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Abstract

Over the last decades, the coastal areas of the Baltic Sea have been experiencing severe hypoxia,
which is related to anthropogenic eutrophication and climate change. In the past three millennia, two
other periods of hypoxia in the Baltic Sea have been recognized, coinciding with the Holocene
Thermal Maximum and the Medieval Climate Anomaly (MCA). The causes for hypoxia during these
periods are still debated, although higher temperatures and stratification seem to have played a role.
In order to get a better understanding of the factors that played a role in the development and recovery
of hypoxia in the last 3 millennia, the geochemical composition of sediment cores obtained from three
different sites in the Stockholm Archipelago, Baggensfjarden, Ingardfjarden and Erstaviken, was
analyzed. Geochemical profiles of redox sensitive elements, total organic carbon (TOC), phosphorus
and trace metals were generated and Glycerol Dialkyl Glycerol Tetraether (GDGT) lipids were
extracted to reconstruct sea surface temperatures (SSTs) using the TEXgs proxy. Afterwards a
combined 2'°Pb and "C age model was used to translate depth into calendar years. The generated
geochemical data were compared to historical data on population growth and mining activities in the
area surrounding the Stockholm Archipelago. The geochemical profiles of redox sensitive elements
and TOC confirm the occurrence of hypoxia before and during the MCA while a recovery of oxygen
conditions is seen during the Little Ice Age (LIA), a period of cooler climate in northern Europe. TEXgs-
based SST reconstructions reveal a temperature trend that correlates with the expected temperature
change during the MCA and LIA and confirm the change of climate in the transition from the MCA to
LIA. This indicates the coupling of temperature and hypoxia. Profiles of copper, lead and zinc,
indicate human activity in the form of mining from 1000 AD, which corresponds to the historical data
on mining activity in the area surrounding the Stockholm Archipelago. As hypoxia was already present
before the onset of the MCA and the estimated start of mining activities, the development of hypoxia
before and during the MCA was most likely to a large extent driven by natural factors such as changes
in temperature and nutrient availability in the water.
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1. Introduction

1.1 Hypoxia in global perspective

Many coastal areas around the world experience oxygen concentrations below 2 mg/L in the water, a
condition referred to as hypoxia. In some systems this a natural phenomenon, as is the case for
upwelling zones, fjords and oxygen minimum zones (OMZs) (Helly and Levin, 2004). However, in
many shallow coastal areas, the hypoxic conditions are caused or worsened by human activity. Over
the past decades, the extent of coastal hypoxia that is associated with anthropogenic activity has
increased significantly (Rabalais et al., 2010).

1.2 Causes of hypoxia

Processes such as degradation of organic matter or the reoxidation of reduced compounds at the
sediment-water interface consume oxygen in the bottom waters. Organic material that is present in the
bottom water or sediment originates from the photic zone, where it is being produced by
phytoplankton. This process, referred to as primary production, requires sufficient nutrients, sunlight
and sufficiently high temperatures. Phytoplankton use nutrients such as carbon, phosphorus, nitrogen
and trace elements to grow in the surface water. When the organisms die, they sink as organic matter
to deeper waters and eventually the sea floor, where it is degraded by microbes. The degradation of
organic matter can be carried out with different terminal electron acceptors (TEA) that are present in
the water column or are released from the sediment. These are, in the order of decreasing energy
yield, oxygen (O,), nitrate (NO3), Mn-oxides, Fe-oxides and sulfate (SO42), with O, oxygen being
thermodynamically most favorable (Froelich et al., 1979). If all TEAs are consumed, the degradation of
organic material continues through methanogenesis. The organic matter will preferably be degraded
with oxygen as a TEA, but if all the oxygen is consumed, other TEAs will be used in order of
decreasing energy yield. If the oxygen supply does not meet the oxygen demand, the water will shift
from oxic conditions to hypoxia ([0,]< 2 mg/L) or even anoxia ([0,]= 0 mg/L) (Carstensen et al., 2014a).

One of the driving factors of high primary productivity and algal blooms is the availability of nutrients in
the water. Nutrient enrichment, also referred to as eutrophication, can lead to an increased primary
production by phytoplankton in the surface waters (Berner and Berner, 2012). The resulting flux of
organic material to the bottom waters leads to an increased oxygen demand, as oxygen is used in the
degradation of organic material. Eutrophication stimulates the development of hypoxia in the bottom
waters of the Baltic Sea. In spring, primary production is highest due to increased air and water
temperatures as well as higher insolation, while during winter months, productivity in the surface
waters is low. Also climate warming has an amplifying effect on coastal hypoxia (Rabalais et al.,
2010). During summer months, the thermal stratification increases in the water, due to temperature
differences between the surface and bottom layers. Also the reduced solubility of O, when water
temperature rises, contributes to the development of hypoxia (Rabalais et al., 2009). A combination of
warming and coastal eutrophication cause increased oxygen depletion in the bottom waters during
spring and summer, resulting in hypoxia or in some regions of the Baltic Sea even anoxia.

The most important nutrients that cause coastal eutrophication are nitrogen (N), and phosphorus (P).
These are essential nutrients, required for primary production. The preferred ratio in which marine
primary producers use these nutrients to grow is on average C:P:N = 106:16:1 (Redfield, 1958). The
ratio in which these nutrients are available in the water column determine which of the nutrients is the
limiting factor for primary production (Berner and Berner, 2012). As long as the environment is in
contact with the atmosphere, C is unlimited available in sea water, as there is a continuous exchange
of CO, with the atmosphere. In periods of high primary production and fast growth, N can become
limiting for primary production, but can always be retrieved from the atmosphere through N-fixation by
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cyanobacteria, only maybe not so fast as primary production rates at certain times (Berner and Berner,
2012). Therefore, P might be a limiting nutrient for primary production in estuaries at certain times.
Sources of P to the water are terrestrial input and aeolian input. Furthermore, through the recycling of
P from the sediment, the water column is provided with P. This recycling process plays an important
role in the Baltic Sea, where a lot of P is stored in the sediment, due to the high anthropogenic P load
of previous decades (Mort et al., 2010). A large amount of P in the surface water stimulates primary
production, which in turn potentially leads to hypoxia in the bottom waters. In low-oxygen waters, P is
released from the sediment to the water column (Jilbert and Slomp, 2013a). The released P causes a
lower N/P ratio, which stimulates N-fixation by cyanobacteria, as the N-cycle is more adaptable than
the P-cycle (Toggweiler, 1999). The availability of both N and P to cyanobacteria in the surface water
stimulates primary production again, and thus increases the oxygen consumption in the bottom water,
which in return releases P from the sediment (Funkey et al., 2014). This mechanism, referred to as P-
recycling, stimulates hypoxia. The main process of P removal from aquatic systems is through burial
with sediments, for instance as precipitation of authigenic P minerals or adsorbed onto other elements
(Ruttenberg, 2014).

1.3 Consequences of hypoxia

Hypoxic conditions are unfavorable for organisms that live in the affected water layer and need oxygen
to sustain (Diaz and Rosenberg, 2008). Levin et al. (2009) found that natural or eutrophication-caused
hypoxia lead to a loss of diversity in the coastal benthos, as well as a decline in body size of
organisms. Not only ecosystems are affected by severe hypoxia, also the biogeochemical cycles in
the water column and sediment are altered due to hypoxia, due to changed redox conditions (Diaz and
Rosenberg, 1995; Vahtera et al., 2007).



1.4 Baltic Sea

One of the largest basins worldwide experiencing human-induced hypoxia is the Baltic Sea, a semi-
enclosed brackish basin that is located between Sweden, Finland, Poland, Germany, Denmark and
the Baltic States. It is connected with the North Sea via narrow straits in the southern part of the basin
(Fig. 1.1). Due to the isolated nature of the Baltic Sea, tidal movements are absent. The Baltic Sea is
with a surface area of more than 400,000 km? and a volume of more than 20,000 km® one of the
largest estuaries in the world. The surface layer of the Baltic Sea is brackish, with a salinity of
approximately 6-8, while the deep water has a salinity of 10-14 (Matthaus, 2006). This large salinity
difference, and thus density differences between the surface waters and deep waters has resulted in
the presence of a halocline at depths varying between 30m and 80m (Matthaus, 2006). The deepest
parts of the basin are permanently hypoxic, while parts of the coastal zones of the Baltic Sea
experience episodically occurring hypoxia (Conley et al., 2011; Kemp et al., 2009).

Fig 1. 1 The Baltic Sea with the Stockholm Archipelago (Red); After Harff, 2011

The Baltic Sea formed after the last deglaciation of Scandinavia and evolved from a fresh water lake
to the modern-day brackish estuary. Four stages that represent intervals of brackish and freshwater
conditions due to changes in the exchange of water with the North Sea, are recognized in the
development of the Baltic Sea (Zillén et al., 2008; Conley et al.,, 2009). The Baltic Sea Ice Lake
developed ca. 15 ka before present (BP) as a melt water lake and existed until 11.7 ka BP, when the
breaking of a naturally formed dam near Mount Billigen resulted in the drainage of the former ice lake.
Subsequently, a partly brackish system developed, the Yoldia Sea, which had a water level equal to
the global ocean. Around 10.7 ka BP, the connections with the open sea shallowed due to land-uplift,
which resulted in the formation of the Ancylus Lake. Irregular uplift caused the tilting of Lake Ancyclus,
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restoring the connection with the open ocean through the Kattegat. Eventually, the Oresund strait
developed as an inlet of saline water, resulting in the transformation of Lake Ancylus to the Littorina
Sea around 10.2 ka BP.

During these four stages, the basin was predominantly fresh. It was during the first Littorina Sea stage,
approximately 8.5 ka BP, when a brackish system developed, although the exact timing of this
transition is highly debated (Andren et al, 2000; Bjoérck, 1995, Conley et al, 2008). Regardless of the
exact timing, it is generally agreed upon that the Baltic Sea system became continuously brackish
during the Littorina Sea around 8.5 BP, due to the inlet of salt water through the Oresund Strait.
Changes in salinity affected the mixing of the water and contributed to the establishment of a
permanent halocline. This transition is often referred to as the ‘lake-marine’ transition of the Baltic Sea
(Bjorck, 1995).

Hypoxia in the Baltic Sea has occurred during three main periods since the start of the Holocene (11.7
ka BP). During the Holocene Thermal Maximum (ca. 8 - 4 ka BP) hypoxia was widespread in large
parts of the Baltic Sea. This hypoxic period coincides with the transition from fresh water to brackish
water, and was probably associated with increased salinity and enhanced stratification (Conley et al.,
2009; Zillén et al., 2008). The second period of hypoxia occurred before and during the Medieval
Climate Anomaly (MCA), which is defined from approximately 950 - 1350 AD (Graham et al., 2011).
Currently, the Baltic Sea experiences the third period of hypoxia, likely driven by anthropogenic
eutrophication (Conley et al., 2009).

1.5 Modern-day hypoxia of the Baltic Sea

The last decades, large parts of the Baltic Sea experienced hypoxia in the bottom waters below the
halocline (Carstensen et al., 2014b). The hypoxic area shows variations over time, but increased
especially over the last two decades. In 2014, the hypoxic area in two main, deep basins of the Baltic
Sea was approximately 60,000 km?, in comparison to the 5000 km? in 1900 AD (Carstensen et al.,
2014b). The development of hypoxia over the last decades, has been closely related to human activity
in the drainage basin of the Baltic Sea (Carstensen et al., 2014b). Human activity, such as agricultural
and industrial practices, contributes heavily to the nutrient input into the Baltic Sea (Ulen et al., 2007;
Bonsdorff et al., 1997). This anthropogenic eutrophication has resulted in an increase of algal blooms,
hypoxia and anoxia in large areas of the Baltic Sea (Conley et al., 2011). Although the nutrient load
from the mainland had decreased due to changed policy, phosphorus that was released from the
sediment has increased the dissolved inorganic phosphorus concentrations in the water (Carstensen
et al., 2014b).

An important factor that makes the system prone to the development of low-oxygen conditions, is the
geographical setting of the Baltic Sea. The only connections with the North Sea are the Skagerrak
strait and the Kattegat bay, therefore the exchange of water between the Baltic Sea and the open
ocean is limited (Carstensen et al., 2014b). The inflow of dense water in the southern part of the Baltic
Sea, results in a bottom layer with saline, dense water (Carstensen et al., 2014b). However, the inflow
of oxic water is insufficient to replace the hypoxic deep water masses of the Baltic Sea, and inflow of
substantial amounts of oxygenated, saline North Sea water is irregular and sporadic (Zillén et al.,
2008).

The drainage basin of the Baltic Sea covers an area four times larger than the surface area of the
estuary, leading to a large inflow of fresh water. Therefore, riverine input is a relative important source
of water for the Baltic Sea, and reduces the salinity of the surface water. Because of the large density
differences between the brackish surface layer and the saline deep waters of the Baltic Sea, the basin
is highly stratified. As a result, the oxygen supply to the deep water is limited, which contributes to the
development of low-oxygen conditions in the bottom water.



As a result of hypoxia in large parts of the Baltic Sea, benthic organisms experience stress
(Carstensen et al., 2014a). If hypoxia is only periodic and recovers after some time, populations of
organisms may recover. However, if hypoxia endures, populations may suffer (Diaz and Rosenberg,
2008). The effects of hypoxia are not limited to the biota, the low-oxygen conditions affect the
geochemistry of the bottom and surface waters to a great extent. Depending on element specific
characteristics, a number of elements behave differently under hypoxic conditions and oxic conditions
(Kemp et al., 2009). The chemistry of the system in turn influences the oxygen conditions in the water.
An example of this is the feedback mechanism of P, that sustains hypoxia through recycling of
sedimentary P (Mort et al., 2010).

1.6 Medieval Climate Anomaly and Little Ice Age

The MCA was a warm period in the North Atlantic region between 950-1350 AD. The sea surface
temperatures of the Baltic Sea were comparable to modern day temperatures (Kabel et al., 2012).
Although the exact causes for this period of warm climate are not known, proxies indicate a shift in
global circulation patterns that could be partly responsible for the climate change at that time (Diaz et
al., 2011; Graham et al., 2010). Large areas in the Baltic Sea experienced low-oxygen conditions
during the MCA (Zillén et al.,, 2008). The changes in climate were accompanied by large-scale
changes in population and agricultural practices. Traces of agricultural activity in the form of pastures
and small-scale cultivation dating back to the Iron Age (650 BC to 1150 AD), have been found in parts
of Sweden (Skold et al., 2010). These forms of deforestation, agriculture and other human activity
have most likely affected the local environment and surrounding aquatic systems. In Denmark it has
been shown that nutrient enrichment from agricultural activity has had influence on lakes from the Iron
Age and even earlier (Bradshaw et al., 2005). It is therefore not unlikely that the coastal areas of the
Baltic Sea have been affected by this early human activity as well. During the early medieval period
from approximately 1050 AD, population growth caused large-scale expansion of agricultural area and
human settlements (Skold et al., 2010; Zillén et al., 2008).

The MCA was followed by a period characterized by lower temperatures, referred to as the Little Ice
Age (LIA), a period in which the SSTs of the Baltic Sea were ca. 2°C below modern day temperatures
(Kabel et al., 2012). There is no consensus on the beginning of the LIA, but its start is estimated in the
14th century, after which it intensified and persisted to 1800 AD (Zillén et al., 2008). A number of
causes are suggested to be responsible for the cooling of the climate such as a decrease in solar
activity, volcanic activity and changed ocean circulations (Bradley et al., 2003). The changed climate
during the LIA has likely had an effect on the hypoxia in the Baltic Sea. However, also anthropogenic
factors could have influenced the oxygen availability in the deep waters. Another factor that has been
suggested as a possible cause for the recovery of the hypoxic areas in the Baltic Sea is the population
decrease resulting from the Plague. It has been estimated, that over 60% of the Swedish population
was killed by the Plague during 1300 AD and 1413 AD (Zillén and Conley, 2010). The decline of the
population has led to what is referred to as the agricultural crisis: the decline of agricultural area and
the abandonment of farms (Funkey., 2014; Zillén and Conley, 2010; Skold et al., 2010). The decline of
settlements and agricultural activity lead to a decline in nutrient runoff to the Baltic Sea, which could
have resulted in a lowered nutrient supply to the Baltic Sea and thus affected the oxygen balance of
the Baltic Sea (Zillén and Conley, 2010).



1.7 Relevance of study

While the dynamics of hypoxia in the open basin have been studied extensively, little is known about
the driving factors of hypoxia in the coastal waters of the Baltic Sea (Conley et al., 2011). Knowledge
about hypoxia in the past is essential to understand the current episodes of hypoxia and to predict the
evolution of hypoxia in the future. The MCA forms an excellent period to study the influence of both
natural and anthropogenic factors on hypoxia, as it is thought that humans already influenced the
system at that time (Zillén and Conley, 2010). As large parts of the coastal areas in the Baltic Sea are
currently experiencing hypoxia, we want to investigate if this was also the case during the MCA. This
study uses sediment records of three locations in the Stockholm Archipelago to reconstruct the oxygen
conditions over the Holocene, with a focus on the MCA. Furthermore, if hypoxia was present in the
coastal waters around Stockholm during this time, we will identify the factors that contributed to the
development of hypoxia during the MCA and the factors that have led to the recovery of the oxygen
conditions. In order to do so, we use geochemical profiles of redox sensitive elements, total organic
carbon (TOC), phosphorus and trace metals, together with extraction of Glycerol Dialkyl Glycerol
Tetraether (GDGT) lipids that are used to reconstruct sea surface temperatures (SSTs) using the
TEXge proxy. Trace metals are used to date the emergence of mining activity in the region surrounding
the Stockholm Archipelago. A combined 2pp and ™C age model is used to translate depth into
calendar years. The generated geochemical data are compared to historical data on population growth
and mining activities in the area surrounding the Stockholm Archipelago.



2. Methods

2.1 Site description

The sampling sites are located in the Stockholm Archipelago, the second-largest archipelago in the
Baltic Sea. It covers an area of approximately 35000 km? and is formed by approximately 30000 small
islands (Eriksson et al., 2004). The area around Stockholm has been and is still being affected by
postglacial rebound, which has resulted in the current landscape with small islands (Eriksson et al.,
2004). Already during the 9th and 10th centuries, the area around present-day Stockholm emerged as
an important trading city and center of economic activity (Scott, 1988). Therefore, the Stockholm
Archipelago has likely been affected by human influence since that time. This makes the Stockholm
Archipelago an interesting area, as it provides opportunities to study the dynamics of hypoxia and the
effects of both anthropogenic and natural influences on the coastal waters of the Baltic Sea during the
MCA and the LIA. Today the coastal area around Stockholm is still intensively used for recreation and
boating (Eriksson et al., 2004).

Core 005 ‘

5 e
Baggensfjarden ™

Core 002

4

‘Core 003

Fig. 2 1 Sampling sites in the Stockholm Archipelago with the locations of core 002 (Ingaréfjérden); core 003
(Erstaviken) and core 005 (Baggensfjdrden). Google Earth, 2017

2.2 Preparation of samples

Three sediment cores (all piston cores with a length of ca. 6 m) were obtained from three different
locations in the Stockholm Archipelago. (Fig. 2.1) Core 002 was obtained from Ingaréfjarden at a
water depth of 37.4 m. Core 003 was obtained from Erstaviken at a water depth of 68.8 m. Core 005
was obtained from Baggensfjarden at a water depth of 57 m. After retrieval, the cores were separated
in a working half and an archive half. The working half was then sampled for further analyses at a
resolution of 10 cm for core 002 and core 005, and a resolution of 0.5 for core 003. The samples were
freeze-dried, and crushed afterwards using an agate mortar and pestle.
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Due to expansion of the sediment upon retrieval of the cores, approximately 20-30 cm of the top was
lost. As a consequence, the depths that were assigned to the measured data in the upper meter of the
core are likely to deviate from the true depths. To correct for this, short cores (60-65 cm) were
obtained during the same cruise. The samples of the short cores were analyzed in a different batch
(Van Aartrijk, BSc thesis UU, 2016), using identical methods. In order to get a complete overview of
the system, the geochemical profiles of the short cores were connected to the profiles of the long
cores. This was only done for the measured inorganic chemical components, as GDGTs were not
measured for the short cores. This connection was made by using the organic carbon (TOC) profiles
of both cores, as the estimated error of TOC is smallest of all measured elements. The profiles were
matched based on the TOC content, using the depths of the short core as leading. Consequently, the
depths of the upper meter of the long core were adjusted to correctly overlap with the profiles of the
short core.

2.3 Analyses

2.3.1 Age model

In order to convert the measured depths to age, an age model based on data provided by Daniel
Conley (Conley, 2016, personal comm.) was used (Fig. 2.2). Conversion of depth to age was only
performed for core 003.

Age model based on Pb210 and C14 dating
0

60—

120

180

240+

300

360

depth (cmbsf)

420

480

540

600 ] | 1 | 1 | 1 | 1 | 1 | 1 | 1
-1500 -1000 -500 0 500 1000 1500 2000 2500

calendar years (BC/AD)
Fig. 2 2 Age model for core 003, obtained at Erstaviken, based on *’’Pb and '*C dating. Data provided by Conley (2016,
personal comm.)

Subsamples from each core were taken for analysis of the chemical composition of the sediment. All
samples from Core 002 and Core 005 were analyzed. Core 003 was first analyzed at a 10 cm
resolution as a pilot study. Based on c dating it was clear that core 003 had the highest
sedimentation rates and was thus most suitable for detailed analyses of the MCA hypoxic interval. The
focus of this detailed analysis was on the interval of 1.5 to 4 m depth, as this depth interval likely
comprised the Medieval Climate Anomaly (MCA) and because the results of the pilot study showed
the highest variety over this interval. A selection was made from the samples from core 003. For the
analysis of GDGTs in the sediment, 48 samples were selected from core 003.
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2.3.2 Inorganic analyses

Analysis of organic carbon and nitrogen

Subsamples of powdered and freeze dried sediment (0.3 g) were weighed into a 15 ml centrifuge tube
and acidified with 7.5 ml 1M HCL, in order to remove the carbonates. After addition of the acid, the
samples were being shaken for 4 hours at 125 rpm. For the second acidification step, the samples
were centrifuged for 7 min (2800g), decanted and acidified with another 7.5 ml 1M HCL and put on the
shaker for another 12 hours. After 12 hours, the samples were centrifuged, decanted and washed with
UHQ to get rid of the remaining acid in the sediment. Subsequently, the decalcified samples were
dried in the oven at 60°C for 3 days. Then the samples were weighed again to determine the amount
of weight loss through carbonate removal.

For the analysis of C and N, approximately 10 to 20 ug of each dry decalcified sample was weighed
into a tin cup, after which the tin cups with sediment were analyzed for organic N and C by a Fisons
Instruments NA 1500 NCS analyzer.

Total elemental composition using ICP-OES

Approximately 125 mg of powdered and freeze dried sediment was weighed into a teflon destruction
vessel and acidified with a mix of 2.5 ml HCIO4:HNO3;=3:2, and 2.5 ml HF (Fig.2.3). The teflon vessels
were placed overnight on a hot plate at 90°C.The next day, the caps of the teflon vessels were opened
and the vessels were placed on a hot plate at 140°C, until the acid was evaporated ad a gel was
formed. After this, 25 ml of 1M HNO3; was added and the closed vessels were placed on a hot plate at
90°C. After 1 night, the vessels were weighed again to determine the dilution factor, and were
subsequently analyzed using Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES;
SPECTRO ARCOS) to determine the total elemental composition. As the first diluted samples
contained dark suspended particles, presumably organic material, the samples of the pilot study of
core 003 were treated with concentrated perchloric acid 30% (H,O,) after evaporation of the acids
used for the destruction. Comparison between the samples of the different batches afterwards,

Sediment
freeze drying &
grinding
v
i i decalcified
dissolved sample [« dry sediment » "
P Total destruction i decalcification sediment
with HF & HNO3 with 1M HCL
& HCIO4
NCS
BFRED analyser
4
Total elemental o
composition

Fig. 2.3 Schematic overview of methods for inorganic analyses

showed no significant differences in the inorganic composition between the samples treated with H,O,
and the ones that were not. Therefore, we concluded that the dark particles did not have a significant
effect on the measured inorganic composition of the samples. Due to contamination during the
dilution, the samples in the pilot study for core 003 were contaminated with phosphorus (P). However,
as the amount of contamination was known, based on blanks and internal standards, we were able to
manually correct the results for this contamination.
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Fig. 2.4 Schematic overview of methods for analysis of GDGTs

2.3.3 Organic geochemistry- GDGT analysis

For the analysis of the organic compounds of the samples, the total lipid extract (TLE) was extracted
from the sediment with Dichloromethane (DCM): Methanol (MeOH) (9:1; v/v) solvent mixture, using an
Accelerated Solvent Extractor (ASE350, DIONEX) (Fig. 2.4). To extract the TLE, approximately 1 g of
powdered and freeze dried sediment of each sample was mixed with diatomaceous earth and
weighed into cells, after which they were extracted using the ASE. To exclude contamination artefacts,
blanks were added. After extraction, the TLEs of all samples and blanks were dried to near dryness
under a N, flow using a turbovap. Afterwards the dried TLEs were weighed, and dissolved in a
MeOH:DCM (1:1; v/v) solvent mixture. Of the total amount of TLE, 20% was archived. The remaining
80% was separated in different fractions with manual small column chromatography, using activated
aluminium oxide powder in pasteur pipettes and different solvents as carriers for the samples. The
TLEs were separated into three different fractions, the apolar fraction, the ketone fraction and the polar
fraction, using hexane:DCM (9:1, v/v) hexane:DCM (1:1, v/v) and MeOH:DCM (1:1, v/v), respectively.
The apolar and ketone fractions were dried under a N, flow and weighed, to determine the total
amount of the fraction extracted per sample. The dried apolar and ketone fractions were stored and
not further analyzed. The GDGT fractions were dried under a N2 flow after which 99 ng of the C46
GDGT internal standard was added for quantification. Subsequently GDGT fractions were dissolved in
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hexane:propanol (99:1, v/v) and filtered over a 0.45 ym mesh PTFE filter (¢ 4mm) prior to analysis.
Analysis of GDGTs was performed by ultra-high performance liquid chromatography-mass
spectrometry (UHPLC -MS) on an Agilent 1290 infinity series coupled to a 6130 single quadrupole
MSD, equipped with auto-injection system and HP-Chemstation, following the setup described in
Hopmans et al. (2016).TEXgs values (Kim et al., 2010;

1) were used to estimate mean annual sea surface temperatures (SSTs) using the TEXges calibration
by Kabel et al. (2012) (eq. 1 & 2)

TEX86L = [6DET 2] (Eq.1; Kim et al., 2010)
[6DGT1]+[GDGT-2]+GDGT 3]

SST = 34.03 « TEX86L + 36,73 (Eq. 2; Kabel et al., 2012)

The soil pH and mean annual air temperature (MAAT) were calculated using the calculations
described by De Jonge et al. (2014).

2.4 Sediment as a chemical tool to reconstruct hypoxia

As conditions in the bottom waters affect the chemistry of the seafloor, the sediment can be a useful
tool to examine (past) redox conditions in the water. Based on sediment composition, conclusions can
be drawn about the conditions in the system at the time of deposition. Sediments in hypoxic or anoxic
conditions generally have a high organic matter content, a combined effect of a high organic matter
supply from the photic zone and the reduced degradation of this organic matter due to the lack of
oxygen (Reed et al., 2011). Also, bulk nutrients P and N can be used to reveal information about the
redox conditions during deposition, as both are affected by the organic matter supply and by redox
conditions in the water. Furthermore, the content of trace elements such as Molybdenum (Mo) and
Iron (Fe) can be used as proxies for past redox conditions.

2.4.1 Mn

The dominant manganese (Mn) species in sea water are Mn** and MnClI*, but both are
thermodynamically unstable in oxic waters. The unstable Mn(ll) species are oxidized to insoluble
Mn(lll) and Mn(IV) solid phases. Mn(IV) solid phases, also known as Mn-oxides, are formed in the oxic
water layers and sink to the bottom waters (Slomp et al., 1997). If the bottom waters are oxygen
depleted, the Mn-oxides will be reduced and dissolved below the oxic-anoxic boundary of the water.
Mn(ll) is then released to the water and diffuses upward or downward, where it is either released to
the water column or precipitates as Mn oxides in case the pore water contains oxygen (Lenz et al.,
2015) However, in anoxic environments with a sufficiently high alkalinity, authigenic Mn-carbonates
can form, often associated with calcium (Lepland and Stevens, 1998; Jakobsen and Postma, 1989).
Although these Mn-carbonates are formed under anoxic conditions, oxic conditions are required
beforehand to transport the Mn to the sediment water interface, as Mn carbonates do not form in the
water column but on the sediment (Calvert and Pedersen, 1996). The presence of Mn-carbonates,
often in the form of Ca-rhodochrosites, has been shown in deeper parts of the Baltic Sea, such as the
Gotland Deep (Heiser et al., 2001).
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2.4.2 Mo

Mo is a redox-sensitive transition element that is present in seawater and can be used to reconstruct
paleoredox conditions in marine systems (Tribovillard et al., 2006; Scott and Lyons, 2012). Mo
behaves relatively conservative in oxic water, but oxygen-depleted bottom waters affect the reactivity
of Mo. Research has shown that Mo is trapped in the sediment under low-oxygen conditions, through
which it is removed from the water column (Emerson and Huested, 1991). Sediment enrichments of
Mo thus indicate low-oxygen conditions at the time of deposition or during early diagenesis. However,
a complicating factor for the use of Mo as a proxy for paleoredox conditions is the so-called ‘basin
reservoir effect’. In restricted basins, the supply of Mo might become insufficient and results in lower
Mo fixation in the sediment, even in strongly reducing sediments (Algeo, 2004; Algeo and Lyons,
2006; Tribovillard et al., 2006)

2.4.3 Pb, Zn and Cu

Trace metals such as lead, copper and zinc can be used as a measure for human activity, as they
have been exploited by mankind for a long time. Furthermore, Pb concentrations can be used as an
independent age constrain in the Baltic Sea, as three peaks of Pb pollution have been dated and can
be used as reference data (Zillén et al., 2012).

The area north-west of Stockholm was known for mining activities, especially around the cities of
Norberg and Falun, that are estimated to have been exploited from the late 10th century (Bindler et al.,
2011; Bindler and Rydberg, 2015). The mining flourished during the medieval period and continued
until the 20th century. This makes the profiles of Cu and Pb, which are among the metals that were
mined, especially interesting in the study of hypoxia and anthropogenic influence, as Cu and Pb can
be used as a measure for human activity. Unlike Pb and Cu, Zinc (Zn) exploitation did not start before
the 16th century, as no method for separating metallic Zn from the ore seems to have been known in
Europe before that time. Commercial production of Zn did not start until the 18th century (Blair and
Ramsay, 1991).

2.4.4 GDGT proxies

As temperature is an important factor influencing stratification and hypoxia in the bottom water, it is
useful to obtain insight in the temperature evolution in this area in the past. To reconstruct
paleotemperatures, several proxies based on biomarkers are available. These proxies are based on
the fact that the biosynthesis of specific organic compounds by certain micro-organisms depends on
the temperature of the water at the time of production. For example, archaea and bacteria produce
Glycerol Dialkyl Glycerol Tetraethers (GDGTs) as membrane lipids. The molecular structure of these
GDGTs varies with different environmental conditions that prevailed at the time of their production,
such as SST, MAAT and pH (Schouten et al., 2002; Weijers et al., 2007). A division is made between
GDGTs based on their structure, separating them in isoprenoid GDGTs and branched GDGTs.
Isoprenoid GDGTs are produced by marine planktonic archaea, as part of their membrane lipid, and
are mainly produced in marine environments (Schouten et al., 2013). Branched GDGTs are primarily
produced by bacteria in terrestrial environments such as soils, but have recently also found to be
produced in lakes or deltaic waters (Schouten et al., 2013). By calculating the relative abundance of
the specific isoprenoid GDGT crenarchaeol, compared to branched GDGTs in sediments, an estimate
can be made of the relative input of soil organic matter into marine systems, and is expressed as the
Branched and Isoprenoid Tetraether (BIT) index. BIT values (< 0.3) indicate the dominance of marine
organic matter, whereas high BIT (> 0.7) values indicate that the input of terrestrial organic matter was
relatively high at the time of deposition (Hopmans et al., 2004). Another proxy that is used, TEXgg, is
used to reconstruct paleo-SSTs. TEXgs is based on the number of cyclopentane rings that are
incorporated in the GDGT of membrane lipids of archaea (Schouten et al., 2002; Kim et al., 2010). As
temperature increases, the number of cyclopentane rings in the isoprenoid GDGT molecules
increases as well. Incubation experiments showed that TEXgs index has a significant linear correlation
with growth temperature and can thus be used as proxy to reconstruct the annual sea surface
temperatures (Wuchter et al., 2004).
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3. Results
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Fig. 3.1 Sediment profiles of redox sensitive elements and trace metals, obtained at Erstaviken. The grey bands were based on
Mo and indicate zones of different oxygen conditions. The age of the sediments was determined using an age model based on

data of Conley (2016,personal. comm.)

3.1 Erstaviken

3.1.1 Redox sensitive proxies and trace metals
The TOC contents of core 003 vary between 3.0 wt.% and 5.7 wt.% (+0.07 wt.%) (Fig. 3.1a). TOC
remains relatively constant from 1150 BC to 900 AD with values around 5 wt.%, and gradually
decreases to a minimum value of ca. 3 wt.% around 1500 AD. From 1600 AD, TOC values increase
again to 5 wt.% at the top of the core. In the period from 350 AD to 1350 AD, four phases of higher
values appear in the TOC profile. From 110-370 AD, the first phase is seen, followed by a second
between 460-760 AD. The third phase is seen from 840-1190 AD, rapidly followed by the fourth and
last phase between 1240-1400 AD. The Mo content is ca. 20 ppm (+2.95 ppm) in the interval
corresponding to the time between 1150 BC and 900 AD. From 900 AD, Mo content decreases to 4
ppm in 1500, after which it remains below 5 ppm in the remaining record, with a slight increase 15
ppm from 1800 AD. In the interval between
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350-1500 AD, phases similar to those of TOC were seen. The P signal shows a background of 1000
ppm (325 ppm) over the entire record, with sharp peaks with values up to 5000 ppm from 150 AD to
1350 AD. In the interval from 1600 AD to 1950 AD, four small peaks appear in the P signal. Also for
Mn, large peaks appear from 1150 BC to 1350 AD, with values up to 50000 ppm (1310 ppm), against
a background value of ca. 2000 ppm. The clusters of peaks in Mn coincide with the four phases of
high TOC and Mo. Similar trends are seen for Ca, with peaks of Ca up to 15000 ppm (+ 228 ppm),
against an apparent background value of 9000 ppm. The peaks of Ca coincide with the Mn peaks and
with the phases in TOC and Mo. The profile of Nickel (Ni) shows a background value of 40 ppm (x
3.53 ppm), with sharp peaks that coincide with a part of the P, Mn and Ca peaks.

From 1150 BC - 900 AD, Pb content of the sediment is relatively stable around 30 ppm (+ 14.8 ppm)
(Fig. 3.1b). From 900 AD, Pb content starts increasing until it reaches a value of ca. 90 ppm around
the start of the 20th century. Remarkably, the Pb content of the sediment decreases in the last
decades of the 20th century. The profile of Cu shows a different profile. From ca. 1150 BC to 1100 AD,
the Cu content decreases from 50 ppm to 35 ppm (+ 1.4 ppm), after which it increases to 40 ppm in
1480 AD. From ca. 1500 AD, Cu increases rapidly to 60 ppm around 1980 AD. In the last two decades
of the 20th century, Cu content decreases rapidly. Zn shows a trend unlike the trends seen in the
other elements. The content of Zn in the sediment is with 150 ppm (x14.5 ppm) remarkably stable
from 1150 BC to 1575 AD. However, from 1575 AD, Zn increases rapidly to 350 ppm in 1928 AD. Like
Pb and Cu, the content of Zn decreases rapidly to ca. 200 ppm in the last two decades of the 20th
century.
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Fig. 3.2. Sediment profiles of GDGT proxies, obtained at Erstaviken. The grey bands were based on Mo and indicate zones of
different oxygen conditions. The age of the sediments was determined using an age model based on data of Conley
(2016, personal comm.)

3.1.2 GDGT Proxies

The calculated values for the BIT index are very low through the entire core, with values not exceeding
0.11 (Fig 3.2). The SST curve derived from TEXgs_ indicates sea surface temperatures that varied
between 10°C and 14.8°C. SST decrease rapidly in the upper 1.5 m of the core, from almost 15°C to
10.6°C. Further down, SST increase to an optimum of almost 15°C between 3 and 4 m depth. Below 4
m, SST decrease to 13°C. As the BIT index reveals the domination of isoprenoid GDGTs over
branched GDGTs, calculation of pH and MAAT is not relevant.
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3.2 Ingarofjarden and Baggensfjarden

Fig. 3.3 Sediment profiles of redox-sensitive elements obtained at Ingaréfjdrden, Baggensfjdrden and Erstaviken. The grey
bands were based on Mo and indicate zones of different oxygen conditions.
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3.2.1 Redox-sensitive elements and trace metals

The TOC contents of the sediment of core 002 are around 6 wt.% (+ 0.13 wt.%) at the base of the core
and gradually decrease to 5 wt.% at a depth of 125 cmbsf, after which they rapidly decrease to
minimum values of 3.5 wt.% (Fig. 3.3a). TOC values increase again to 5 wt.% in the upper 50 cm of
the record. The content of Mo at the base of the core is negligibly low, and increases from 350 cmbsf
to a maximum value of 15 ppm at 125 ppm (+ 1.48 ppm), after which it gradually decreases to 1 ppm
at 50 cmbsf. The content of P at the base of the core lies around 1100 ppm (+ 159 ppm) and fluctuates
around a generally increasing trend until ca. 1200 ppm is reached around 50 cmbsf. Decreases in the
general trend of P are seen between 400 and 350 cmbsf and above 50 cmbsf. Mn content is ca. 700
ppm (+15.8 ppm) at the base of the core and remains constant to 350 cmbsf, after which it rapidly
increases to two peaks of 1100 ppm at 250 and 200 cmbsf. From 200 cmbsf and above, Mn content of
the sediment remains constant around 750 ppm. The peaks of Mn and P show some similarities. The
Ca content of the sediment varies between 9500 and 10500 ppm (+ 260 ppm), with two major peaks of
approximately 11500 ppm at 30 cm and 525 cm depth. The two peaks of Ca do not seem to coincide
with peaks in Mn or P. Ni in core 002 is relatively stable with values between 40 and 45 ppm (+ 1.19
ppm). In the upper 150 cm of the core, the Ni content is lower and lies slightly below 40 ppm.

The TOC signal of core 005 appears to differ from core 002 (Fig. 3.3b) At the base of the core, TOC
values are around 1 wt.% (£ 0.05 wt.%) and gradually increase to 1.5 wt.% at 375 cmbsf, after which
the TOC content abruptly increases to 6 wt.%. Throughout the remaining part of the core, TOC values
gradually decrease to 4 wt.% at the top of the core. Mo in core 005 shows a similar trend as core 002,
with only higher values. Mo is absent at the base of the core and reached detectable concentrations at
375 cmbsf. It then rapidly increases and reaches a maximum value of 4 ppm (x1.23 ppm) at 175
cmbsf, after which it decreases to values below 5 ppm in the top of the record. The P content of core
005 is approximately 600 ppm (192 ppm) at the base of the core and gradually increases to 700 ppm
at a depth of 375 cmbsf, after which it abruptly shifts to 1000 ppm. From 350 to 50 cmbsf, the P
content gradually increases to 1200 ppm, with one positive excursion around 200 cmbsf. In the top 50
cm of the core, a sharp decline is revealed. Mn content of core 005 is remarkably higher than the Mn
content of core 002, with values between 600 ppm and 37000 ppm (36 ppm), and most measured
values higher than 1000 ppm. The Mn profile of core 005 shows a relatively stable signal, with
excursions around 130, 200 and 270 cmbsf. Ca content of the sediment is ca. 11000 ppm (+ 206 ppm)
at the base of the core and show an overall decreasing trend towards minimum values of 9500 ppm at
the top of the core, with positive excursions at the depths of 525, 500, 200 and 125 cmbsf. Ni content
varies between approximately 37 and 55 ppm (+ 0.54 ppm), and shows a similar trend as seen in core
002. The Ni content at the base of the core is ca 40 ppm and increases to 55 ppm at 150 cmbsf, after
which it decreases to ca 37 ppm in the top of the core.
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In the lower 400 cm of the core, the Pb content is stable with values around 40 ppm (+ 6.10 ppm),
after which it gradually increases to 90 ppm at the top of the core (Fig. 3.4a). The Cu content at the
base of the core is below 40 ppm (+ 0.69 ppm) and increases to 50 ppm at a depth of 250 cmbsf, after
which it decreases to values below 40 ppm at a depth of 100 cmbsf. Above 100 cmbsf, the Cu content
increases to 55 at the top of the core. A small peak of 50 ppm is seen around 500 cm depth. The Zn
profiles are relatively stable with values around 120 ppm (+ 7.78 ppm) in the bottom part of the core,
and rapidly increases in the upper meter to ca. 230 ppm.

Core 005 reveals a more complicated pattern than core 002 with regard to the Cu content of the
sediment (Fig.3.4b). The profile of Cu shows an overall increasing trend from values of 35 ppm (+0.46
ppm) at the base of the core towards values around 50 ppm at a depth of 125 cmbsf, after which the
signal reveals two negative excursions. From 50 cmbsf, Cu content rapidly increases to 60 ppm at the
top of the core. The signal of Pb is shows a decreasing trend from the base of the core, where Pb
values are around 60 ppm (+ 7.62 ppm) to 200 cmbsf, where values are around 40 ppm. From 200
cmbsf to 50 cmbsf, the Pb content of the sediment increases to 60 ppm, after which it rapidly
increases to 140 ppm at the top of the core. For Zn, a similar trend appears, with a stable Zn content
around 130 ppm (+ 3.08 ppm) in the lower 550 cm of the core, and a rapid increase to 280 ppm in the
upper 50 cm of the core.
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4. Discussion

4.1 Indications of hypoxia in the past three millennia

Although the three cores were obtained from the same area, they were taken at different locations with
different water depths and sedimentation rates. Despite these differences the cores can be correlated
to each other based on the profiles of for example TOC and Mo (Fig.4.1). Comparison of the cores
reveals that the sedimentation rate of core 003 was much higher than for core 002, implying that core
002 covers a much longer period of time than core 003. The sudden shift around 400 cm in core 005,
indicates a hiatus, making it difficult to estimate the time span of this core.

The profiles of Mo in the three cores reveal that the coastal waters of the Stockholm Archipelago
experienced hypoxia during the MCA. From our data of Mo and TOC, four zones can be distinguished
in the records. Zone 0 is only recorded in core 002 and core 005, a period of low Mo, indicating oxic
conditions. Zone 1 is recorded in all three cores, a period of high Mo, indicatiing hypoxic or even
anoxic conditions. In zone 2, Mo decreases and indicated oxic conditions at the sediment-water
interface, this zone can be correlated to the onset of the LIA (Zillén et al., 2008). In zone 3, the
modern zone, conditions in the water return to hypoxic. TOC was high in all zones, except for zone 2,
when Mo decreased and conditions became oxic. Whether TOC is high as a result of high primary
productivity or due to high preservation cannot be determined based on the data that is currently
available.
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4.2 Dynamics of hypoxia in the past three millennia

Core 003 covers three of the four aforementioned periods, with a period of high Mo at the bottom and
the top of the core, and a period of low Mo in between. The TOC content of the sediment shows a
similar trend and is high in the top and base of the core, but decreases in zone 2. The high Mo content
indicates that the system already experienced hypoxia around 1150 BC, a condition that lasted until
approximately 1350 AD. The periodic shifts that are seen in the profiles of Mo and TOC reveal the
presence of phases within the hypoxic period from 1150 BC -1350 AD. In this period, also sharp peaks
in the profile of Ca that coincide with peaks in Mn, can be seen. The large decrease in TOC and Mo
from 1350 AD onwards indicates a shift from generally (seasonally) hypoxic conditions to more
oxygenated conditions. Around 1700 AD, TOC increases and is followed by an increase of Mo around
1900 AD. Laminated sediments in the deep basins of the Baltic Sea, i.e. the Baltic Proper, Landsort
Deep and the Gotland Basin, confirm the presence of hypoxia already before the start of the MCA
(Zillén et al., 2008). Similar to the sediments of the Stockholm Archipelago, the laminated sediments
disappear from the records of the deep basins around 1300 AD, marking the onset of the LIA.
Comparison of the TOC and Mo content with records of the Landsort Deep shows that the TOC
content of the Landsort Deep is 2-3 wt.% higher than in the records of the Stockholm Archipelago
before and during the MCA. Also, the Mo content of the Landsort Deep in the same interval is twice as
high as in the Erstaviken and Baggensfjarden and a fourfold of Ingardfjarden (Dijkstra et al., 2016).
This indicates that, although hypoxia was present in the waters of the Stockholm Archipelago before
and during the MCA, it was less severe than in the deep basins of the Baltic Sea. This could be due to
the limited water depth of the Stockholm Archipelago compared to the deep basins, resulting in a
better mixing of the water. However, coastal sediments from the Gasfjarden, part of an archipelago
south of Stockholm reveal TOC contents that are ca. 2-3 wt.% higher than the records of the
Stockholm Archipelago before and during the interval of the MCA (Ning et al., 2016). A possible
explanation for this could be the location of the Gasfjarden, as it is located 200 km south of the
Stockholm Archipelago and thus has a higher insolation, which could be a stimulating factor for
primary productivity.

4.3 Formation of Ca-rhodochrosites

The hypoxic period of zone 1 coincides with the large peaks of Mn that appear in the sediment. The
peaks of Mn correspond to peaks in the profile of Ca, indicating the presence of Ca-rhodochrosites.
Ca-rhodochrosites have been found in the deep basins of the Baltic Sea and are thought to be formed
after inflows of North Sea water (Jakobsen and Postma, 1989). During these inflows of oxygenated
water, Mn-oxides form from Mn?* that is already present in the water column, and sink to the
sediment-water interface (SWI). Once the bottom waters return to hypoxic conditions, the Mn-oxides
are reduced and Mn is incorporated into Mn-carbonates such as Ca-rhodochrosites (Fig. 4.2) (Jilbert
and Slomp, 2013b). Together with the decrease of TOC and Mo, marking the onset of the LIA, the
peaks of Mn and Ca disappear. The presence of Ca-rhodochrosites in the sediments of the Stockholm
Archipelago before and around the MCA, and the absence of the Ca-rhodochrosites with the onset of
the LIA, confirms the hypothesis that the Stockholm Archipelago experienced hypoxic conditions
before and during the MCA, that recovered during the LIA. As well as in core 003, peaks of Mn and Ca
appear in core 002 and core 005 in the interval that is linked to the MCA, although the lower resolution
of the analyses makes it difficult to identify the presence of individual peaks. The two large peaks of
Mn and Ca around 100 and 200 cmbsf in core 005 coincide and could indicate the presence of Ca-
rhodochrosites, although there seems no direct link to the P profile. The peaks of Mn and Ca in core
002 cannot be related, which implies that Ca-rhodochrosites were not formed at that site. This can be
attributed to the differences in water depths at the sampling sites, as core 002 was obtained in
shallower water than core 003 and core 005, as shallower water has better mixing and will therefore
be less sensitive to the effects of inflow events.
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From 130 AD, peaks of P appear in the sediment of core 003, that coincide with peaks in the profiles
of Ca and Mn. The association of P with Ca-rhodochrosites is likely, as part of the Ca-Mn peaks
coincide with peaks in P. It is however unknown why the peaks of P are not present before 130 AD.
Association of P with Ca-rhodochrosites is thought to be related to inflow events (Jilbert and Slomp,
2013b), which suggest that a change in the inflow events occurred around 150 AD. As indicators of
hypoxia are clearly present in the third zone, indicating the occurrence of inflow events, the absence of
P bound to Mn-carbonates is remarkable. These observations indicate a change in the reaction of Mn
to inflow events and hypoxia, as they show that Mn-carbonates are no longer formed after inflow
events. This is consistent with the findings of Lenz et al. (2015), who show that Mn-carbonates are
less likely to be formed in the Gotland Deep after inflow events. Their explanation is that the Mn-
oxides that are formed in oxic conditions during inflow events, are reductively dissolved faster than
earlier. As a consequence, Mn that is released in the reductive dissolution of Mn-oxides can more
easily escape to the overlying water column and will not precipitate as Mn-carbonates.

Remarkable as well are the peaks of Ni in the interval from 150 AD to 1350 AD, largely coinciding with
the peaks of P, Mn and Ca. An explanation for this could be the association of Ni with MnO,, as
described by Canavan et al. (2007). They show that Mn-oxides in the water column can scavenge
NiZ*. Although their conclusions were based on a freshwater environment, the same could hold true for
the situation in the brackish coastal waters of the Stockholm Archipelago. If this is the case and Mn-
oxides are subsequently deposited on the sediment-water interface and reduced when conditions
become hypoxic, Ni could be left in the sediment. This would explain the peaks of Ni coinciding with
peaks of Mn, Ca and P, as Ni is deposited together with Mn. This also supports the theory of a change
of inflow events around 150 AD, as MnO; is formed during inflow events (Lenz et al., 2015).

hypoxic conditions oxic inflow event return of hypoxic conditions
M2t ———» MnQ,-Ni
MnQ,-Ni — 1L 5 Mn-carbonates S
Ni

Fig. 4.2 Schematical overview of formation of Mn-carbonates with scavenging of Ni after inflow event

4.4 Relationship between SST and hypoxia

As temperature can be an important factor in the development of hypoxia, reconstruction of paleo-
SSTs can reveal an eventual link between SST and hypoxia over the past three millennia. The BIT
index that was calculated from GDGT analysis, was very low for the entire core, indicating that the
organic material was mostly from marine origin. As the sampling sites are located in coastal waters
where terrestrial input is expected to be high, it is most likely that this is due to a high marine
productivity. This makes TEXgs a suitable proxy to calculate SST. The SST that has been
reconstructed for core 003, show that around 650 BC, temperature of the surface water is around
12°C. Before and during the MCA, from 300 AD until 1300 AD, SST has increased to 14°C. The
decrease of the SST with 3.5°C around 1300 AD can be directly related to the changing climate and
the onset of the LIA. Kabel et al. (2012) report a 2-3°C difference of SST between the MCA and the
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LIA for the deeper parts of the Baltic Sea, which is lower than the difference found based on our data.
The changing climate after the LIA is reflected in the SST record as well, as temperatures rise from
1600 AD to 14.5°C in modern time. The SSTs reconstructed for the Baltic Sea by Kabel et al. (2012)
are ca. 2°C higher than the SSTs that were calculated based on our data, this could be due to the
differences between the different sub basins that were sampled. The dynamics of hypoxia seem to be
directly linked to the changes in SST. The phases of stronger hypoxia are accompanied by higher SST
of approximately 14°C, while the moments of weaker hypoxia coincide with slightly lower SST of
12.5°C. The changes in SST from 350 AD however, seem to have affected either the production of the
preservation of organic carbon, as the profiles of SST and TOC show a similar trend in the interval
between 350 AD and 1350.

Although SST of modern day is comparable to the highest SST during the MCA, the Mo content of the
top sediment is much lower than it was during the MCA. An explanation for this could be the limited
availability of Mo, resulting in the reservoir effect that was described earlier. This could be the result of
differences in hypoxic area between the MCA and modern conditions. Furthermore, the concentration
of TOC in modern sediments is higher than it was during the LIA, but it is lower than it was during the
MCA. This could explain why primary production and algal blooms in the current situation are
stimulated by anthropogenic nutrient input (Conley et al., 2011). If an upper limit of primary production
was reached during the first hypoxic period of core 003, extra nutrient input would not have stimulated
primary production, as nutrients were not the limiting factor. In the modern day situation, nutrients are
limiting for primary production in the Baltic Sea, which implies that the upper limit of primary production
has not yet been reached.

4.5 Human activity and hypoxia

In the situation of the Stockholm Archipelago, the profiles of Pb, Cu and Zn are strongly influenced by
human activity, which makes these elements useless as proxies for redox conditions. The elements
have however shown to be useful as indicators of human activity, as they mark the start of mining
activities in the region. The timing of the rapid increases in the profiles of Pb and Zn correlates to the
rising industries of mining in the area NW of Stockholm. The three records show that zone 1 is
hypoxic, as Mo values are high, but no signs of human influence are seen, based on the absence of
enrichments in Cu, Pb and Zn in this zone. However, at the end of zone 1, from the 10th century, the
mining of Cu and Pb started, which is reflected in the increase of Pb around 900 AD (Bindler et al.,
2011; Bindler and Rydberg, 2015). The enrichments of Cu and Pb continue in zone 2, which
corresponds with the onset of the LIA. Although human activity is still reflected in the profiles of Cu and
Pb, the Mo profile of the records indicates a recovery of hypoxia in this period. This suggests that the
recovery of hypoxia is independent of the human activity at that time. At the end of zone 2, in the 16"
century, an increase of Zn appears, which is consistent with the literature, that reports the start of Zn
mining in the 16th century (Blair and Ramsay, 1991).

The profiles of Zn and Pb provide evidence of human activity in the area around Stockholm from the
10th century, and can therefore be used as an indication that anthropogenic influence might have
played a role in the biogeochemistry of the system, at least from the 10th century. Traces of human
activity and agricultural practices during the Iron Age have been found in other parts of the Baltic
region. This implies that human activity was also present in the Stockholm Archipelago before the 10th
century, but this is not reflected in the profiles of Cu, Pb and Zn, as mining activities only started from
the 10" century. The potential influence of human activity on the development of hypoxia in the
earliest period of zone 1, from 1100 BC 900 AD can therefore not be excluded.

The three major periods that are visible in core 003, show that the system has been hypoxic for a long
time. The Mo profiles of core 002 and core 005 show that before the hypoxic period, the system was
oxic. However, also during the oxic period that is visible in core 002, TOC was high. This suggests that
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the high TOC is the result of high primary productivity and is not solely the effect of high preservation.
The increase of SST around 300 BC, seems to have had no significant effect on the productivity, as
TOC does not increase accordingly. This could indicate the presence of an upper limit for primary
production, caused by light-limitation of algal blooms (Cloern, 1999). Unlike what was expected,
human activity from the 10th century appears to coincide with the decrease in TOC and Mo that is
seen around 900 AD. It is therefore unlikely, that human activity and anthropogenic eutrophication has
been the driver of hypoxia during the MCA.
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5. Conclusion

We conclude that hypoxia was indeed present in the coastal waters of the Stockholm Archipelago
during the MCA. Our observations however, indicate that the onset of this hypoxia did not coincide
with the start of the MCA, as the bottom water of the Stockholm Archipelago had already experienced
hypoxia before the onset of the MCA. Based on Mo and TOC, the time interval from 1100 BC to 1900
AD can be divided in three periods. The period from ca. 1100 BC to 1350 AD, is characterized by high
TOC and Mo content, indicating hypoxic conditions. Sharp peaks of Ca and Mn, likely related to Ca-
rhodochrosites, indicate the occurrence of inflow events during the entire interval from 1100 BC to
1350 AD and sustain the conclusion that the waters of the Stockholm Archipelago were hypoxic before
and during the MCA. The period between ca. 1350 AD to 1800 AD, has lower TOC and Mo values and
was most likely oxic. The period from 1800 AD to modern day, is characterized by high TOC and Mo,
again pointing to hypoxic conditions. The profiles of TOC and Mo of core 002 reveal that the first
period of hypoxia was preceded by a period with oxic conditions, the timing of the this transition is
however unknown.

The low BIT values indicate that the was the waters of the Stockholm Archipelago were dominated by
marine productivity over terrestrial input of organic material throughout the entire interval. SST that
was calculated for core 003, using TEXgg, shows that the temperature of the coastal water increased
between 700 BC and 300 BC, which has had no measurable effect on the concentration of TOC and
Mo in the sediment. As hypoxia was already present and remained at a constant level from 1100 BC
until 900 AD and did not respond to the increased SST. Around 1400 AD, SST decreased again,
which corresponds to the decrease of TOC and Mo in the period from 1350-1800 AD, and coincides
with the onset of the LIA.

The role of anthropogenic activity in the development of hypoxia in the Stockholm Archipelago during
the MCA and before was limited, as hypoxia was already present before the large population growth
that occurred during early medieval time. As the hypoxia seems to remain at a constant level until 900
AD, we suspect primary production was limited by another factor than nutrient supply during that
period, this could likely be contributed to the light-limitation of algal blooms. This indicated that nutrient
levels were already high during this period, which explains why anthropogenic eutrophication in early
medieval time seems to have had no effect on hypoxia. The profiles of TOC and Mo of core 003
sustains this conclusion, as they show that the strongest hypoxia was already on its return when
population growth became significant. This indicates that the development of hypoxia was most likely
due to natural causes. Unlike the modern day coastal hypoxia, anthropogenic eutrophication seems to
have had limited effect on the development of low-oxygen conditions in the bottom waters around
Stockholm.

There is still a limited understanding of the consequences of current climate warming for the
development of hypoxia in vulnerable systems such as the Baltic Sea. This study shows the
importance of temperature on the development of hypoxia and based on our findings, we expect that
rising temperatures in the future will negatively affect the oxygen conditions in the coastal waters of
the Baltic Sea. Obtaining a better understanding of the combined effects of human-induced
eutrophication and rising temperatures in the Baltic Sea will hopefully allow us to make accurate
predictions about the development of hypoxia in the years that are to come.
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