (1986). A few drops 

of hydrochloric acid (10% HCl) were added to test for CaCO3. Due to a high concentration of 

carbonates, some samples were soaked in 10% HCl for several hours with occasional adding of 

acid until the reaction stopped. Then organic compound of the sediment was oxidized by soaking 

in 17% H2O2 overnight and subsequent heating to 100° on a water bath for 3-4 hours. Next, beakers 

with samples were filled with distilled water and decanted at 2 hours intervals until most of the 

clay particles were removed. 5% NH3 was added to dissipate remaining clay and samples were 

periodically decanted again until the water became clear. After the last decanting, remaining 

residue was poured into 5 ml glass tubes. A few droplets of material were placed on a cover slip 

and evenly spread with a glass rod. After drying, the slips were mounted on pre-heated to 200°C 

microscope slides with Naphrax©. 

Identification and counting of diatoms were performed under light microscope Leica DM750 and 

imaging light microscope Carl Zeiss EL-Einsatz Axiophot at X1000 magnification, based on 

morphology by Cleve-Euler (1951-1955), Mölder & Tynni (1967–1973), Tynni (1975, 1976, 
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1978), Krammer & Lange-Bertalot (1986, 1988, 1991a, b), Snoeijs et al. (1993-1998), Krammer 

(2000, 2002, 2003), Lange-Bertalot (2001), Levkov (2009), Lange-Bertalot et al. (2011) and 

Levkov et al. (2013, 2016). Minimum 300 diatom valves were counted for levels with its sufficient 

abundance. Identified diatom species were grouped, according to their salinity preferences 

(brackish-marine taxa, halophilous taxa, lagoonal taxa, indifferent taxa, freshwater-taxa), as well 

as water depth (benthic and planktonic).  

Tilia software was used for plotting diagrams. CONISS cluster analysis was employed as an 

additional tool for defining diatom zones (Grimm, 1991; 1992). 

2.5.Radiocarbon dating 

In total, thirteen levels were Accelerator Mass Spectrometry (AMS) radiocarbon dated. Terrestrial 

macrofossils, namely Betula spp. and Cladium mariscus seeds, were preferentially selected as a 

material for dating in order to avoid marine reservoir effects. The minimum amount of seeds, 

considered to be sufficient for obtaining a reliable result, was two.  

2 cm thick slices of material were cut from 15 cores, visually correlated beforehand, and collected 

in plastic beakers. Then, sediments were soaked in 10% KOH overnight to dissolve humic and 

fulvic acids and wet sieved through 0.25 mm mesh. Distilled water was added to the residue. 

Identification of macrofossils was performed under a stereomicroscope at X25 magnification. 

Suitable seeds were gathered in glass containers with distilled water for preservation. Seeds from 

adjacent depth intervals were combined, when their amount was not sufficient, so some dates 

corresponds to 4 cm or 6 cm intervals. 

Five bulk sediment samples were used for dating at those parts of the core, where it was not 

possible to retrieve enough macrofossils. 2-cm thick pieces of material were cut from the core and 

put in glass beakers. One level was dated both with macrofossils and bulk sediment to estimate the 

reservoir effect, which was applied for correction of all the other bulk dates from the same 

sediment unit. Only the soluble fraction was dated. 

All the samples were sent to the Ångström Laboratory, Uppsala University for dating, 

Conventional pretreatment for AMS radiocarbon technique was done. Only soluble part of the 

bulk samples was dated. Radiocarbon ages were calculated, using 14C half-life of 5568±30 years. 

Calibration of radiocarbon ages along with age-depth modeling was performed with OxCal 4.1 

software, using IntCal 04 calibration (Ramsey, 1995; 2013; Reimer et al., 2013).  
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3. SITE DESCRIPTION 

Lina Mire is located in the eastern part of Gotland close to the village of Gothem and occupies a 

total area of 9 km2. The wetland stretches for 6 km in the north-south direction and 2 km in the 

east-west direction. Two streams, draining the basin of Holm more in the middle part of the island, 

enter Lina Mire from north-west and south-west. Its only outlet, Gothemsån River enters the Baltic 

9 km to the north-east. The whole basin, except a small nature reserve in its middle part, has been 

cultivated since 1947 when it was ditched and ploughed (Svensson, 1989). Gothemsån was 

deepened and straightened along its entire length. According to Generalstabskartan, mean 

elevation of the mire before its drainage was 13.1 m a.s.l. in the southern part and 10.6 m a.s.l. in 

the northern (Munthe et al., 1928). The present surface is flat with a mean elevation of 9.6 m a.s.l. 

The mire is located below both the Ancylus Lake (33 m) and Littorina Sea (22 m) highest 

shorelines. 

Present-day vegetation is represented by herbs and grasses with the prevalence of Cladium 

mariscus. Euphorbia palustris and Schoenis ferrugenius were dominant plants prior to the 

extensive ditching activities (Svensson, 1989). 

Figure 6: Quaternary deposits of Lina Mire and surrounding area. Black triangles show the 

position of quarries. (Source: Swedish Geological Survey, SGU) 
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Silurian marlstones represent the bedrock in the area (Hede, 1921; 1960; Laufeld & Bassett, 1981). 

The total thickness of Quaternary sediments varies from 3 m to 50 m and reaches its maximum in 

the south-eastern part (Figure 7). The upper part of Quaternary sediments of the mire was 

previously examined by Munthe et al. (1928) as a part of geological mapping and by Svensson 

(1989). Upper 6 meters are comprised of postglacial and glacial clay, calcareous gyttja, brown 

gyttja, and peat. A considerable part of the peat layer is affected by plowing (Svensson, 1989).  

Land areas to the west and north of the Lina Mire are flat and covered with clayey till with high 

content of CaCO3 and wave-washed deposits. Areas to the east and south are steeper and 

dominated by outcrops of sedimentary rocks. Relatively pronounced north-south oriented ridges, 

consisting of wave-washed material, cross the landscape 1.5-2 km to the east from the basin. Most 

of them occur at 21-22 m a.s.l., suggesting that they represent the highest Littorina Sea shoreline. 

The deglaciation of the basin has never been dated directly but could be extrapolated to 13.1-13.0 

ka cal BP, based on data from northern Gotland (Påhlsson & Bergh Alm, 1985; Anjar et al., 2014). 

After deglaciation, the area was submerged under the Baltic Ice Lake. Around 11.3-11.1 ka cal BP 

the area experienced a culmination of the Yoldia Sea stage that was characterized by marine 

conditions (Svensson, 1989). The basin was not isolated during this stage, but it represented a 

shallow and protected bay. The Ancylus transgression onset was dated before ca 10.5 ka cal BP, 

followed by gradual regression that eventually led to the first isolation ca 9.5 ka cal BP (Svensson, 

1989). Post-Ancylus evolution of the area has not been studied yet.  

 

Figure 7: Depth to bedrock at the Lina Mire and surrounding area (Source: Swedish Geological 

Survey, SGU) 
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As the basin is located below both the Ancylus and the Littorina limit, it is suitable for shore 

displacement studies. The threshold is situated in the north-eastern part, but its exact position and 

altitude have not been identified because anthropogenic activities along Gothemsån River 

considerably affected the suggested location. 

Stratigraphy of the basin was investigated in the field by successive coring along three transects 

(Figure 8). One section in the southern part of the mire, investigated by Svensson (1989) was 

redrawn and added. For the detailed description of every coring point see Appendix 1. 

The deepest layer that was reached is reddish gray clay. It is covered by blueish gray clay layer 

and sand. The latter one is consistent throughout the whole basin. None of them reaches the surface 

within the study area. Two patchy calcareous gyttja layers and a brown gyttja layer, lying between 

them, comprise the thickest part of the sequence. 40-50 cm of peat covers the mire. The upper 80% 

of it is affected by ditching. 

Position for the subsampling of a Master core was chosen in such a way that it represents all 

mentioned layers and provides the highest possible resolution of brown gyttja, as it was 

presumably accumulated during the Littorina Sea stage, which is the main focus of the study.  
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Figure 8: Cross-sections, showing lithostratigraphy of the basin. Section 17 redrawn from 

Svensson (1989) 
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4. RESULTS AND INTERPRETATIONS 

4.1. Radiocarbon dates and age-depth model 

Acquired AMS radiocarbon dates along with calibrated ages are presented in Table 4. Radiocarbon 

dating error does not exceed ±60 14C years. Calibrated ages that are within two standard deviations 

(2σ), i.e. falling in the 95 % confidence interval, are regarded to be reliable enough for the purposes 

of the study. Accumulation rates between adjacent levels were calculated by dividing depth 

difference (in cm) by age difference (in years) and expressed in millimetres per year (mm/yr). 

Isolation ages as well as other ages that fall in-between dated level were calculated by linear 

interpolation. 

Marine reservoir age was determined by subtraction of the age of terrestrial macrofossils from the 

age of the bulk brown gyttja sample from 201 cm level. Obtained 451 years difference was 

considered to be applicable to the other four radiocarbon dates from the same lithological unit. 

Calibrated ages from 12 different levels were plotted against the depth. Age-depth model was laid 

out, based on linear interpolation (Figure 8). All ages appear to be conformable, except for two 

inverted outliers. One of them is from 270 cm level and ca 1000 years older than the corresponding 

part of the curve. Another inverted date is from 339 cm.  

Accumulation rate changes seem to agree with the lithological division. Both calcareous gyttja 

units show low numbers with 0.2 mm/year for the upper one and 0.3 mm/year for the lower one. 

Highest accumulation rate is characteristic for brown gyttja. Peak numbers of 0.7-0.8 mm/year 

coincide with the middle part of this unit, followed by decreasing trends upcore and downcore 

from it. Accumulation rate falls to 0.4 mm/year close to the boundaries of the layer. Peat growth 

rate was calculated 0.6 mm/year. 

Continuous and smooth age-depth curve together with gradual transitions of accumulation rates 

indicates the absence or negligible duration of hiatuses over the period between 9.1 and 2.3 ka cal 

BP. Low rates of deposition, corresponding to calcareous gyttja units, are typical for shallow lakes 

in north European carbonate-rich environments in Holocene (Digerfeldt, 1975; Bennike et al., 

1998) and could serve as an explanation for inversion of two lowermost ages. Lower calcareous 

gyttja accumulation started before 9.1 ka cal BP and ended ca 8.5 ka cal BP when the brackish-

water phase hypothetically began. Period of brown gyttja formation spans for 4700 years. Inverted 

age of 270 cm level seems to be a result of contamination, as it drastically stands out from the 

stable age-depth curve. Final isolation possibly took place ca 3.8 ka cal BP, when the upper unit 

of calcareous gyttja started to accumulate.  
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 Table 1: Radiocarbon dates, corrected and calibrated ages and accumulation rates. 

Lab # Depth 

(cm) 

Lithology Dated 

material 

δ 
13C‰ 

VPDB 

14C age 

(yrs BP) 

Reser-

voir 

age  

(yrs) 

Calibrated  

and corrected 

age 

(cal yrs BP) 

Proba-

bility 

(%) 

Accumu- 

lation rate  

between 

points 

(mm/year) 

Ua- 

54489 
41 

Fen and 

sedge peat 

2 Carex 

seeds, 

25 Cladium 

mariscus 

Seeds 

 

2339±28 0 2437 - 2316 95.4 

0.6 

Ua- 

54979 
52 

Fen and 

sedge peat 

1 Betula 

seed, 

7 Cladium 

mariscus 

Seeds 

 

 

 

2448±29 0 

2543 – 2360 

2619 - 2561 

2702 - 2631 

54.8 

14.3 

26.3 
0.2 

Ua- 

54322 
97 

Gyttja, 

brown 

2 Betula 

seeds 
 4142±60 0 4837 - 4522 95.4 

0.4 

Ua- 

54782 
121 

Gyttja, 

brown 

Bulk 

sediment 
-22.6 5030±31 451 

5113 - 5064 

5183 - 5119 

5221 - 5219 

5327 - 5271 

5447 - 5404 

13.7 

17.0 

0.2 

49.8 

14.7 
0.7 

Ua- 

54783 
175 

Gyttja, 

brown 

Bulk 

sediment 
-21.6 5695±32 451 

6030 - 5921 

6070 - 6042 

6119 - 6076 

6177 - 6150 

68.3 

4.6 

14.5 

8.0 0.8 

Ua- 

54784 
201 

Gyttja, 

brown 

Bulk 

sediment 
-20.2 6018±32 451 6405 - 6299 95.4 

0.8 
Ua- 

54415 
201 

Gyttja, 

brown 

4.5 Betula 

seeds 
 5567±51 0 6445 - 6284 95.4 

0.5 

Ua- 

54785 
225 

Gyttja, 

brown 

 

Bulk 

Sediment 
-22.5 6472±33 451 

6762 - 6758 

6950 - 6781 

0.5 

94.9 

0.6 
Ua- 

54786 
270 

Gyttja, 

brown 

Bulk 

sediment 
-20.3 6235±32 451 6660 - 6497 95.4 

Ua- 

55698 
276 

Gyttja, 

brown 

3.5 Betula 

seeds 
 6862±51 0 

7795 - 7595 

7820 - 7812 

94.5 

0.9 
0.4 

Ua- 

54319 
309 

Gyttja, 

calcareous 

9 Betula 

seeds 
* 7777±43 0 8634 - 8447 95.4 

0.3 
Ua- 

54320 
325 

Gyttja, 

calcareous 

13 Betula 

seeds 
-25.0 8111±40 0 

9242 - 9220 

9203 - 9176 

9137 - 8985 

1.4 

1.8 

92.2 

-1.7 Ua- 

54321 339 
Gyttja, 

calcareous 

15 Betula 

seeds 
-25.3 8072±38 0 

8833 - 8780 

8921 - 8861 

8940 - 8934 

9122 - 8952 

10.0 

8.4 

0.4 

76.7 
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Figure 9: Age-depth model P_sequence of OxCal 4.3. All dates are given with 2 standard 

deviations (2σ). Dates of terrestrial macrofossils are marked blue. Bulk sediment dates are 

marked red. Reservoir age correction is applied to all bulk sediment dates. 
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4.2. Lithostratigraphy. Organic and carbonate content 

General lithology of the master core was established, based on visual observations, differences in 

accumulation rate and fluctuations of organic and carbonate content (Figure 9).  Seven lithological 

units were distinguished.  

Lowermost unit A consists of homogeneous reddish gray clay. Occasional granite gravels up to 2 

cm in diameter were found. No laminations were identified. Since the layer was not accessible at 

most of the locations, it is not possible to estimate neither its thickness nor bedding. The master 

core does not include this unit, but it was observed at other points. 

Reddish tone of sediments is often interpreted as an indication of deposition during the Yoldia Sea 

stage (Winterhalter, 1992; Brunnberg, 1995). However, the strata could be correlated with the one 

observed by Svensson (1989) in the southern part of the basin that was interpreted to have been 

accumulated during the Baltic Ice Lake stage, based on diatom analysis of upper sediments.  

Unit B is represented by homogeneous bluish gray (5B 5/1 and 5B 6/1 Munsell chart colors) clay 

and silt. Clay is the dominant type of sediment, whereas silt occurs exclusively in the upper part 

of the unit. Rare and sporadic inclusions of oxidized iron were recognized. Organic and carbonate 

content values are consistently low with a slight increase of the latter to 3 % just below the upper 

boundary of the unit. The whole layer was not accessible at most of the locations, so it is not 

possible to evaluate its bedding. The observed thickness at most of the locations is around 130 cm. 

The upper boundary is sharp and abrupt with pockets up to 2 cm. 

Bluish clay normally indicates a deep freshwater Ancylus Lake environment in the Baltic basin 

(Winterhalter, 1992; Brunnberg, 1995). The occurrence of silt as well as higher values of carbonate 

content in the upper part of the unit could suggest higher proximity to the coast and gradual 

shallowing of the basin. The layer correlates well with the Ancylus clay unit at the point 17 that 

was investigated by Svensson (1989) 

Unit C is composed of light gray sand (7.5Y 7/1 Munsell chart color) and subdivided to two parts, 

depending on its grain size. The lower one consists of fine sand, whereas the upper one is made 

up of medium sand. Both parts are ca 5-6 cm thick with a gradational boundary between them. 

The color of the transitional zone is slightly darker (7.5 5/1 gray). The layer is present at all the 

locations. The fluctuation of its total thickness throughout the basin is not possible to estimate 

because the lower boundary was not reached at all coring sites. The part that consists of medium 

sand is characterized by abundant flaws of oxidized iron precipitation up to 5 mm in diameter. 

Organic and carbonate contents are extremely low throughout the unit and do not exceed 0.1 %. 

The upper boundary is sharp and inclined and could indicate hiatus.  

The lower part of the unit was hypothetically accumulated in a shallow bay of the Ancylus Lake. 

Then, when the area became dry, a coarser sand sub-layer was formed. The transition was smooth 

and steady, as the boundary between sub-layers is gradational. On the other hand, the upper 

boundary of the unit is sharp that suggest a period of erosion.  

Unit D consists of calcareous gyttja. It is homogeneous grayish brown (2.5Y 5/2 Munsell chart 

color) in its lower 5-8 cm and irregularly laminated in the rest of the layer with pale yellow (2.5Y 

7/4), grayish brown (2.5Y 5/2) and very dark grayish brown (2.5Y 3/2) laminae. Shells and their 

fragments are very abundant all over the unit. The layer is not consistent throughout the basin, but 
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has a patchy distribution pattern. It shows its maximum thickness in the central western part of the 

basin (30-35 cm) where it reaches the surface and thins out towards the west. However, in the 

northern part of the basin, the trend is opposite. Carbonate content is 25-30 %, whereas organic 

content is around 5 %. The upper boundary is sharp with 4-5 cm pockets.  

High carbonate content as well as the color shift in comparison with lower units clearly indicates 

a change of the main erosion source and a decrease of the catchment area. The basin was 

hypothetically isolated from the Baltic and a freshwater lake or a complex of freshwater lakes was 

formed. 

Unit E is the thickest observed unit in the sequence. It consists of homogeneous very dark gray 

(5Y 3/1) gyttja. Two slightly darker colored bands (5Y 2,5/1 black) with gradual boundaries were 

distinguished at 155-165 cm and 255-260 cm. Carbonate content remains below 5 % throughout 

the whole layer, except a solitary 9 % peak at 170-175 cm. Organic content consistently fluctuates 

around 25-30 % with lowest values in the bottom part (17-18 %) and peaks between 255 and 270 

cm (32 %) and 155 and 160 cm (36 %). Accumulation rate culminates in this part of the core with 

its maximum in the middle part of the unit (0,72 mm/year) and declines down to 0,2 mm/year at 

the upper boundary. Shells are abundant and form irregularly located 0.5-1 cm thick stripes. The 

position of shell bands varies between adjacent cores. Occasional remnants of reeds and their roots 

were found. The upper boundary is sharp and straight. The layer reaches its maximum width of 

240 cm in the south-eastern part of the basin close to the river and gradually decreases towards the 

west and south, thinning out eventually.  

Unit E was probably accumulated in a brackish-marine environment of a sheltered bay of the 

Littorina Sea. Gyttja was formed due to high input of decomposed organic material together with 

clay. Darker parts of the unit correlate well with organic content peaks, indicating hypothetical 

increases of productivity.  

Unit F is composed by irregularly laminated calcareous gyttja with olive (5Y 5/3), grayish brown 

(2.5Y 5/2) and very dark grayish brown (2.5Y 3/2) laminae. Olive sub-layers are thicker in the 

lower part of the unit, whereas darker ones are dominant in the upper part. Carbonate content 

increases up to 45 % in this unit, organic content is around 20-25 %. Both curves fluctuate roughly 

due to significant differences in sediment composition from one sub-layer to another. The upper 

boundary is gradational. The layer’s width is largest in the eastern part of the basin close to the 

river. Towards the west, it gets thinner and eventually disappears in the middle-western part. 

The layer was deposited after the final isolation of the basin. Carbonate content is almost equal to 

the one of the lower calcareous gyttja unit, whereas organic content is ca two times larger, 

suggesting a smaller depth of the basin and/or higher productivity in the catchment area.  

Unit G is represented by sedge and fen peat. Its uppermost 39 cm was regarded to have been 

affected by plowing and not included in analyses. The peat in Lina Mire is dense and dry that 

makes it hard to penetrate with a corer. It consists of highly humified remains of sedges and 

grasses. Undecomposed parts of reeds were found in the lowermost 5 cm. Organic content 

fluctuates between 85 and 90 %. The thickness of the layer varies from more than 1 m at the 

boundaries of the basin to 30 cm its middle part. A considerable part of the layer (around 1 m) was 

removed, as a result of cultivation activities (Svensson, 1989).  
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As the basin was getting overgrown, peat started to form from undecomposed parts of local 

vegetation. 

 

 

Figure 10: Lithology, depositional environment, organic and carbonate content and accumulation 

rates 
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4.3. Position and altitude of isolation threshold  

Twelve transversal profiles were constructed in the north-eastern part of the basin, where 

Gothemsån river flows out from Lina Mire, in order to investigate its topography and position of 

isolation threshold (Figures 11(a)). As Gothemsån River is the only outlet from the mire, it was 

suggested that its valley served as the basin’s connection with the Baltic. Profiles were constructed 

close to the modern-day bridge across the river and the place where the old bridge was located, as 

they often tend to have been built at saddle-points. According to the map by SGU, no peat is 

present in the area, covered by the profiles, present surface is represented by calcareous gyttja. 

All profiles seem to bear anthropogenic features such as a body of a road, drainage channels, and 

ditching embankment. These objects are marked green of profiles not to influence interpretations. 

A projected natural surface was plotted by interpolation between the present-day surfaces of both 

sides of the ditch.  

First three transversal profiles have a structure of two clear terraces: the lower one is at 8.9-9.0 m 

a.s.l., the higher one is at 11.5-12 m a.s.l. Other profiles lack the higher terrace and have a flatter 

surface. Lowest ground altitude of profiles 1-4 is at 8.9-9.0 m a.s.l., but increases to 9.5-9.9 m a.s.l. 

at profiles 5-12. Points 5, 7 and 10 look like saddle-points at the longitudinal graph, but altitude 

difference between these points and adjacent ones does not exceed 0.2 m that could be more than 

a measurements error.  

Based on measured lowest ground points from 12 transversal profiles, a longitudinal profile was 

constructed (Figure 11(b)). As the part of the longitudinal profile between points 5 and 10 are 

located higher than areas both upstream and downstream, it could be interpreted as a threshold. 

Altitude of the threshold is 9.5-9.9 m.  

Since the basin was isolated twice during the Holocene – from Ancylus Lake and from Littorina 

Sea – it could have two different thresholds located nearby. However, there are no landforms 

hypothetically associated with the former one within the constructed profiles, so it could be 

suggested that it was vanished by erosion of the subsequent water bodies.  
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Figure 11 (a): Transversal profiles of the hypothetical threshold area. Relief of anthropogenic 

origin is marked green. Projected natural surface is marked with red dotted lines. Profiles 

positions are shown on the map 



Paleogeography and shore displacement of Eastern Gotland between 9.5 and 2.8 ka cal BP 
 

27 
 

 

Figure 11 (b): Transversal profiles of the hypothetical threshold area. Relief of anthropogenic 

origin is marked green. Projected natural surface is marked with red dotted lines. Profiles 

positions are shown on the map 

 

 

Figure 12: Longitudinal profile of the hypothetical threshold area, based on lowest ground points 

of projected natural surface of transversal profiles. 
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4.4. Geochemical properties, based on X-ray fluorescence (XRF) 

The dataset, consisting of counts of 15 different elements on submillimetre scale together with 

coherent and incoherent scattering profiles, was reduced by calculating average values for every 

0.5 cm. The part of the dataset, corresponding to peat, was excluded as not relevant to the study 

purposes.  

In order to investigate similarities in the distribution of different elements, Pearson product-

moment correlation coefficients were determined for all pairs of elements, and correlation matrix 

was constructed (Table 2). Principal component analysis (PCA) was run for the same purpose 

(Figure 13). All the elements’ counts were normalized by Titanium and plotted against the depth 

(Figures 14). 

 Table 2: Correlation matrix for XRF elemental data 

 

Five main groups of elements with the association in their distribution could be distinguished. First 

one consists of Strontium, Calcium, and Argon, showing a strong correlation between each other 

and an anticorrelation with the majority of other studied elements. All these elements are usually 

associated with carbonates precipitation (Mueller et al., 2009; Kylander et al., 2011). Peak areas 

of their normalized profiles coincide with calcareous gyttja units. Strontium/Titanium and 

Calcium/Titanium exhibit minor increases in brown gyttja unit that could be interpreted as shells 

bands.  

The second group is composed by Silica, Lead, and Zirconium. These elements correlate well with 

most of the other ones but show the strongest correlation between each other. Highest values of 

this group correspond to the sand layer. Lead/Titanium displays some rises in brown gyttja. Silica 

 
Si S Ar K Ca Ti Mn Fe Ni Cu Zn Br Rb Sr Zr Pb 

Si x 9 16 54 -21 34 45 24 -6 -19 15 -3 5 21 74 68 

S 
 X -41 4 -36 15 1 16 2 3 12 34 12 -37 -4 -3 

Ar 
  x -11 69 -34 2 -33 -5 -57 -34 -62 -3 72 5 1 

K 
   x -41 91 9 91 11 -7 7 -6 93 9 36 61 

Ca 
    X -6 -16 -55 -37 -61 -47 -57 -64 64 -29 -14 

Ti 
     x 81 96 19 13 74 2 94 -15 27 42 

Mn 
      x 82 0 -24 6 -16 78 26 22 57 

Fe 
       x 19 11 78 17 92 -12 15 38 

Ni 
        x 26 35 28 18 -42 -2 35 

Cu 
         x 13 54 12 -48 -5 -24 

Zn 
          x 5 7 -21 9 35 

Br 
           x 16 -57 -17 -28 

Rb 
            x -12 39 51 

Sr 
             x 2 2 

Zr 
              x 47 

Pb 
               x 
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and Zirconium have been reported to be grain-size dependent elements (Vasskog et al., 2012; Shala 

et al., 2014). 

The fourth division is constituted by Lead, 

Zinc, Iron, and Titanium, showing a positive 

correlation with all elements, except for ones 

from the first group.  These are relatively 

stable elements, especially Iron and 

Titanium that are often used for 

normalization, so Iron/Titanium graph lacks 

any significant fluctuations. Rubidium and 

Zinc are enriched in sand and could be linked 

to grain-size coarsening.  

The fifth group consists of elements, slightly 

anticorrelating with other ones and showing 

weak correlation with each other, and 

includes Sulfur, Nickel, Copper, and 

Bromine. Bromine appears to be the most 

relevant to this study of these, as it shows 

clear zonation in its fluctuations in brown 

gyttja. There are two apparent peaks in 

Bromine/Titanium graph: the first fall between 

275 and 245 cm with culmination around 265 cm, the second is between 165 and 155 cm. Bromine 

peaks has been described as an indication of higher marine organic matter in relation to terrestrial 

organic matter (Mayer et al., 2007; Ziegler et al., 2008) These increases could be interpreted as 

salinity rises (Ziegler et al., 2008; DeBoer et al., 2014), i.e. transgression phases. However, 

alternative interpretation could be an organic content increase (Kalygin et al., 2013). This 

hypothesis is supported by loss-on-ignition peaks, corresponding to the same depth intervals (see 

4.1.). Sulfur peaks have also been described as an indication of marine influence (Balascio et al., 

2011), but Sulfur/Titanium graph does not have any significant rises. 

Figure 13: Score plot of Principal 

Component Analysis. 
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Figure 14: XRF counts, normalized by Titanium counts. Note that horizontal axes are different for different elements 
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 ,

 

 

Figure 15: Raw Bromine counts and Br/Ti ratio.
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4.5. Diatom stratigraphy 

The part of the sequence between 65 and 330 cm was analyzed for diatoms, resulting in 37 samples. 

No diatoms were found in the lowermost part of the core between 338 and 400 cm, which includes 

sand and clay. No samples were taken from peat, due to irrelevance to the study’s purposes.  

163 diatom taxa were identified and divided into nine groups, according to their salinity and water 

depth preferences (Ancylus taxa, Benthic brackish-marine taxa, Planktonic brackish-marine taxa, 

Halophilous benthic taxa, Lagoonal taxa, Indifferent benthic taxa, Indifferent planktonic taxa, 

Freshwater benthic taxa and Freshwater planktonic taxa). Unidentifiable frustules were combined 

in a separate group. See Appendix 1 for a full list of identified taxa together with their classification 

and Appendix 2 for a table with frustules counts.  

Relative abundance of diatom taxa and their groups were calculated and expressed in percentages, 

and two different diagrams were plotted. Taxa with low abundance (less than 3 percent) were 

excluded from the diagram for convenience considerations. Lithology and calibrated radiocarbon 

ages were added to the diagrams in order to ease interpretations. 7 specific zones were 

distinguished, based on diatoms assemblage, its cluster analysis (CONISS) and lithology. 

Zone 1 (307-339 cm; 9000 – 8500 cal. years BP) 

conforms to the lower calcareous gyttja unit. 

Freshwater benthic taxa comprise the largest share 

of the assemblage with 50-60 %. Dominant taxa are 

Gomphonema spp. and Eunotia spp., constituting ca 

30-35 and 20-25 % respectively. Indifferent benthic 

taxa make up the second biggest proportion and 

increase upcore from 20 % in the bottom part of the 

zone to 45 % just below the upper boundary, mainly 

due to a rise of Epithemia spp. Ancylus taxa, 

represented by Aulacoseira islandica and 

Cyclotella radiosa, reach their highest values in this 

zone, composing up to 10 %.  

Interpretation: Dominant species are characteristic for small freshwater oligo- and eutrophic 

lakes (Van Dam et al, 1994; Krammer & Lange-Bertalot, 1986-1991) that correlate well with 

lithology. A substantial share of Ancylus taxa 

indicates active reworking of underlying sediments 

within the basin and serve as a circumstantial 

evidence of their origin. The lower boundary of the 

zone hypothetically corresponds to the first isolation 

of the basin.  

Zone 2 (290-307 cm; 8500 – 8050 cal. years BP) was 

separated in the lowermost part of the brown gyttja 

unit. Its diatoms assemblage is characterized by the 

presence of taxa with a wide range of salinity 

preferences, but the prevalence of indifferent 

benthic diatoms (up to 40 %), such as Epithemia 

Figure 16: SEM photo of Aulacoseira 

islandica (depth 307.5 cm) 

Figure 17: SEM photo of 

Campylodiscus clypeus in valve view 

(depth 304.5 cm) 
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adnata, Epithemia argus and Epithemia goeppertiana. Halophilous and freshwater taxa constitute 

for 15-20 % each. Lagoonal taxa reach its peak in this zone at 7 %, due to an increase of 

Campylodiscus genera portion. Brackish-marine taxa proportion remains low (under 15 %) and is 

composed by Diploneis smithii and Diploneis smithii var. rhombica. Ancylus taxa almost 

disappear. Planktonic species share is negligible. 

Interpretation: This zone represents a transitional stage between a freshwater lake and a bay of 

the Littorina Sea. Brown gyttja accumulation and a substantial share of brackish-marine diatoms 

indicate a connection with the sea, but water level and salinity were still low, as non-brackish and 

benthic diatoms dominate. This interpretation is supported by a peak in lagoonal taxa, represented 

by Campylodiscus clypeus that is peculiar for transgressive transitional conditions (Alhonen, 1972, 

Miller, 1984; Eronen et al., 2001).  

Zone 3 (275-290 cm; 8050 - 7700 cal. years BP) 

is located in the lower part of the brown gyttja unit 

and characterized by the predominance of 

planktonic brackish-marine diatom Melosira westii 

that constitute 40 % of the composition. The 

second largest proportion is comprised by 

halophilous benthic species (20-25 %), the most 

abundant of them is Epithemia turgida. Indifferent 

and freshwater taxa undergo a plunge in 

comparison to Zone 2 and make up under 10 % 

each in Zone 3.  

Interpretation: This is the only zone where the 

planktonic brackish-marine taxon Melosira westii 

occurs, indicating unique conditions, existed in that period. This species was previously reported 

to be peculiar for Littorina bays flora (Risberg et al., 2005), especially during L3 phase (Miller, 

1982). As optimal salinity for this species is around 3 % (Mölder & Tynni, 1967), its predominance 

indicates fully established connection with Littorina Sea. This idea is supported by extremely low 

shares of indifferent and freshwater taxa. However, Melosira westii often appears to be abundant 

at initial and final stages of Littorina Sea, when basin is shallow and salinity is moderate 

(Hedenström & Risberg, 1999; Risberg et al., 2005; Miettinen et al., 2007). The high abundance 

of halophilous taxa enforces this interpretation.  

Zone 4 (202-275 cm; 7700 – 6400 cal. years BP) 

corresponds to the lower central part of the brown 

gyttja layer. Its diatom assemblage consists of 

almost even shares of brackish-marine and 

halophilous taxa that make it similar to Zone 3. 

However, the main difference is that Melosira 

westii disappears and gets substituted by Paralia 

sulcata as a dominant brackish-marine planktonic 

species, comprising for ca 40 % on average. A 

halophilous taxon is mainly represented by a benthic 

species Epithemia turgida that constitutes for 45 – 

Figure 18: SEM photo of Melosira westii 

in valve view, inside (depth 280.5 cm) 

Figure 19: SEM photo of Paralia sulcata 

in valve view (depth 212.5 cm) 
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50 % with the peaks up to 55 %.  Brackish-marine benthic species part increases in comparison to 

Zone 3 due to emergence of Hyalodiscus scoticus, Synedra crystalina and Navicula peregrina, 

making up 5-7 % each.  

Interpretation: Paralia sulcata is a typical species for coastal brackish-marine waters (McQuoid 

et al., 2003). It usually gets a competitive advantage in a low light environment with high degree 

of mixing (Conover, 1956; Blasco Estrada & Jones, 1980). It has a wide range of salinity 

preferences from 5 ‰ to fully marine conditions (Zong, 1997; Andrén et al., 2000) and is 

especially abundant in the flora of the North Sea (Henday, 1964). Due to very high tolerance to a 

wide range of hydrological conditions, including salinity, water temperature, and nutrients, it is 

hard to use it as an indicator of paleoecological shifts (Zong, 1997; McQuoid, 1998). The 

disappearance of Melosira westii probably indicates that salinity increase was high enough to 

create conditions that it does not tolerate. However, a large share of Epithemia turguda suggests 

relatively low salinity. 

Zone 5 (150-202 cm; 6400 - 5650 cal. years BP) corresponds to the middle part of the sequence 

and brown gyttja unit. Brackish-marine planktonic taxa constitute the dominant part of the 

assemblage and reach its peak at 90 %. Prevailing species is Paralia sulcata, culminating in the 

middle of the zone at 90 %. Halophilous taxa show substantial decrease in comparison to Zone 4, 

but remains the second biggest group in the lower part of the zone, composing 10-15% on average. 

Brackish-planktonic taxa rise sharply to 40-45 % in the uppermost 10 cm. of the zone. It is mainly 

represented by Diploneis didyma. 

Interpretation: Clear predominance of Paralia sulcata indicates the highest salinity and water 

level around 5900 cal. years BP, supported by decrease of halophilous taxa share. Salinity remains 

high, but depth probably decreases upcore as benthic species takes larger percentage.  

Zone 6 (79-150 cm; 5650 – 3800 cal. years BP) 

represents the upper part of the brown gyttja unit. 

Brackish-marine benthic diatoms comprise the biggest 

share of 40-50 %, the most abundant of them are 

Cocconeis scutellum, Navicula peregrina and different 

species of Mastogloia genera. Indifferent benthic taxa 

increase upcore and constitute the second largest 

portion (30-40 percent) with 5-10 percent frequencies 

of Navicula rhyncocephala, Amphora ovalis, and 

Amphora pediculus. Brackish-marine species, 

including Paralia sulcata, undergo a distinct plunge 

to 5 %, compared to Zone 5.  

Interpretation: Brackish-marine taxa still dominate 

the assemblage, but benthic species substitute planktonic ones, indicating shallowing of the basin. 

Some species, such as Cocconeis scutellum, Mastogloia smithii and Mastogloia braunii (Berglund 

et al., 2005; Witak, 2013) prefer lower salinity than Paralia sulcata. 

Zone 7 (53-79 cm; 2600 - 3800 cal. years BP) corresponds to the upper calcareous gyttja unit and 

is characterized by very low diatoms abundance. Only one sample from this zone was analyzed.  

Figure 20: SEM photo of Mastogloia 

braunii in valve view, inside (depth 138.5 

cm) 
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Freshwater benthic species Cymbopleura inaequalis, Eunotia spp. and Gomphonema spp, are 

dominant. Occasional indifferent and brackish-marine species are present.  

Interpretation: Diatom flora distinctly differs from the upper 5 zones as well as lithology does, 

suggesting isolation of the basin ca 3800 cal. years BP. Low abundance of diatom frustules could 

be explained by high ph environment due to high input of carbonates from the catchment area 

(Lewin, 1961; Ryves et al., 2006).
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Figure 21: Diatom diagram, showing abundance of Ancylus, Brackish-marine benthic, Brackish-marine planktonic and Halophilous benthic taxa 
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Figure 22: Diatom diagram, showing abundance of Lagoonal, Indifferent benthic, Indifferent planktonic, Freshwater benthic and Unknown taxa 
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Figure 23: Diatom diagram, showing abundance of all taxa  
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5. DISCUSSION 

5.1. Chronology 

Since radiocarbon dating of terrestrial macrofossils has been the most reliable and widely applied 

method for establishing chronology of sediment cores, especially after the development of AMS 

technique that allowed to determine ages of small-size samples, this type of material was primarily 

chosen (Törnqvist et al., 1992; Wohlfarth et al., 1998). Betula sp. seeds are one of the most 

common and widespread types of macrofossil, used in paleoenvironmental research in 

Fennoscandia, that has proved its reliability (e.g. Barnekow et al., 1998; Hedenström & Possnert, 

2001). Cladium mariscus is a typical sedge for lowlands and mires, resting on calcareous bedrock 

(Pokorny et al., 2010; Galka & Tobolski, 2012). Even though it usually grows close to open water, 

the dating of its seeds has been successfully applied in paleoecology without reservoir age 

correction (Hughes & Barber, 2004; Bennike & Jensen, 2013).  

Due to a low abundance of terrestrial macrofossils in some parts of the sequence, bulk sediment 

samples were dated. AMS radiocarbon dating of paired samples of terrestrial macrofossils (Betula 

sp. seeds) and bulk brown gyttja from 201 cm level showed a discrepancy of 451 14C years. Bulk 

sediment age appeared to be older due to marine reservoir effect. 

Marine reservoir effect (MRE) is normally a result of a lag in a CO2 exchange between ocean and 

atmosphere and dilution effect of upwelled waters (Mangerud, 1972; Stuiver et al., 1991; Siani et 

al., 2001). It is also often influenced by terrestrial run-off, especially in coastal areas, and is, 

consequently, affected by several variables in the catchment area, including erosion intensity, type 

of eroded bedrock, human activities and others, that makes this parameter location-specific.  

MRE of Littorina Sea has been quantified around 700 and 1100 14C years in south-eastern Uppland 

county (Hedeström & Possnert, 2001). In the present Baltic basin, this value shows significant 

variations between -200 and 1100 14C years (Heier-Nielsen et al., 1995; Olsen et al., 1996; Olsen 

et al., 2009; Lougheed et al, 2013). 

Located in the hard-water zone, i.e. influenced by run-off from carbonate-rich bedrock, the study 

area is expected to have higher MRE than average in the Baltic. For example, present-day values 

for shells, taken close to the estuary of Gothemsån river that drains Lina Mire, was quantified 866 
14C years at the depth of 33 meters and 381 14C years at the depth of 187 years (Lougheed, 2013). 

Moreover, the sample under consideration was taken from the zone that corresponds to high 

salinity that correlates well with MRE (Lougheed, 2013). 

Despite the mentioned factors, the reservoir age, obtained in the present study, appears to be 

around the average for the present-day Baltic and significantly lower than Littorina Sea reservoir 

ages for the south-eastern Uppland. As MRE depends on a whole set of factors, it is hard to clearly 

state the reason for this contradiction. It could be suggested that influence of ”old” terrestrial 

carbon was neutralized by intensive mixing in the littoral zone, resulted in sufficient input of 

“young” carbon from the atmosphere. Alternatively, Betula seeds could have been reworked from 

lower sediments and provide too old age 

Overall, the acquired age-depth model appears to be in accordance with the depth. However, one 

sample from 270 cm level appears to be ca 1.0 ka cal older than expected from the age-depth 

model. Despite the obvious reasons, such as contamination and/or presence of hiatus, this 
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discrepancy could also be explained by higher reservoir age. This depth corresponds to the stage 

with the possibly highest water level in Littorina Sea that hinder carbon exchange between the 

atmosphere and the bottom part of the bay. 

5.2. Shore-displacement history 

Isolation from the Ancylus Lake (9.3 ka cal BP) 

No radiocarbon dating was performed on the part of the sequence below the lower calcareous 

gyttja unit. The boundary between the lower calcareous gyttja and underlying layer of blueish clay 

and silt was dated ca 9.3 ka cal BP by extrapolation of the age-depth model. It could be interpreted 

as the age of isolation of the basin from the Ancylus Lake as a result of regression in the end of 

this stage. Since the basin was connected to the Baltic through the same channel during the whole 

Holocene, its threshold was constantly exposed to erosion by wave action. That is why it is not 

possible to mark an altitude of the threshold at the isolation event under consideration. However, 

it was definitely higher than 10.5 m. The presented hypothesis fits well with the results of the study 

by Svensson (1989), who suggested the first isolation of the basin ca 9.5 ka cal BP.  

 

Figure 24: Bromine/Titanium ratio and brackish-marine planktonic taxa share. Interpretations 

are given in the right column 
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First freshwater stage (9.3-8.5 ka cal BP) 

The transition from the Ancylus Lake to a freshwater environment occurred after ca 9.4 ka cal BP. 

The presence of a continuous thin sand layer indicates the occurrence of a short hiatus around that 

time. Catchment area became considerably smaller and calcareous gyttja was accumulated. As this 

layer reaches the surface along the western and north western boundaries of the basin, it could be 

suggested that the area covered by this lake was larger than of any other following water body. 

This serves as a circumstantial evidence for the  highest position of the threshold at that time. The 

layer is inconsistent throughout the basin that could possibly be explained by the presence of 

groundwater discharge.  

Onset of Littorina transgression (8.5 ka cal) and absence of Mastogloia stage 

First signs of brackish water inflow to the basin are dated ca 8.5 ka cal BP. The gradual boundary 

between calcareous and brown gyttja together with the substantial presence of Lagoonal diatom 

taxa in the bottom 20 cm of brown gyttja unit indicate a gentle and steady transition from 

freshwater to a brackish-marine environment. The basin appeared to be a so-called «Clypeus-

lagoon» with relatively low salinity and water depth. This type of environment is typical for Initial 

Littorina Sea phase (Alhonen, 1972; Eronen, 1974; Eronen et al., 2001). 

Mastogloia spp. taxa are not present in the part of the sequence around the considered transition 

to a brackish-marine environment, indicating the absence of evidence of Mastogloia phase that is 

typical for a period between the Ancylus Lake and the Littorina Sea (Hyvärinen,1988; 

Hedenström. 2001). During that phase, i.e. before 8.5 ka cal BP, the basin appeared to be an 

isolated freshwater lake. The amplitude of Mastogloia Sea level rise was probably not high enough 

to reach the threshold of Line Mire. It confirms the conclusion drawn by Svensson (1989) that this 

phase is not represented in Central Gotland.   

Age of the onset of Littorina transgression fits well with data from Blekinge and corresponds to 

L1 stage there (Berglund et al., 2005). It also coincides with the initiation of the transgression at 

Narva-Luga lowland and Pärnu area (Sandgren et al., 2004; Veski et al., 2005: Rosentau et al., 

2013). Even though this stage was described as minor, it seems that its amplitude was high enough 

to exceed the threshold of Lina Mire basin.  

Evidence for two highest sub-phases of Littorina transgression 8.1-7.5 ka cal BP and 6.5-6.0 ka 

cal BP 

The relatively abrupt increase of planktonic diatoms taxa share together with a surge of 

Bromine/Titanium ratio represents a direct evidence of a sea-level rise, starting from 8.1 ka cal 

BP. The initial period of this transgressive sub-phase between 8.1 and 7.8 ka cal BP is 

characterized by the predominance of Melosira westii diatom, indicating an environment with 

moderate salinity. Starting from 7.8 ka cal BP this species gets substituted by another brackish-

marine planktonic diatom Paralia sulcata, which is tolerant to higher salinity and gets a 

competitive advantage in deep water (Zong, 1997; McQuoid, 1998). Its share reaches the peak 

around 7.5-7.4 ka cal BP when Bromine/Titanium ratio hits its highest values as well. This age 

could be suggested as a culmination of this transgressional sub-phase. Salinity remained moderate 

during this period, though, as indifferent diatom species still comprised a big share of the 

composition.  
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The suggested high sub-phase of the Littorina transgression coincides with L2 event, identified in 

Blekinge (Berglund et al., 2005). Not only timing of L2 is similar, but also the fact that salinity 

was still low during that period. Rosentau et al. (2013) provide evidence for a peak of Littorina 

transgression in Eastern Gulf of Finland around 7.3 ka cal ago, which is also a good fit with the 

data, given in the present study. Moreover, the timing of the maximum transgression at Lina Mire 

appears to be in agreement with studies on Karelian Isthmus and Kattegat region (Miettinen et al., 

2007; Bjørnsen et al., 2008). 

The mentioned transgressive sub-phase was followed by the gradual decrease of planktonic 

diatoms share and Bromine/Titanium ratio, corresponding to a possible regression, as the sea-level 

rise stopped and postglacial uplift became the main factor in shore position dynamics. The 

regression took place between 7.4-7.0 ka cal BP. It coincides with a stillstand conditions on 

Karelian Isthmus and regression in Blekinge and Eastern Gulf of Finland (Berglund et al, 2005; 

Miettinen et al., 2007; Rosentau et al., 2013). 

 

Figure 25: Comparison of shore-displacement curves for Ingermanland, Narva-Luga lowland and 

Blekinge, and a tentative shore-displacement curve for Easterm Gotland. Note that the part of the 

curve for Gotland that corresponds to the Early Holocene has been taken out. Sub-stages L2 and 

L2 correspond to Br/Ti ratio peaks as well as the increases of brackish-marine planktonic diatoms 

distribution 
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Another increase of water-level possibly started around 6.7 ka cal BP and culminated 6.1 ka cal 

BP. Brackish-marine planktonic diatoms completely dominate the composition that could serve as 

a possible indication of salinity peak. It fits well with the data, reported by Westman et al (1999), 

that suggest the highest salinity conditions (ca 20 ‰) between 6.5 and 5.0 ka cal BP due to an 

increased volume of saline water inflow from the Atlantic as a result of the enlarged cross-section 

of Danish straits. 

As the study lacks any proxy for direct estimation of past water level, it is hard to evaluate if the 

Littorina limit (22 m) was reached during the L2 or L3 sub-phase. Some studies show that the 

second sub-stage was primarily caused by a global eustatic sea level rise, whereas the main reason 

for the third one was erosion of thresholds. Even though both studies have been proved to be trans-

Baltic, their magnitude varies from one location to another (Berglund et al, 2005; Miettinen et al., 

2007; Bjørnsen et al., 2008). 

If the water level in the ”Clypeus lagoon”, existed during L1 sub-phase, was 1-2 meters higher 

than the threshold and the highest Littorina shoreline was reached during L2 sub-phase, 

transgression rate could be estimated as: 

𝑊𝑎𝑡𝑒𝑟 𝑙𝑒𝑣𝑒𝑙 𝐿2 (𝑚) − 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑎𝑙𝑡𝑖𝑡𝑢𝑑𝑒 (𝑚) + 𝐿1 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 (𝑚)

𝐴𝑔𝑒 𝐿2 (𝑦𝑟𝑠) − 𝐴𝑔𝑒 𝐿1 (𝑦𝑟𝑠)
=

22 − 12 + 2

8100 − 7500

= 0.013 (
𝑚

𝑦𝑒𝑎𝑟
) =  13 (

𝑚𝑚

𝑦𝑒𝑎𝑟
) 

L3 sub-phase was followed by a regression that led to the eventual isolation of the basin. No 

evidence of minor transgression after 6.0 ka cal BP were found, even though their indications have 

been described in Blekinge and Eastern Svealand (Risberg et al., 1991; Berglund et al., 2005). 

Planktonic brackish-marine diatoms were gradually getting substituted by benthic brackish-marine 

taxa, indicating that salinity remained relatively high, whereas water level was falling. It supports 

the idea that the global eustatic sea level was constant, while land uplift became the main factor in 

shore displacement dynamics.  

Final isolation from the Littorina Sea 3.9 ka cal BP 

The boundary between brown gyttja and upper calcareous gyttja units was dated 3.9 at ka cal BP. 

The isolation occurred when the sea level dropped below the threshold that was probably lower 

than it had been at the first isolation event. Series of cross-sections suggest 10.9 m as the altitude 

of the threshold. However, it should be taken into account that this number could be higher, as the 

threshold area has been affected by anthropogenic activities. 

The second freshwater stage was characterized by higher carbonate content and lower water level 

due to erosion of the threshold and sediment infilling of the basin. Maximum depth of it did not 

exceed 2 m. The extreme scarcity of diatoms frustules circumstantially indicates high pH 

environment (e.g. Ryves et al., 2013). 

As the basin was becoming shallower with time due to continuing input of sediments, the 

overgrowing processes accelerated. Accumulation of peat started 2.8 ka cal at the sampling site, 

which is located in the middle of the mire. Formation of peat could have started earlier closer to 

the boundaries of the basin. Accumulation rate of peat is hard to assess, as a considerable part of 

the sequence was taken out or compressed as a result agricultural activities and ditching.  
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Figure 26(a): Paleogeography of Lina Mire basin and its surroundings. Present-day position of 

the Baltic Sea is marked pale blue. The present position of the peatland and its outlet are marked 

pale green. Age, corresponding to each map, and value of the present contour line are shown in 

the upper left corner.  
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Figure 26(b): Paleogeography of Lina Mire basin and its surroundings. Present-day position of 

the Baltic Sea is marked pale blue. The present position of the peatland and its outlet are marked 

pale green. Age, corresponding to each map, and value of the present contour line are shown in 

the upper left corner 
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5.3. Isostatic uplift variability 

Being another factor that determines the position of the shoreline, isostatic uplift varies both in 

time and space in Fennoscandia (Mörner, 1979; Ekman, 1996). The suggested shore displacement 

curve for the Lina Mire and the global eustatic sea level curve (Fairbanks, 1989) were 

superimposed and a land uplift curve was plotted for the last 8.5 ka cal BP (Figure 26). Considering 

the isolation events and the onset of the Littorina transgression as the most reliable benchmarks, 

the average uplift rate could be calculated for the periods between 8.5 ka cal BP and 3.9 ka cal BP 

as well as between 3.9 ka cal BP and the present. For the former time interval, this value appears 

to be 2.3 mm/year, while for the latter one it constitutes for 2.1 mm/year.  

If the points of the curve, corresponding to the maximum extent of the Littorina transgression, are 

taken into consideration, the uplift rate becomes negative during the periods between 8.5 and 7.4 

ka cal BP and, probably, between 6.5 and 6.1 ka cal BP. As this has not been reported to occur 

anywhere in Fennoscandia at this period, it could indicate an influence of other processes on the 

relative sea level such as erosion of the Danish straits threshold rather than the uplift rate change. 

A slight decrease of the total uplift rate from 2.3 mm/year at the beginning of the Littorina 

transgression to the present rate of 1.4 mm/year (Ekman, 1996) probably indicates gradual 

diminishing of the isostatic component. However, this decline is small in comparison to the 

numbers for the mainland at the same period (Mörner, 1977). It is also lower than the uplift rate 

gradient in the Early Holocene at Lina Mire (Svensson, 1989). This could be partially explained 

by an inaccurate determination of the threshold altitude that could have been a little higher at the 

onset of the Littorina transgression. However, this source of error cannot be drastic and constitutes 

for no more than 2 m that gives less than 0.1 mm/year addition to the calculated isostatic uplift 

rate. Otherwise, it could be an evidence for a lower contribution of the isostatic component in the 

total uplift, compared to the tectonic component that is usually regarded to be constant in 

Scandinavia in the Holocene (Mörner, 1977). 
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Figure 27. Calculation of the land uplift rates at the Lina Mire during the period of the last 8.5 

ka cal BP by superimposing of the obtained shore-displacement curve and the global eustatic 

sea level curve (Fairbanks, 1989) 
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CONCLUSIONS 

 

Finally, the outcomes of the thesis could be summarized, following the questions: 

1) Lina Mire basin, located in the Central Eastern Gotland, was submerged during the 

Ancylus Lake stage until ca 9.5 ka cal BP. Isolation event occurred, when the threshold, 

located at the minimum altitude of 12 m a.s.l., emerged;   

2) Over the period from 9.5 ka cal BP till 8.5 ka cal BP a freshwater lake with highly reducing 

conditions and maximum depth of 5 meters existed in the area; 

3) The basin became a bay of the Littorina Sea because of transgression, initiated ca 8.5 ka 

cal BP. Two major sub-phases of the Littorina transgression could be identified. The first 

one lasted from 8.1 till 7.5 ka cal BP, while the second one took place between 6.5 and 6.0 

ka cal BP. The highest Littorina shoreline was formed during one of these sub-phases. The 

highest salinity was reached during the second sub-phase; 

4) From 6.0 ka cal BP the area experienced regression that eventually led to the second 

isolation of the basin ca 3.9 ka cal BP; 

5) The timing of the Littorina transgression as well as of its highest sub-phases are in good 

agreement with most of the studies, carried out in the areas with a similar pattern of 

postglacial isostatic uplift. It suggests that these events were trans-Baltic; 

6) The average land uplift rate has decreased from 2.3 mm/year to 1.4 mm/year during the 

period between 8.5 ka cal BP and the present. A tectonic component of the uplft was likely 

a predominant over an isostatic component 

Moreover, it should be noted that one of the first attempts to apply a Bromine/Titanium ratio as a 

proxy for identifying salinity and water level in the Baltic was performed. It appeared to provide 

a strong evidence for marine water ingressions when compared with diatom analysis results. 

However, more research is required to confirm a connection between marine water ingressions in 

the Baltic and Bromine/Titanium ratio.  
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APPENDIX 1. CORING SITES LOCATION AND DESCRIPTION 

 

Profile A-A’ 

Coring point 1 – 18,661384°E; 57.579892°N; 8.87 m a.s.l. 

0 – 92 cm – Fen peat 

92 – 242 cm – Gyttja, brown 

242 – 245 cm – Sand 

245 –  ... – Clay, blueish gray. Abandoned gravels 

Coring point 2 – 18.664148°E; 57.578206°N; 8.94 m a.s.l. 

0 – 60 cm – Fen peat 

60 – 65 cm – Gyttja, calcareous 

65 – 282 cm – Gyttja, brown. Sulfides in the bottom part 

282 – 305 cm – Gyttja, calcareous 

305 - … cm - Sand 

Coring point 3 – 18.665383°E; 57.577278°N; 8.96 m a.s.l. 

0 – 42 cm – Fen peat  

42 – 53 cm – Gyttja, algae 

53 – 66 cm – Gyttja, calcareous  

66 – 320 cm – Gyttja, brown 

320 – 353 cm – Gyttja, calcareous  

353 – 358 cm – Sand 

358 – … cm – Clay, blueish gray 

Coring point 4 – 18.667158°E; 57.576216°N; 8.65 m a.s.l. 

0 – 35 cm – Fen peat 

35 – 45 cm – Gyttja, calcareous 

45 – 160 cm – Gyttja, brown 

160 – 215 cm – Gyttja, calcareous  

215 – ... – Sand  

Profile B-B’ 

Coring point 5 – 18.642374°E; 57.757050°N; 9.33 m a.s.l. 

0 – 50 cm – Sedge peat 

50 – 75 cm – Gyttja, algae. Reddish with abundant fragments of roots 

75 – 230 cm – Gyttja/clay gyttja, brown 

230 – 285 cm – Gyttja, calcareous  

Coring point 6 – 18.650786°E; 57.573241°N; 9.53 m a.s.l. 

0 – 80 cm – Fen peat 

80 – 97 cm – Gyttja, algae  

97 – 120 cm – Gyttja, calcareous 

120 – 285 cm – Gyttja, brown 

285 – 314 cm – Gyttja, calcareous 

314 – 321 cm – Clay, blueish clay 

321 – 327 cm – Sand 

327 - … cm – Clay, light gray 

Coring point MC (master core) – 18.653328°E; 57.572091°N; 9.15 m a.s.l. 

0 – 33 cm – Fen peat 

33 – 43 cm – Reed peat 

43 – 74 cm – Gyttja, calcareous 

74 – 310 cm – Gyttja, brown 

310 – 338 cm – Gyttja, calcareous 

338 - ... cm – Sand 

Coring point 7 – 18.655446°E; 57.571144°N; 9.09 m a.s.l. 
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0 – 40 cm – Fen and sedge peat 

40 – 70 cm – Gyttja, calcareous 

70 – 455 cm – Gyttja, brown 

Profile C – C’ 

Coring point 8 – 18.634639°E; 57.574481°N; 9.31 m a.s.l. 

0 – 60 cm – Fen peat. Dry 

60 – 80 cm – Gyttja, calcareous 

80 – ... cm – Sand. Iron precipitation 

Coring point 9 – 18.638939°E; 57.572097°N; 9.18 m a.s.l. 

0 – 80 cm – Fen and sedge peat 

80 – 85 cm – Gyttja, calcareous 

85 – 240 cm – Gyttja, brown 

240 – 289 cm – Gyttja, calcareous 

289 – 298 cm – Sand 

298 – … cm – Clay, blueish 

Coring point 10 – 18.641503°E; 57.570060°N; 9.18 m a.s.l. 

0 – 46 cm – Sedge and fen peat 

46 – 75 cm – Gyttja, calcareous 

75 – 250 cm – Gyttja, brown 

250 – 295 cm – Gyttja, calcareous 

295 - … cm – Sand 

Coring point 11 – 18.643203°E; 57.569357°N; 9.63 m a.s.l. 

0 – 55 cm – Sedge and fen peat 

55 – 65 cm – Gyttja, algae 

65 – 75 cm – Gyttja, calcareous 

75 – 287 cm – Gyttja, brown 

287 – 345 cm – Gyttja , calcareous 

345 – 350 (...) cm – Sand 

Coring point 12 – 18.645640°E; 57.568276°N; 9.46 m a.s.l. 

0 – 55 cm – Sedge and fen peat 

55 – 125 cm – Gyttja, calcareous  

125 – 295 cm – Gyttja, brown 

295 – 349 cm – Calcareous, gyttja 

349 – 350 (…) cm – Sand 

Coring point 13 – 18.647648°E; 57.567326°N; 9.26 m a.s.l. 

0 – 80 cm – Sedge and fen peat  

80 – 85 cm – Gyttja, algae 

85 – 120 cm – Gyttja, calcareous 

120 – 295 cm – Gyttja, brown 

295 – 350 cm – Gyttja, calcareous 

350 – 370 cm – Sand, blueish gray 

370 – 405 cm – Clay, blueish gray 

405 – 600 (…) – Clay, reddish gray 

285 - ... – Sand 

Coring point 14 – 18.649134°E; 57.566688°N;  9.18 m a.s.l. 

0 – 55 cm – Sedge and fen peat 

55 – 65 cm – Gyttja, algae 

65 – 75 cm – Gyttja, calcareous 

75 – 287 cm – Gyttja, brown 

287 – 345 cm – Gyttja , calcareous 

345 – 350 (...) cm – Sand 
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Coring point 15 – 18.652701°E; 57.564741°N; 8.96 m a.s.l. 

0 – 60 cm – Fen peat 

60 – 85 cm – Gyttja, algae 

85 – 115 cm – Gyttja, calcareous 

115 - ... cm – Gyttja, brown 

Coring point 16 – 18.654511°E; 57.564035°N; 8.91 m a.s.l. 

0 – 85 сm – Sedge peat 

85 – 112 cm – Reed peat 

112 – 156 cm – Gyttja, calcareous 

156 – 381 cm – Gyttja, brown 

381 – 385 cm – Sand 

385 – 390 cm – Clay, blueish 

390 - ... cm – Sand 
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APPENDIX 2. ECOLOGICAL GROUPING OF DIATOM SPECIES 

Ancylus Lake taxa 

Aneumastus tuscula (Ehrenberg) D.G.Mann & A.J.Stickle, 1990 

Aulacoseira granulata (Ehrenberg) Simonsen, 1979 

Aulacoseira islandica (Otto Müller) Simonsen, 1979 

Aulacoseira spp. Thwaites, 1848 

Cyclotella radiosa (Grunow) Lemmermann, 1900 

Gomphocymbellopsis ancyli (Cleve) Krammer, 2003 

Pleurosigma angulatum (J.T.Quekett) W.Smith, 1852 

Brackish-marine taxa, benthic 

Achnanthes brevipes Agardh, 1824 

Achnanthes longipes Agardh, 1824 

Amphora coffeiformis (C.Agardh) Kützing, 1844 

Amphora commutata Grunow in Van Heurck, 1880 

Caloneis aemula (A.Schmidt) Cleve, 1894 

Cocconeis scutellum Ehrenberg, 1838 

Ctenophora pulchella (Ralfs ex Kützing) D.M.Williams & Round, 1986 

Diploneis interrupta (Kützing) Cleve, 1894 

Diploneis smithii (Brébisson) Cleve, 1894 

Diploneis smithii var. rhombica Mereschkowsky, 1902 

Diploneis suborbicularis (W.Gregory) Cleve, 1894 

Halamphora holsatica (Hustedt) Levkov, 2009 

Mastogloia albertii A.Pavlov, E.Jovanovska, C.E.Wetzel, L.Ector & Z.Levkov, 2016 

Mastogloia baltica Grunow, 1880 

Mastogloia braunii Grunow, 1863 

Mastogloia elliptica (C.Agardh) Cleve, 1893 

Mastogloia exigua F.W.Lewis, 1861 

Mastogloia lanceolata Thwaites ex W.Smith, 1856 

Mastogloia smithii Thwaites ex W.Smith, 1856 

Mastogloia spp. Thwaites ex W. Smith, 1856 

Melosira moniliformis (O. F. Müller) Agardh, 1824 

Melosira westii W. Smith, 1856 

Navicula digitoradiata (W.Gregory) Ralfs in Prichard, 1861 

Navicula peregrina (Ehrenberg) Kützing, 1844 

Nitzschia sigma (Kützing) W.Smith, 1853 

Opephora mutabilis (Grunow) Sabbe & Wyverman, 1995 

Paralia sulcata (Ehrenberg) Cleve, 1873 

Parlibellus crucicula (W.Smith) Witkowski, Lange-Bertalot & Metzeltin, 2000 

Parlibellus cruciculoides (C.Brockmann) Witkowski, Lange-Bertalot & Metzeltin, 2000 

Petroneis marina (Ralfs) D.G.Mann, 1990 

Rhabdonema arcuatum (Lyngbye) Kützing, 1844 

Rhabdonema minutum Kützing, 1844 

Synedra crystallina (C.Agardh) Kützing, 1844 

Tabularia fasciculata (C.Agardh) D.M.Williams & Round, 1986 

Tryblionella compressa (J.W.Bailey) Poulin, 1990 

Tryblionella hungarica (Grunow) Frenguelli, 1942 

Tryblionella levidensis W.Smith, 1856 

Brackish-marine taxa, planktonic 
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Actinocyclus normanii (W.Gregory ex Greville) Hustedt, 1957 

Actinocyclus ochotensis A.P.Jousé, 1969 

Chaetoceros spp resting spores Ehrenberg, 1844 

Hyalodiscus scoticus (Kützing) Grunow, 1879 

Thalassiosira baltica (Grunow) Ostenfeld, 1901 

Thalassiosira hyperborea (Grunow) Hasle, 1989 

Halophilous taxa, benthic 

Amphora mexicana A.Schmidt, 1875 

Caloneis amphisbaena (Bory) Cleve, 1894 

Cyclotella meneghiniana Kützing, 1844 

Epithemia turgida (Ehrenberg) Kützing, 1844 

Gomphonema olivaceum (Hornemann) Brébisson, 1838 

Hippodonta capitata (Ehrenberg) Lange-Bertalot, Metzeltin & Witkowski, 1996 

Pinnularia halophila Krammer, 1992 

Pinnularia lundii Hustedt, 1954 

Pseudostaurosira subsalina (Hustedt) E.A.Morales, 2005 

Rhoicosphenia abbreviata (C.Agardh) Lange-Bertalot, 1980 

Rhopalodia gibberula (Ehrenberg) Otto Müller, 1895 

Rhopalodia musculus (Kützing) Otto Müller, 1900 

Tabellaria fenestrata (Lyngbye) Kützing, 1844 

 

Lagoonal 

Anomoeoneis sphaerophora (Ehrenberg) Pfitzer, 1871 

Campylodiscus bicostatus W.Smith ex Roper, 1854 

Campylodiscus clypeus (Ehrenberg) Ehrenberg ex Kützing, 1844 

Campylodiscus echeneis Ehrenberg ex Kützing 1844 

Surirella striatula Turpin, 1828 

Indifferent, benthic 

Amphora inariensis Krammer, 1980 

Amphora libyca Ehrenberg, 1841 

Amphora ovalis (Kützing) Kützing, 1844 

Amphora paracopulata Levkov & Edlund, 2009 

Amphora vetula Levkov, 2009 

Caloneis bacillum (Grunow) Cleve, 1894 

Caloneis silicula (Ehrenberg) Cleve, 1894 

Cocconeis pediculus Ehrenberg, 1838 

Cocconeis placentula Ehrenberg, 1838 

Cymbella cistula (Ehrenberg) O.Kirchner, 1878 

Diploneis ovalis (Hilse) Cleve, 1891 

Epithemia adnata (Kützing) Brébisson, 1838 

Epithemia argus (Ehrenberg) Kützing, 1844 

Epithemia argus var. alpestris (W.Smith) Grunow, 1860 

Epithemia sorex Kützing, 1844 

Epithemia sorex var. gracilis Hustedt, 1922 

Fragilaria brevistriata Grunow in van Heurck, 1885 

Fragilaria construens (Ehrenberg) Grunow, 1862 

Navicula rhynchocephala Kützing, 1844 

Nitzschia amphibia Grunow, 1862 

Rhopalodia gibba (Ehrenberg) Otto Müller, 1895 
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Staurosira binodis (Ehrenberg) Lange-Bertalot, 2011 

Staurosira venter (Ehrenberg) Cleve & J.D.Möller, 1879 

Staurosirella lapponica (Grunow) D.M.Williams & Round, 1987 

Staurosirella pinnata (Ehrenberg) D.M.Williams & Round, 1988 

Tabellaria flocculosa (Roth) Kützing, 1844  

Indifferent, planktonic 

Cyclostephanos dubius (Hustedt) Round, 1988 

Stephanodiscus medius Håkansson, 1986 

Freshwater, benthic 

Amphora affinis Kützing, 1844 

Brebissonia lanceolata (C.Agardh) R.K.Mahoney & Reimer, 1986 

Caloneis schumanniana (Grunow) Cleve, 1894 

Cymbella affinis Kützing, 1844 

Cymbella cymbiformis C.Agardh, 1830 

Cymbella cymbiformis var. nonpunctata Fontell, 1917 

Cymbella helvetica Kützing, 1844 

Cymbopleura inaequalis (Ehrenberg) Krammer, 2003 

Cymbella lacustris (C.Agardh) Cleve, 1894 

Cymbella proxima Reimer in Patrick & Reimer, 1975 

Cymbopleura subaequalis (Grunow) Krammer, 2003 

Diploneis finnica (Ehrenberg) Cleve, 1891 

Encyonema mesianum (Cholnoky) D.G.Mann in Round, R.M.Crawford & D.G.Mann, 1990 

Encyonema silesiacum (Bleisch) D.G.Mann in Round, R.M.Crawford & D.G.Mann, 1990 

Epithemia cistula (Ehrenberg) Ralfs in Pritchard, 1861 

Eunotia spp. Ehrenberg, 1837 

Fragilaria capucina Desmazières, 1830 

Gomphonema spp. Ehrenberg, 1832 

Mastogloia lacustris (Grunow) Grunow in Van Heurck, 1880 

Navicula oblonga (Kützing) Kützing, 1844 

Navicula radiosa Kützing, 1844 

Pinnularia brebissonii (Kützing) Rabenhorst, 1864 

Pinnularia microstauron (Ehrenberg) Cleve, 1891 

Pinnularia spp. Ehrenberg, 1843 

Reimeria sinuata (W.Gregory) Kociolek & Stoermer, 1987 

Tryblionella angustata W.Smith, 1853 

Ulnaria capitata (Ehrenberg) Compère, 2001 

Ulnaria ulna (Nitzsch) Compère, 2001 

Freshwater, planktonic 

Cyclotella planctonica Brunnthaler in Brunnthaler, Prowazek & Wettstein, 1901 

Lindavia bodanica (Eulenstein ex Grunow) T.Nakov, Guillory, Julius, Theriot & Alverson, 2015 

Lindavia comta (Kützing) Nakov, Gullory, Julius, Theriot & Alverson, 2015 

Pantocsekiella ocellata (Pantocsek) K.T.Kiss & E.Ács in Ács et al., 2016 

Pantocsekiella schumannii (Grunow) K.T.Kiss & E.Ács in Ács et al., 2016 

Stephanodiscus neoastraea Håkansson & Hickel, 1986 

Stephanodiscus rotula (Kützing) Hendey, 1964 

Unknown ecology 

Amphora spp. Ehrenberg in Kützing, 1844 
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Caloneis spp. Cleve, 1894 

Cocconeis spp. Ehrenberg, 1837 

Cyclotella spp. F.T. Kützing ex. A. de Brébisson, 1838 

Cymbella spp. Agardh, 1830 

Diploneis spp. Ehrenberg, 1844 

Epithemia spp. Kützing, 1844 

Fragilaria spp. H.C. Lyngbye, 1819 

Navicula spp. Bory de St. Vincent, 1822 

Nitzschia spp. Hassall, 1845 

Pleurosigma spp. Mereschkowsky, 1903 

Surirella spp. Turpin, 1828  

Tabellaria spp. Ehrenberg ex. Kützing, 1844 
 

http://www.marinespecies.org/aphia.php?p=taxdetails&id=149032
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