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Abstract:  

The Baltic Sea is suffering from bad ecosystem health due to strong impacts of anthropogenic activities. Since 

1960, the hypoxic (< 2mg/l dissolved oxygen) area has expanded to c. 49 000 km2, resulting in an amplified eu-

trophication, which severely threats the ecosystem of the Baltic Sea. The long-term trend in basin-wide hypoxia 

in the Baltic Sea is not fully understood. This study explores the temporal variability in long-term hypoxia in the 

Western Gotland Basin, a basin lacking good records of past hypoxia. Based on studies of one long sediment 

sequence in the Western Gotland Basin, the occurrence of hypoxia has been reconstructed for the last c. 8000 

years. The sequence has been studied using various proxies for hypoxia and dated using accelerator mass spec-

trometry 14C measurements (bulk sediment samples and a single macrofossil sample) and lead concentration and 

isotope (206Pb/207Pb) analysis. The hypoxic periods are characterized by laminated sediments, high carbon con-

tent and high magnetic concentrations. Mineral magnetic analyses show that single domain magnetite is the 

dominant ferrimagnetic mineral suggesting relative high abundance of magnetotactic bacteria during hypoxic 

periods. By correlation and synchronization with other sediment records from the Baltic Sea, this study demon-

strates that open-sea hypoxia occurred basin-wide (western, eastern and northern Gotland Basins) at depth from 

c. 180 m-110 m during three major periods: (i) from 1960 to present (ii) from c. 1450±150 cal. yr BP to c. 

650±150 cal. yr. BP and (iii) c. 5000-8000 cal. yr. BP. In contrast, a single radiocarbon date of a macrofossil 

remain (fish bone) suggests a younger age of the oldest laminated period i.e. centered around c. 4000 cal. yr. BP. 

The same date also suggests that the age of the Ancylus/Littorina transition is c. 6000 cal. yr. BP, which adds 

further insights to the discussion about the evolution of the “modern” Baltic Sea. 

Keywords:  Baltic Sea, hypoxia, lead analysis, lamination, mineral magnetism, loss on ignition, magnetotactic bacte-

ria.  
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Sammanfattning: Övergödningen är ett av de största hoten mot Östersjöns miljö. Den orsakar inte bara algblomning 

under sommarhalvåret utan även syrebrist (hypoxi). Utbredningen av syrefria bottnar i Östersjön har ökat fyrfaldigt 

sedan 1960-talet till följd av ökade utsläpp av näringsämnen, så som fosfor och kväve. Undersökningar av långa 

sedimentkärnor i Östersjön visar dock att dagens syrebrist inte är unik utan att det förekommit alternerande perioder 

med syrefria respektive syresatta bottenförhållanden de senaste ca 8000 åren. Tyvärr saknas det fortfarande kunskap 

om syrebristens utbredning i tid och rum, samt vilka orsaker som ligger bakom dessa variationer, vilket komplicerar 

förståelsen om hur Östersjöns ekosystem fungerar. Även om den förhöjda näringstillförseln är den direkta orsaken till 

dagens övergödning i Östersjön så är en ökad förståelse om syrebristens variationer nödvändig för att kunna driva en 

effektiv miljöförvaltning. I mitt magisterarbete har jag studerat en sedimentkärna från Västra Gotlandsbassängen - ett 

område som nästan helt saknar information om hypoxins variationer tillbaka i tiden. Syftet är att med hjälp av olika 

”proxies” och dateringsmetoder d.v.s. kol-14 dateringar och blyanalyser (koncentration och isotopanalys 206Pb/207Pb) 

rekonstruera hur syrebristen varierat tillbaka i tiden de senaste c. 8000 åren d.v.s. under Littorinahavet. Resultaten 

visar  att  perioder  med syrebrist  karakteriseras av laminerade sediment,  en hög organisk kolhalt  och en hög 

koncentration av magnetiska mineral. Analyserna visar att det dominerande magnetiska mineralet vid hypoxi utgörs av 

ett finkornig enkeldomänig ferrimagnetiskt mineral, troligtvis magnetit, producerat intracellulärt av bakterier s.k. 

magnetotaktiska bakterier (MTB). Genom korrelation och synkronisering med andra studier demonstrerar arbetet att 

storskalig (västra, norra och östra Gotlandsbassängerna) hypoxi har förekommit, på djup mellan ca. 180-110 m, under 

tre längre perioder: (i) sedan 1960, (ii) mellan ca 1450±150 och 650±150 kalenderår före nutid och (iii) mellan ca. 

8000-5000  kalenderår  före  nutid.  Intressant  är  att  en  kol-14  datering  baserat  på makrofossilrester  (fiskben) 

demonstrerar att den nedre (äldre) perioden med hypoxi är mycket yngre (centrerad kring ca. 4000 kalenderår före 

nutid) än vad de flesta andra studier, och de åldrar som är baserade på kol-14 dateringar av sedimentbulkprover, visar. 

Samma datering föreslår även att övergången från Ancylussjön till Littorinahavet skedde för ca. 6000 kalenderår före 

nutid, vilket ytterligare spär på diskussion om när den ”moderna” Östersjön bildades.  
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1  Introduction 
The modern Baltic Sea is a semi-enclosed brackish 

water body, suggested to have formed 8500 to 8000 

years ago (Björck et al., 2008). It has an area of 412 

560 km2, containing three major basins: the Bothnian 

Bay, the Bothnian Sea and the Baltic Proper (Fig. 1A). 

Since 1960, increased human development has lead to 

a bad ecological environment in the Baltic Sea, espe-

cially  the  spread  of  hypoxia,  which  threatens  the 

aquatic organisms. 

 Hypoxia, defined as <2 mg/l dissolved oxygen 

(DO), is a term first used by physiologists to describe 

the lack of necessary oxygen for aerobic respiring or-

ganisms in the bottom water (benthos). The hypoxia 

not only causes severe ecosystem disturbances (Diaz 

and Rosenberg, 1995), but also alters nutrient biogeo-

chemical cycles (Vahtera et al., 2007). 

 One main reason for hypoxia is eutrophication. 

Eutrophication is the “bloom” or great increase of 

phytoplankton in the water body due to overloading 

with waterborne and airborne nutrients, such as nitro-

gen (N) and phosphorous (P). When the dense popula-

tion of phytoplankton dies, they fall to the bottom 

where decomposition processes consume oxygen and 

cause reduced DO levels. Another reason for hypoxia 

is the vertical stratification of the water column due to 

the strong salinity gradient (or the presence of a strong 

halocline). The halocline reduces the vertical exchange 

of oxygen from the upper to the lower water masses 

resulting in a short supply of oxygen to the bottom 

waters. 
 Widespread hypoxia has become a globally sig-

nificant problem with over 400 reported sites suffering 

Fig. 1. (A) Baltic Sea with major basin in yellow (BP=Baltic Proper, GR=Gulf of Riga, GF=Gulf of Finland, BB=Bothnian Bay, 

BS=Bothnian Sea), sub-basin and outlet in white (AB=Arkona Basin, BB=Bornholm Basin, GD=Gdansk Deep, WGB=West    

Gotland Basin, EGB=East Gotland Basin, NGB=North Gotland Basin, LD=Landsort Deep, DS=Darss Sill, K=Kattegat and 

S=Skagerrak, LB=Little Belt, GB=Great Belt, ÖS=Öresund Strait). (B) The modern distribution of hypoxia in the Baltic Sea (data 

obtain during a research cruise with R/V Aranda in 2008).  

A B 

from its effects (Diaz and Rosenberg, 2008). In the 

Baltic Sea, the hypoxic zone has increased four times 

since 1960 (Jonsson et al., 1990) and currently covers 

ca. 49 000 km2 (Conley et al., 2009; Fig. 1B). The 

increase of hypoxia results in a high concentration of P 

in the water column, which is released from the sedi-

ments due to the reduced environment. This release 

results in a low N/P ratio in the surface water during 

summer, which favors the cyanobacteria, thereby am-

plifying eutrophication (Conley et al., 2002). 

 The geological records (Zillén et al., 2008) show 

that hypoxia has occurred several times during the 

Holocene, which means that hypoxia is not just a mod-

ern phenomena. Zillén et al. (2008) demonstrated that 

there are three major periods of hypoxia recorded in 

the sediments during the last 8000 years. These peri-

ods  coincide  with  Holocene  Thermal  Maximum 

(HTM; 9000-5000 cal. yr BP), the Medieval Climate 

Optimum (MCO; AD 800-1200) and the general cli-

mate warming during most of the 20th century and the 

start of the 21st centuries AD (Fig. 2).  
 Apart from the climate impact, human activity 

may have played an important role in the development 

of hypoxia over the past two millennia (Zillén and 

Conley, 2010). Population dynamics have been sug-

gested to be one of the main reasons. Data show that a 

doubling of the human population (from c. 4.6 to 9.5 

million) occurred during the early-Medieval expansion 

in the Baltic Sea drainage area (Zillén and Conley, 

2010). During this expansion, a massive reclamation 

of land occurred, which significantly increased the 

release of nutrients from the cultivated soil (Zillén and 

Conley, 2010). At the same time, technology innova-

tions, such as the “modern” plow developed.  
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Fig. 2. Figure shows the occurrence of 

laminated sediments, total organic carbon 

content (TOC) and salinity estimates,   

plotted against a calendar year timescale, 

based on a compilation of sediment records 

from the Baltic Proper (Zillén et al., 2008) 

and a comparison to anthropogenic expan-

sion and contraction phases in the same 

sediment records (Zillén and Conley., 

2010).  

 Plowing increased the nutrient transport from the 

land to surface water bodies (Whitmore et al., 1992) 

and to the sea. For example, paleoecological studies 

show that  the nutrient  status of lakes in northern 

Europe has increased from Medieval time to the pre-

sent (Renberg et al., 2001; Bradshaw et al., 2005).  
 It has been suggested that the occurrence of hy-

poxia in the early Holocene (c. 8000-4000 cal. yr BP) 

was caused by climate changes coupled with morpho-

logical changes in the depths of sills in the Baltic ba-

sin, while in the late Holocene there may have been an 

interaction  between  human  and  climate  forcings 

(Zillén et al., 2008; Zillén and Conley, 2010).  

 To estimate to what degree human activity has 

altered the bottom water oxygen conditions in the Bal-

tic Sea and to predict how projected climate changes 

may affect the spatial extent of hypoxia in the future, a 

detailed knowledge of the long-term natural variability 

of hypoxia is required. Instrumental records of oxygen 

concentrations are too short (< 100 years) and mostly 

fall within the period of intense human impact on natu-

ral conditions. Information on earlier periods can thus 

be obtained from environmental proxies.  
 Most previous studies using proxy records of 

hypoxia have focused on the eastern and northern Bal-

tic Proper (eastern and northern Gotland Basin), and 

little work has been done in the western Baltic Proper 

(Western Gotland Basin WGB). One way to detect 

hypoxia is by identifying the occurrence of laminated 

sediments. These sediments can only be formed and 

preserved during specific conditions, which is a condi-

tion without bioturbation (vertical mixing) of sedi-

ments by benthic macrofauna. Laminated sediments 

have been frequently reported in the Baltic Proper 

(Zillén et al., 2008), but only a few within the WGB 

(of which the majority are located in the relatively 

isolated and deep Landsort Deep Basin). There are, 

therefore, significant gaps in our knowledge regarding 

the long-term spatial and temporal extent of hypoxia,  

which prevent an integrated understanding of the un-

derlying  mechanisms and  system-wide  response  to 

external forcing.  
 The overall aim of this study is to increase our 

knowledge of the temporal and spatial distribution of 

hypoxia in the Baltic Sea during the majority of the 

Holocene. Specific aims of the present study  are: 

 To identify periods of hypoxia (laminated sedi-

ments) in the WGB using geological proxy-data.  
 To obtain absolute ages for the time of formation 

of the different layers of laminated sediments.  
 To correlate and synchronize periods of hypoxia 

in WGB with similar records in the Baltic Proper, 

and to give further insight on the driving mecha-

nisms for open-sea hypoxia in the Baltic Sea.  
 To study the mineral magnetic properties associ-

ated with hypoxia. 

 

2  Study area 

2.1  The Baltic Sea 

The Baltic Proper can be sub-divided into the Gulf of 

Finland, the Gulf of Riga, and several basins, such as 

the Arkona Basin, Bornholm Basin, Gdansk Deep, 

West Gotland Basin, East Gotland Basin, North Got-

land Basin, Landsort Deep, Kattegat and Skagerrak 

(Fig.  1A).  Three outlets/inlets,  the Little  Belt,  the 

Great Belt and Öresund Strait, are located in the south-

west part of the Baltic. 

 The  drainage  area  is  about  1.6  million  km2, 

which is c. 4 times larger than the sea itself, and about 

440 km3 of freshwater per year drains into the basin. 

Additional 225 km3 water originates as direct precipi-

tation, with 185 km3 of water removed by evaporation, 

resulting in a positive water budget for the Baltic Sea. 

Large water exchange between the North Sea and the 

Baltic Sea via the narrow and shallow belts and straits  
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occurs episodically and depends on the meteorological 

and oceanographic conditions. According to Matthäus 

et al. (2008) there are two types of inflows, major in-

flows occur when a period of easterly wind (one or 

two months, most commonly in September and Octo-

ber) creates a low sea level and followed by several 

weeks of a strong westerly winds (Schinke, 1996; 

Schinke and Matthäus, 1998). The other type is baro-

clinic summer inflow (exclusively fed by the Great 

Belt-Darss Sill gateway), which occurs after long last-

ing calm weather in the late summer or early autumn 

due to the baroclinic pressure gradients,  especially 

horizontal salinity difference, and results in the spread 

of warm and saline water to the eastern Gotland Basin 

(Feistel et al., 2003c, 2004a). The saline inflow and the 

freshwater input yield in a salinity gradient where the 

surface salinity is c. 8-10 in the southern Baltic, c. 7-8 

in the Baltic Proper and c. 3-5 in the Gulf of Finland, 

Bothnian Sea and Bothnian Bay (Matthäus, 2006). 

 The saline and oxygenated water from the North 

Sea is denser and heavier, so it flows along the bottom 

into the Baltic Proper, and a permanent vertical strati-

fication of the water column is formed due to the salin-

ity gradient (Fig. 3). The water column consists of two 

water masses, an upper brackish water mass and a 

deeper more saline water mass, with salinities of c. 7-8 

and 11-13, respectively. The halocline is formed at the 

transition zone between these water masses, which 

inhibits vertical mixing and transfers the oxygen rich 

surface water to the bottom (Matthäus and Schinke, 

1999). The depth of halocline is c. 30 m in the Arkona 

Basin, 60 m in the Bornholm Basin, 80 m in the Got-

land Basin and the Landsort Deep (Matthäus, 2006). 

 

2.2  The history of the Baltic Sea 

According to the traditional late Quaternary history, 

the Baltic Sea has been divided into four main stages 

(Fig. 4), i.e. the Baltic Ice Lake, the Yoldia Sea, the 

Ancylus Lake and the Littorina Sea, which represent 

either brackish conditions with marine connections or  

Fig. 3. Schematic picture of the water balance of the Baltic Sea, the water exchange with the North Sea (adapted from Lass and    

Matthäus, 2006). 

isolated freshwater lake conditions (Björck, 1995). 

 When the final advance of the ice sheet ended (c. 

17 000-16 000 cal. yr. BP), a proglacial lake formed in 

front of the receding ice sheet, which is the onset of 

the Baltic Ice Lake (Fig. 4a). Land uplift resulted in a 

transgression in the southern Baltic and a regression in 

the northern Baltic, and the Öresund area was eroded 

to its present level (Björck, 2008). This stage lasted 

until the end of Younger Dryas (c. 11 700-11 600 cal. 

yr. BP), when the connection between the North Sea 

and the Baltic Ice Lake, through the Mt. Billingen 

channel was formed and broadened, which allowed the 

saline water to penetrate (Andrén et al., 1999) and 

formed the first brackish phase: the Yoldia Sea stage 

(Fig. 4b). 

 With continued land uplift, the straits in Mt. Bill-

ingen became shallower  and narrower,  and finally 
closed. Due to the large freshwater input from glacial 

melting and precipitation, the Baltic water became 

fresh again. This fresh water phase was called the 

Ancylus Lake (around 10 700 cal. yr. BP; Fig. 4c) 

based on the diatom assemblage (Lemke, 1998). A 

transgression occurred in southern Baltic since the 

uplift here was slower than the water level rise, while a 

regression occurred in the northern Baltic. This tilting 

effect was considered as the beginning of the Ancylus 

Lake transgression (Björck, 2008). 

 The Ancylus transgression lasted for c. 500 years 

and ended abruptly by a sudden lowering of 10 m of 

the Ancylus water level, probably caused by erosion in 

Darss Sill (Fig. 1A). The transition between the Ancy-

lus Lake stage and the following Littorina Sea stage is 

characterized  by increasing  marine  influence.  This 

influence has been dated to c. 9000 cal. yr. BP in 

Mecklenburg Bay. However, Andren et al. (2000) and 

Berglund et al. (2005) showed that marine waters al-

ready influenced the Bornholm Basin occasionally at 

c. 9800 cal. yr. BP. The beginning of the full Littorina 

Sea stage is usually defined as the large rapid expan-

sion of saline water in the Baltic basin around c. 8500 

cal. yr. BP (Björck, 2008; Fig. 4d). However, the age  
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Mt. Billingen 

Fig. 4. The configuration of the Baltic area during the last deglaciation from Andrén (2003a,b,c; 2004). a. prior to the final drainage 

of the Baltic Ice Lake stage; b. the start of a short saline phase in the Yoldia Sea stage; c. the culmination of the Ancylus Lake 

stage; d. the start of the Littorina Sea stage.  

of the A/L transition is still highly debated. 

The following 2500-3000 years, the most signifi-

cant Littorina transgression sets in, caused by the sud-

den collapse of Antarctic Ice Sheet and Laurentide Ice 

Sheet. Around c. 6000 cal. yr. BP, the salinity peaked 

even though some small transgressions still existed 

until c. 5000 cal. yr. BP.  

 The influx of saline water during the Littorina 

Sea  stage  changed  the  environment  resulting in  a 

change of the biological composition. For example, a 

majority of new species which favor the marine envi-

ronment were present in the Baltic Sea at this time, 

consequently, abundant organic matters were produced 

and preserved in the sediments. Moreover, a perma-

nent halocline was formed between the two water 

masses and subsequently,  hypoxic conditions were 

formed in the bottom waters,  demonstrated by the 

deposition of laminated sediments (Zillén and Conley, 

2010; Fig. 2). The release of P from the sediments 

enhanced the cyanobacteria population, which proba-

bly also sustained the hypoxic condition (Bianchi et 

al., 2000).  

2.3  Western Gotland Basin 

The Western Gotland Basin (WGB) is defined as the  
area stretching from the southern Stockholm archipel-

ago in the north to the city of Karlskrona in the south 

and reaching to the island of Gotland in the east 

(Håkansson et al., 2005). The basin includes one of the 

deepest parts of the Baltic i.e. Landsort Deep (460 m 

deep), and several shallow bank areas in the south 

which prevent deep water from penetrating into the 

WGB from the south. In addition, the deep, saline wa-

ter has to enter from the north. However, this deepwa-

ter renewal only occurs during major saltwater inflows 

(Håkansson et al., 2005). Thus, the condition below 

the  halocline  is  usually  hypoxic  or  even  anoxic 

(oxygen free). The summer surface water temperature 

at WGB is 18.0-19.7°C (Szaron, 2001), and the salin-

ity in winter surface water is about 7 while below the 

halocline (80 m) is around 9 (Axe, 2004). The sedi-

ments consist mainly of glacial and postglacial clays. 

Also till clay, postglacial silt and sedimentary bedrock 

are common in the WGB (Fig. 5).  
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Sweden 

Gotland 

LZGB_2b 

Fig. 5. Geological map of west Gotland Basin (data from the Geological Survey of Sweden)  

3  Methods 

3.1  Core collection and subsampling: 

The sediment core was collected at the location ap-

proximately 58° 21’31.62” N, 17° 49’51.72” E (red 

circle; Fig. 5), in an area dominated by postglacial 

gyttja clay, during a research cruise with r/v Heincke 

in the summer of 2010 in WGB, and consists of a 

gravity core LZGB_2b (389.5 cm long) and a multi-

core (LZGB2, 41 cm long) from 109.5 m water depth. 

Sediment description was performed, using visual in-

spection to identify laminations and colors, and a stan-

dard ruler to measure the length of each interval.  
 The gravity core was split longitudinally into 2 

parts, one for sediment description and subsampling, 

and the other for archive. Standard sized palaeomag-

netic sampling cubes (2.2 x 2.2 x 2.2 cm external di-

mensions) were filled up with sediments at a resolu-

tion of 1 cm. The residual sediment were sliced in the 

same resolution and kept in plastic boxes. The multi-

core was sliced on-board at 1 cm resolution and put 

into plastic bags. In the laboratory, they were sub-

sampled at the same resolution and put into standard 

cubes. 

3.2  Mineral magnetic measurements: 

Mineral magnetic properties can give indications of 

what kind of material is present in the sediment se-

quence and also its provenance. For example, magnetic 

susceptibility (χ) can be used for detecting the concen-

tration of magnetic minerals, and other parameters can 

be combined to indicate magnetic grain size (table 1). 

 Magnetic domains can be spontaneously magnet-

ized in only one direction. The presence of one or more 

magnetic domains determines the magnetic hysteresis 

characteristics of ferrimagnetic minerals. The size and 

shape of the magnetic grains can also affect the behav-

ior of the magnetic domains (Walden et al., 1999) and 

each domain is separated from the next by a domain 

wall. Ferrimagnetic crystals can be divided into three 

types:  single-domain  (SD),  pseudo-single  domain 

(PSD) and multi-domain (MD) (Thompson and Old-

field, 1986). 
 The SD grains are the smallest remanence carry-

ing grains of any magnetic material, while the MD 
grains are larger grains that have domains separated by 

domain walls. The interaction between domain walls is 

responsible for the lower magnetic stability (coercity) 

of MD grains compared to SD grains. PSD grains are  
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Table 1. Compilation of mineral magnetic parameters and their interpretations (applicable to magnetite)  

ABBREVIA-

TION  
DESCRIPTION  UNITS  INTERPRETATION  

χ  Mass-specific magnetic  

susceptibility  
m3kg-1  A reflection of ferrimagnetic mineral concentration. An indicator of 

the mix of ferrimagnetic, paramagnetic and diamagnetic minerals.  

χARM  Susceptibility of ARM  m3kg-1  ARM normalized by the bias field: extremely selective of finer ferri-

magnetic grains. A concentration-dependent parameter.  

ARM  Anhysteretic remanent 

magnetisation  
Am2kg-1  Especially sensitive to proportion of fine single-domain (SD) ferri-

magnetic minerals.  

SIRM  Saturation isothermal 

remanence magnetisation  
 

Am2kg-1  
A high field induced magnetization (usually 1T). Generally a measure 

of selective of ferrimagnetic concentration in the mineral assemblage.  

χARM/χ    The ratio indicates an inverse proportion to the ferrimagnetic grain-

size: small (SD) grains tend to show high values. 

 

χARM/SIRM  
  

A-1m  
Indicates the variation in magnetic grain size. Unaffected by dia- and 

paramagnetic content. It's more size-sensitive within the MD range 

(Maher 1999). 

 

SIRM/χ  
  

Am-1  
A ferrimagnetic grain size measurement, but it can be varied by the 

para- and diamagnetic minerals when the ferrimagnetic concentration 

is low. Higher (lower) values indicate SD (MD) grains for those sam-

ples dominated by magnetite.  

intermediate in size and coercity (Walden et al., 1999). 

 Different mineral magnetic measurements have 

been used during the study. A compilation of magnetic 

parameters and their interpretations are shown in table 

1. All the measurements were carried out on the dis-

crete palaeomagnetic samples. 

 To measure the volume magnetic susceptibility 

(κ) on the split core surfaces, a Bartington Instruments 

MS2E1 surface-scanning sensor was used at a resolu-

tion of 5 mm, combined with a TAMISCAN conveyor. 

Mass-specific  susceptibility  (χ)  was  measured  by 

Geofyzica Brno Kappabridge KLY-2 after the core 

was subsampled. It reflects the concentration of ferri-

magnetic minerals in the sample.  

 Anhysteretic remanent magnetization (ARM) and 

Saturation isothermal remanent magnetization (SIRM) 

measurements were performed subsequently. ARM, 

was induced in a decreasing alternating field (AF)(100

-0mT) in the presence of a direct field (DC) bias field 

of 0.05 mT using the coils of a  2G-Enterprises model 

755-SQUID magnetometer. 

 Saturation isothermal remanence magnetisation 

(SIRM), was induced with a DC field at 1T using a 

Redcliffe 700 BSM pulse magnetizer. Both of them 

(ARM and SIRM) were measured with a Molspin 

Minispin magnetometer.  

 

3.3  Loss on ignition measurements: 

Loss on ignition is a common and widely used method 

to estimate the organic and carbonate content of sedi-

ments (Dean, 1974; Bengtsson and Enell, 1986).  The 

samples, which weighed approximately 0.5 g each, 

have been selected from both the long gravity core and 

the multi-core at a resolution of 5 cm and 2 cm, re-

spectively. The samples were kept in an oven at 105°C 

for more than 12 hours, then placed in a furnace at 550 

°C for 4 hours to combust the organic materials. The 

weight loss during the process is measured by weigh-

ing the samples before and after heating. A desiccator 

was used during cooling (Heiri et al. 2001). 

 

3.4  Sediment geochronology: 

The chronology of the core is based on AMS 14C 

measurement and total lead concentration and isotopic 

ratio of Pb206/Pb207. 

 The radiocarbon dating is a radiometric dating 

using 14C to estimate the age of carbon-bearing materi-

als up a maximum of about 58 000 to 62 000 years 

(Plastino et al., 2001). 14C is widely spread in the at-

mosphere, and the photosynthesis can fix a certain 

amount  of  14C  into  plants  which  approximately 

matches the level of this isotope in the atmosphere. 

When plants die or are consumed by other organisms, 

the 14C fraction of this organic material declines at a 

constant rate, which is the decay rate of 14C. Thus, 

comparing the remaining 14C of the sample to the ex-

pected atmospheric 14C allows estimating the sample’s 

age (Lowe and Walker, 1997). AMS 14C measurement 

was performed at the AMS Laboratory at Lund Uni-

versity. Six bulk sediment samples and one fish bone 

were analyzed, and the result was calibrated using Ox-

Cal.  Version  4.1  with  marine09  calibration  curve 

(Bronk Ramsey, 2009).  
 Isotopic and total lead concentration analyses by 

a  quadrapole  ICP-MS  following  acid  dissolution 

(EPA3052) were performed on 41 samples, compris-

ing 1 to 2 cm thick intervals of the upper c. 160 cm of 

the sediment sequence. For extraction, 5 ml of water, 

2 ml H2O2, 9 ml HNO3, 3 ml HCl and 2 ml HF were 

added to approximately 500 mg of ground, freeze-

dried and homogenized sediment, after which micro-

wave digestion and filtering were carried out. 1 ml of 
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sample was added to 8 ml of water and 1 ml of intern-

al standard stock for total lead concentration analysis, 

while isotopic analysis required 1 ml of each sample to 

be added to 9 ml of water. The analyses were con-

ducted on a Perkin Elmer Elan 6100 DRC Plus ICP 

Mass Spectrometer at Durham University (UK) De-

partment of Geography, Science Laboratories. Certi-

fied reference materials (SRM 981) were used for iso-

topic analysis (Zillén et al., 2011). 

 

4  Results 
The sediment  sequence  consists  of  a  gravity  core 

LZGB_2b (389.5 cm long) and a multi-core LZGB2 

(41 cm long). The sediment descriptions are shown in 

table 2 and 3. 

4.1  Mineral magnetic measurements  

4.1.1  Magnetic susceptibility 

χ, ARM, SIRM were performed on all the discrete 

samples (1 cm resolution) from the gravity core and 

multi-core (Fig. 6 and 7). The start of Ancylus Lake/ 

Table 2. Sediment description of multi-core (LZGB2). 

Table 3. Sediment description of gravity core (LZGB2b).   

DEPTH (cm)  FEATURES  COLOR  SEQUENCE  

0-12  laminated gyttja clay  black and dark brown  M1  

12-41  homogeneous gyttja clay  brownish  M2  

DEPTH (cm)  FEATURES  COLOR  SEQUENCE  

0-31  homogeneous gyttja clay  light gray  1 

31-56  laminated gyttja clay, with 2 cm homogeneous gyttja clay layer at 51-

53  
black, grayish green 

and dark brown  
2 

56-86  homogeneous gyttja clay with poorly laminated and laminated gyttja 

clay layers at 72-78 and 83-86, respectively 

Light gray, brownish, 

bluish-gray, dark 

gray  

3 

86-111.5  homogeneous gyttja clay  bluish-gray  4 

111.5-120.5  poorly laminated gyttja clay  brownish and dark 

gray  
5 

120.5-161.5  homogeneous gyttja clay with 1 cm laminated layer at 132-133  bluish-gray  6 

161.5-170.5  laminated gyttja clay  brownish and dark 

gray  
7 

170.5-198  homogeneous gyttja clay  bluish-gray  8 

198-226  laminated gyttja clay with 2 thin homogeneous gyttja clay layers at 

200-205,209-212  
black, gray and blu-

ish  
9 

226-250  laminated clay gyttja  black, grayish  10 

250-285  laminated gyttja clay with homogeneous gyttja clay and laminated 

clay gyttja layers at 259-264 and 275-277,respectively. Poorly lami-

nated gyttja clay at 279-285  

black, gray, grayish, 

and bluish  
11 

285-315  homogeneous gyttja clay blue, black, light 

gray  
12 

315-389.5  homogeneous clay  bluish-gray  13 

Littorina Sea (A/L) transition is characterized by the 

first increase in LOI, due to increased organic produc-

tivity and/or  good organic  preservation conditions. 

Another characterization is the decrease in SIRM, as 

the concentration of detrital minerals and greigite (a 

typical ferrimagnetic mineral in Ancylus Lake sedi-

ments) diminished. The distinct change can be identi-

fied in both of the curves at c. 315 cm (Fig. 6).  

χ and SIRM were chosen for trying to identify the 

overlap between the gravity core and multi-core. No 

matching point or a similar trend could be identified in 

the χ and SIRM data (Fig. 6) and therefore, no overlap 

between the multi-core and gravity core has been con-

firmed.  

 The results of κ and χ reflect the presence of 

magnetic minerals and especially the concentration of 

ferrimagnetic minerals, such as magnetite. κ is widely 

used for correlations, because the measurement and 

the identification of magnetic minerals are faster and 

at a higher resolution (5 mm) than χ; χ is for more de-

tailed analysis to i.e. calculate various ratios such as 

SIRM/χ and χARM/χ. The highest values of κ and χ cor-

relate to the sections with laminations (Fig. 6),  
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Fig. 6. Loss on ignition result and mineral magnetic parameters results of magnetic susceptibility, χ, SIRM and the ratio SIRM/χ.  

indicating a higher concentration of ferrimagnetic min-

erals. High χ values occur at the depths of 198-285 cm 

and 31-56 cm in the gravity core and 0-12 in the multi-

core.  The  homogeneous  parts  of  the  sediment  se-

quence are characterized by lower values (5-10 for κ 

and 0.1-0.2 * 10-6m3kg-1 for χ).  

 

4.1.2  SIRM 

SIRM and SIRM/χ show high values in the laminated-

parts, corresponding to the trends in χ. Large changes 

between laminated and non-laminated can be identi-

fied in both curves (Fig. 6), which, according to table 

1, indicates that the laminated parts are dominated by 

fine grained ferrimagnet. It is notable that there are 

small peaks (SIRM values rage between 0.1-1 * 10-3 

Am2kg-1) in the poorly laminated intervals between 70 

and 170 cm, probably due to the contribution of  

similar ferrimagnetic grains. 

 

4.1.3  ARM 

The ARM signals of many samples were below the 

sensitivity of the Molspin during measurements. Raw 

values below 2 * 10-3Am-1 (relative to the calibration 

sample) were discarded because the signal to noise 

ratio is 10 and the lowest noise level is 0.2 * 10-3Am-1. 

The results can only be interpreted when the ARM raw 

value are above 2 * 10-3Am-1. 

 In Figure 7, the red dots represent reliable data, 

while the green dots represent discarded data. In gen-

eral, reliable data are received from the laminated in-

tervals where the concentration of ferrimagnetic min-

erals are high (as shown by high χ and SIRM values in 

figure 6). The high ARM values in the Ancylus clay 

probably reflect the presence of greigite. 

 The high χARM/SIRM values in the homogeneous  
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Fig. 7. A plot of the parameters of ARM, χARM, χARM/SIRM, χARM/χ. Red samples represent reliable data, and green samples       

represent unreliable data. 

part between 127 and 180 cm may be due to a measur-

ing artifact. The raw data of ARM between 127 and 

180 cm are approaching the background level of the 

Molspin and can result in a high χARM/SIRM ratio.  

 ARM and χARM are concentration-dependent pa-

rameters (table 1) and are particularly sensitive to the 

presence of SD magnetic grains. The ratios that indi-

cate magnetic grain size (the χARM/χ ratio and χARM/

SIRM ratio) indicate that SD grains cause the concen-

trations of magnetic minerals. χ was measured after 

drying (40 °C) and a plot of susceptibility loss (χwet - 

χdry) versus χARM/SIRM is shown in figure 8.  
 Figure 8 indicates that many samples contain a 

material with χARM/SIRM between the range of 120 

and 160 * 10-5A-1m, which alters upon drying. These 

samples correspond to the samples distributed in the 

laminations (Fig. 7). The figure shows that the mate-

rial lost during storage has a narrow χARM/SIRM range, 

characteristic of fine-grained SD magnetite (table 1).  
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Fig. 9. The result of lead analysis in Pb concentration and ratio of Pb206/Pb207  

4.2  Loss on ignition 

Loss on ignition (LOI) ranges from 0 to 30. After esti-

mating the organic carbon content (i.e. LOI * 0.4, 

Snowball et al., 2010), the sediments can be divided 

into three types i.e. clay (< 2% organic carbon con-

tent), gyttja clay (2-6% organic carbon content) and 

clay gyttja (6-20% organic carbon content). 

 The laminated parts are characterized by high 

LOI values, probably due to a high organic productiv-

ity and/or better preservation condition (low oxygen 

condition) during the formation of the laminated sedi-

ments.  

 

4.3  Chronology 

4.3.1 Lead analysis 

The Pb concentrations and Pb206/Pb207  ratios are 

presented  in  figure  9.  A  distinct  peak  in  Pb 

concentration occurs at a depth of 10 cm in the multi-

core. In total,  three major anomalies  in the Pb206/

Pb207 ratio have been identified, one at a depth of 10 

cm in the multi-core (which correlates to  the Pb-

concentration peak in the same core) and the others are 

at the depths of  34 cm and 71 cm in the gravity core. 

The  peak/troughs  in  both curves  are  characteristic 

of  atmospheric lead pollution  (Renberg et al., 2000). 

 Three major Pb-pollution isochrones have bee 

reported in terrestrial records in Europe (Renberg et 

al., 2000) and in the Baltic Sea (Zillén et al. 2011) i.e. 

the Roman peak (1AD), the Medieval peak (1200AD) 

and  the  1970s  peak.  The  peak/trough  in  the  Pb- 

concentration and isotope ratio, respectively, in the 

multi-core is interpreted as the 1970s peak. The two 

largest isotope ratio anomalies in the gravity core (at 

34 cm and 71 cm) are interpreted as the Medieval peak 

and Roman peak, respectively.   

 

4.3.2  Radiocarbon dating 

The sample depth (in gravity core) is from 31 to 286 

cm (table 4), which covers approximately 6000 years 

(1900-7800 cal. yr. BP) based on calibrated 14C ages. 

An age reversal occurs between c. 30-36 cm, probably 

due to that the dating materials are bulk sediment sam-

ples, which can be affected by the contribution of old 

redeposit organic materials. 

 Since the level of atmospheric 14C is not constant 

(due to production changes and the carbon cycle), a 

calibration of 14C ages is necessary to eliminate the 

impacts. However, due to the age reverse between 30-

36 cm, a time/depth curve cannot be made by Oxcal., 

consequently, the 14C ages were calibrated one by one. 

 The calibrated bulk ages are usually older than 

those based on analysis of macrofossil remains due to 

the additional mixture of older redeposit organic car-

bon materials (e.g. Roesslor et al., 2010). In order to 

test the age difference between the bulk ages and those 

based on analysis of  macrofossil  remains and Pb-

dating, a plot of calibrated age/depth has been made,  
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Table 4. Coring device, location, water depth, radiocarbon ages and calibrated ages. The macrofossil (fish bone) sample has been 

weighted as 0.4 mg C  

Core  Coring 

device  
Latitude N  Longitude E  Water Depth 

(m b.s.l.)  
Lab no  Sample 

(cm)  
Dated 

material  
Age 14C 

BP  
Cal. age BP 

(2σ range)  

LZGB2b  Gravity 

core  
58° 

21’31.62”  
17° 

49’51.72”  
109.5  LuS 9435  31-32  Bulk 

sample  
2135 ± 50  1538-1884  

LZGB2b  Gravity 

core  
58° 

21’31.62”  
17° 

49’51.72”  
109.5  LuS 9437  35-36  Bulk 

sample  
1950 ± 50  1340-1682  

LZGB2b  Gravity 

core  
58° 

21’31.62”  
17° 

49’51.72”  
109.5  LuS 9436  54-55  Bulk 

sample  
3810 ± 50  3570-3950  

LZGB2b  Gravity 

core  
58° 

21’31.62”  
17° 

49’51.72”  
109.5  LuS 9440  214-215  Bulk 

sample  
5005 ± 50  5137-5562  

LZGB2b  Gravity 

core  
58° 

21’31.62”  
17° 

49’51.72”  
109.5  LuS 9457  248-249  Fish 

bone  
4215 ± 60  4080-4515  

LZGB2b  Gravity 

core  
58° 

21’31.62”  
17° 

49’51.72”  
109.5  LuS 9439  258-259  Bulk 

sample  
6700 ± 55  7056-7400  

LZGB2b  Gravity 

core  
58° 

21’31.62”  
17° 

49’51.72”  
109.5  LuS 9438  285-286  Bulk 

sample  
7775 ± 55  8060-8384  

Fig. 10. A plot of calibrated bulk ages, calibrated bone age and Pb ages from Bränvall et al. (2011) vs depth.  

where the bulk ages and macrofossil and Pb ages are 

plotted separately (Fig. 10). The upper two Pb-age 

points represent the pollution start and the pollution 

trough in Pb206/Pb207 ratio during the Medieval period, 

which  correspond  to  the  age  of  1050±150  and 

750±150 cal.yr.BP (Bränvall et al., 2001; Renberg et 

al., 2000), respectively. In core LZGB_2b, these two 

age points are at the depth of 43 and 34 cm. The iso-

tope anomaly at 71 cm is interpreted as the Roman 

lead peak (Fig. 9). This peak is usually the less distinct  
peak in the European lead pollution record (Renberg et 

al., 2000; Zillen et al., 2011). However, if the sedime- 
ntary rate in the uppermost part of the sediment  

sequence is constant, the trough in Pb206/Pb207 ratio at 

71 cm corresponds to an age of c. 1 AD. 

 

5  Discussion 

5.1  Identifying periods with hypoxia 

Both climate forcing and human impact can induce 

hypoxia (Zillén et al., 2008; Zillén and Conley, 2010). 

In this study, three major periods of hypoxia have been 

identified using environmental proxies such as, the 

presence of laminations, LOI and mineral magnetic 

properties. These periods have been dated using 
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Fig. 11. Correlation of LL19, F80 (Reinholdsson et al. in prep; see Fig. 1A) and LZGB_2b, orange figures represent lead peak age 

(Zillén et al., 2011 and this study), green figure in LZGB_2b represents calibrated fish bone age and black figures are calibrated 

bulk ages.  

radiocarbon measurements and lead concentration and 

isotope analysis, which correlate to HTM, MCO and 

the past period since 1960, similar to Zillén et al., 

(2008).  

 The three major periods of hypoxia (laminated 

sediments) are characterized by high LOI values and 

high mineral magnetic concentrations (Fig. 6). The 

first minor increase of LOI occurs at 315 cm (Fig. 6), 

which has been identified as the A/L transition, when 

the first saline water entered the Baltic Sea basin i.e. 

the Early (or Initial) Littorina Sea (c. 10 000–8500 cal. 

yr BP; Berglund et al., 2005). But a further rapid in-

crease occurs at about 285 cm, corresponding to the 

first formation and preservation of laminated sedi-

ments. At this time, saline water flowed into the Baltic 

Sea: it not only completely changed the water condi-

tion i.e. the salinity and the concentration of dissolved 

oxygen, but also enhanced the organic productivity. 

This high LOI period correlates to the beginning of the 

full Littorina Sea stage (or Littorina Sea sensu stricto 

c. 8500–3000 cal. yr BP; Berglund et al., 2005) based 

on bulk radiocarbon dating (table 4). However, due to 

the large uncertainties associated with bulk radiocar-

bon dating of Baltic Sea sediments, the duration of the 

laminated period during the beginning of the Littorina 

Sea will be discussed in the next section (cf. Geochro-

nology).   

The second period of lamination occurs at 56 cm 

and ends at 31 cm, which correlates to MCO period 

based on the lead concentration and isotope analysis 

(Fig. 9). According to Bränvall et al. (2001), the start 

of decreasing in ratio Pb206/Pb207 during medieval pe-

riod is 1050±150 cal. yr. BP and the trough is 750±150 

cal. yr. BP, which corresponds to the depth of 43 and 

34 cm in gravity core, respectively, indicating a sedi-

mentation rate of 0.33 mm/yr. If the rate was constant, 

the timing of medieval lamination is from c. 1450±150 

to 650±150 cal. yr. BP.  

The reason for hypoxia might be due to a combi-

nation of climate forcing and human impacts (Zillén et 

al., 2008; Zillén and Conley, 2010). Warm climate 

may increase primary productivity and anthropogenic 

development around the Baltic can increase the nutri-

ent  input  to  the  sea.  Consequently,  eutrophication 

probably spread during this period and low oxygen 

conditions resulted in good sediment preservation con-

ditions.  

The youngest period with hypoxia is identified at 

12-0 cm in the multi-core and correlates to the period 

since 1960 (based on the lead peak and calculated 

sedimentation rate) when human impacts (via the use 

of synthetic fertilizer) have accelerated.  
In order to increase the knowledge about the 

temporal and spatial distribution of hypoxia in the past  
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a comparison with other studies with similar proxy and 

dating records as in this study (Reinholdsson et al., in 

prep; Zillén et al., 2011) has been made (Fig. 11).  

 The three major periods with laminated sedi-

ments in LZGB_2b (this study) correlates to similar 

periods in both LL19 (North Gotland basin, Fig. 1A, 

water depth 169 m) and F80 (East Gotland Basin, Fig. 

1A, water depth 181 m), which are all characterized by 

high χ values. For the first time, lead isochrones from 

different sub-basins (i.e. western, northern and eastern 

Gotland basins) show that hypoxia occurred at the 

same time on a basin-wide scale (i.e. Baltic Proper) 

during the Medieval period. The lead isochrones also 

demonstrates that, at water depths shallower than at 

least c. 180 m, wide-spread open sea hypoxia devel-

oped around 1960 AD. 

 

5.2  Chronology 

Due to the problem of interpreting bulk radiocarbon 

ages in the Baltic Sea, it is hard to establish the exact 

ages for the formation of the laminated sediments in 

the beginning of the Littorina Sea. Comparing with 

other studies, the bulk age of hypoxia (laminated sedi-

ments) during this time (i.e. c. 8000-5000 cal. yr. BP.) 

is in accordance with previous studies (Zillén et al., 

2008; Reinholdsson et al., in prep; Fig. 11). However, 

the age derived from the macrofossil remain (fish 

bone) at 248-249 cm in the gravity core suggests that 

the hypoxia during this period is centered around c. 

4000 cal. yr. BP (Fig. 11). Unfortunately, no additional 

macrofossil remains were recorded in the sediment 

sequence (macrofossil remains is uncommon in Baltic 

Sea sediments) which would have allowed sedimenta-

tion rates to be calculated (similar as for the laminated 

period during the MCO). 

 However, if one uses the trend of the bulk radio-

carbon ages during this time (the three lowermost bulk 

radiocarbon ages show a smooth trend, probably im-

plying a generally stable sediment deposition rate; Fig. 

10), a sediment accumulation rate can be calculated. 

Based on table 4, the sediment accumulation rate is 

0.24 mm/yr between 215 cm and 259 cm, while is 0.27 

mm/yr between 259 cm and 286 cm. Since the mass of 

macrofossil sample is within the accurate range of 

AMS dating (AMS is possible to carry out carbon dat-

ing on samples as small as 0.2 mg C), it should be reli-

able.  Assuming  no  prominent  sedimentation  rate 

changes occurred during the lowermost laminated pe-

riod, the timing of hypoxia is c. 5467 – 5902 cal. yr. 

BP.  
 Christiansen et al. (2002) proposed a sedimenta-

tion rate (0.23 mm/yr) in west part of eastern Gotland 

Basin based on high-resolution seismic recordings and 

correlation with long sediment cores, which demon-

strates that the calculated sedimentation rate in this 

study is in range. In addition, Kortekaas et al. (2007) 

suggested a younger A/L transition age (6.5 ka) based 

on OSL age and macrofossil age in Arkona Basin, 

which supports the younger age of hypoxia in WGB. 

 In conclusion, more research needed to determine 

the age of hypoxia and the A/L transition in the Baltic 

Sea.  

5.3  Origin of mineral magnetic signals 
In order to detect the variation of magnetic concentra-

tion in the laminations, a scatter plot of χ VS SIRM is 

shown in figure 12A. The data have been divided into 

3 groups based on a combination of sediment stratigra-

phy and time zone, the laminated group and poorly 

laminated group, non-laminated group and Ancylus 

Lake (AL) group, although the AL group is also be-

longing to non-laminated group. Low SIRM, but mod-

erate X, plotting at the left have relatively high suscep-

tibilities on account of paramagnetic contributions, and 

the ratios along the tilt slope represent the value of 

SIRM/χ above 10 * 103Am-1 (Thompson and Oldfield, 

1986), which corresponds to the samples within the 

major laminations in figure 6.  

 The distinct change around SIRM values of 1.0 * 

10-3Am2kg-1 suggested to use to delimit the “oxic-

hypoxic (non-laminated-laminated)” zone. However, 

some data from the laminated group mix with non-

laminated group. The laminated samples along the tilt 

slope correlate to the major laminated periods, but the 

mixed laminated samples present at the poorly lami-

nated, minor laminated and the beginning or the end-

ing of the major laminated periods (Fig.6), the reason 

for the distinction of these samples is unknown. In 

order to try to reveal these uncertainties, a hypothesis 

is proposed based on the study of Paasche and Løvlie 

(2011). In their study, the colonization of young lakes 

by magnetotactic bacteria (MTB) was investigated. 

MTB’s  are  gram-negative  aquatic  microorganisms 

with ability to biomineralize single-domain magnetite 

in chains (Blakemore, 1975). MTB thrive at the oxic-

anoxic transition zone, such as hypoxic zone, and are 

able to produce intercellular chains of pure magnetite 

in large quantities (Farina et al.,1990). Once they colo-

nize a new habitat, they usually prevail, regardless of 

the changes in temperature, nutrients, salinity and pH, 

but varied by the local oxygen conditions (Lean and 

McCave, 1998). When they die, the chains of magnet-

ite (or dispersed crystals) are incorporated into the 

sediments, which could be found in organic rich layers 

(Kim et al., 2005; Snowball, 1994). 

The individual magnetite particles produced by MTBs 

are called magnetosomes and are frequently about 30-

120 nm long (Devouard et  al.,  1998) and strictly 

within SD range of magnetite (Butler and Banerjee, 

1975; Frankel et al., 1998). Since the ratio of ARM/

SIRM (can be converted to χARM/SIRM) can denote the 

mean distribution of magnetic grain size, it may be 

applied for the concentration of SD magnetite when 

the ratios ≧0.1±0.01 (Paasche and Løvlie, 2011). So 

they constructed a model of ratio ARM/SIRM against 

calibrated time to show the colonization process in 

their study sites. The ratio 0.1 is considered as the 

boundary between primary detrital magnetite and sec-

ondary biologically produced magnetite and is consid-

ered as the level of colonization. 

A similar model is made in this study, but the 

SIRM replaces the calibrated time and the ratio of  
ARM/SIRM is converted to ratio χARM/SIRM to take 

into account the DC bias field used to induce ARM 

(which can vary in different laboratories). ARM may  
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be  varied  by different  measurements  i.e.  different 

measuring instruments. The solid line is the boundary 

when ARM/SIRM=0.1, and two dash lines represent 

the range of ARM/SIRM= 0.1±0.01. In addition, only 

the reliable data have been plotted (Fig.12B). 

 Comparing to the figure 12A, the samples over 1 

* 10-3Am2kg-1of SIRM and above the lower dash line 

belong to those along the tilt slope, which show a re-

sult of colonization. Since the non-laminated group 

has been almost eliminated due to the unreliable ARM,  

the samples less than 1 * 10-3Am2kg-1 of SIRM are 

supposed to be the mixed laminated data, and most of 

them also indicate the result of colonization. However, 

those above 160 * 10-5A-1m of χARM/SIRM are consid-

ered erroneous. The rest of the samples are counted to 

be colonized, except the samples below the lower dash 

line (Fig.12B).  
 The colonization by MTB’s can be interpreted in 

two ways. The first interpretation assumes that MTB 

are very sensitive to the dissolved oxygen concentra-

tion and the population of MTB changes in an inverse 

proportion to the oxygen concentration, because they 

prefer low oxygen levels (Bazylinski, 1995). Once the 

oxygen concentration reaches their favorite level, they 

would thrive and colonize the sediments quickly. Oth-

erwise, the population of MTB may stop growing or 

even die out. As shown in SIRM and χ (Fig.6), the 

values are generally high in major laminated periods, 

but quite low in homogeneous periods. During the 

poorly laminated and minor laminated periods, the 

values appear moderate. Secondly, perhaps the preser-

vation condition is the key factor that determines the 

concentration of magnetosomes in the laminated sedi-

ments. MTB thrive at the oxic-anoxic transition zone 

(Farina et al.,1990), and they may favor the bottom 

water condition. However, the changes of oxygen con-

centration at the bottom result in different preservation 

conditions i.e. magnetite could be oxidized when the 

oxygen concentration is high (or reduced when very 

low), which causes the pattern of magnetic parameters 

(Fig.6).  
 In addition, comparing figure 8 to figure 12B, the 

range of susceptibility loss  correlates to  colonized 

range. As a result, the reason for susceptibility loss, 

which may be due to SD magnetite, may change to the 

loss of MTB. However, the available data only suggest 

that a fine grained ferrimagnet, which alters during 

storage in air, dominates the magnetic properties of the 

laminated units during the Littorina phase of the Baltic 

Sea. Its magnetic properties are different to greigite. 

The hypothesis set up is that this material is single-

domain magnetite produced by MTB, which thrive in 

the hypoxic conditions. However, this hypothesis must 

be tested by positively identifying the individual mag-

netic grains using, for example, X-ray diffraction and 

quantitative geochemical analyses.  

 

6  Conclusions 
This study uses environmental proxy data to demon-

strate that three major periods of basin-wide (western, 

eastern and northern Gotland Basins) hypoxia has been 

present in the Baltic Sea during the Littorina Sea stage.  

 The start of the modern hypoxic period is dated 

to 1960 and correlates to increased anthropogenic forc-

ing (via eutrophication) known to have amplified hy-

poxia in the Baltic  Sea and other  coastal  regions 

around the world. Based on lead pollution isochrones, 

the age of the second period of hypoxia  started c. 

1450±150 and ended c. 650±150 cal. yr. BP, which 
corresponds to the Medieval period when human im-

pact and climate changes had a large effect on the  
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oxygen conditions in the basin.  

According to radiocarbon measurements of bulk 

sediment samples, hypoxia in the beginning of the 

Littorina Sea occurred between c. 5000-8000 cal. yr 

BP (i.e. similar to previous studies). However, a single 

date based on radiocarbon measurements of a macro-

fossil remain (fish bone) suggests that hypoxia during 

this  time  period  was  much  younger  and  centered 

around c. 4000 cal. yr BP. Based on the same date, the 

Ancylus/Littorina transition is dated to c. 6000 cal. yr. 

BP, which adds further information to the discussion 

about the age of the “modern” Baltic Sea.  

 The reason for the magnetic peaks in laminations 

remains to be determined. The peaks are caused by 

high concentration of fine grained ferrimagnetic min-

erals that need to be positively identified using other 

techniques.  
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