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Abstract

The establishment of hypoxia (oxygen concentrations of <2 ml
L−1) and associated dead zones in coastal marine systems is receiving
increasing attention. The Baltic Sea may be a good target for exten-
sive research into present-day hypoxia as well as hypoxia throughout
the Holocene. While several hypoxic periods in the Baltic Sea have
been identified (such as the Holocene Thermal Maximum (HTM) and
the Medieval Climate Anomaly (MCA) ), most of these studies use
low-resolution records. In this study, hypoxia at F80 in the Baltic Sea
and SR5 in the Bothnian Sea has been reconstructed on a high, sub-
annual resolution using Laser Ablation-Inductively Coupled Plasma-
Mass Spectrometry. Onset of hypoxia in the Baltic Sea requires a
complex interplay of several different forcings such as precipitation,
internal and external nutrient loading and inflow through the Danish
Straits to influence nutrient availability and stratification. Hypoxia
during the MCA may have been forced – in part – by anthropogenic
influences. Anthropogenic influences on modern hypoxia are virtually
certain. Correlations with climatic records throughout Europe show
the important role of large-scale multi-decadal climatic variability such
as the North Atlantic Oscillation.

1



Contents

1 Introduction 5
1.1 Hypoxia in the Baltic Sea . . . . . . . . . . . . . . . . . . . . 5
1.2 Unanswered questions about past hypoxia in the Baltic Sea . . 7
1.3 Redox sensitive behaviour of selected elements . . . . . . . . . 8

1.3.1 Manganese (Mn) . . . . . . . . . . . . . . . . . . . . . 8
1.3.2 Iron (Fe) . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3.3 Molybdenum (Mo) . . . . . . . . . . . . . . . . . . . . 11
1.3.4 Uranium (U) . . . . . . . . . . . . . . . . . . . . . . . 12
1.3.5 Vanadium (V) . . . . . . . . . . . . . . . . . . . . . . . 13
1.3.6 Bromine (Br) . . . . . . . . . . . . . . . . . . . . . . . 13

1.4 Relevant techniques . . . . . . . . . . . . . . . . . . . . . . . . 14
1.4.1 Laser Ablation-Inductively Coupled Plasma-Mass Spec-

trometry (LA-ICP-MS) . . . . . . . . . . . . . . . . . . 14
1.4.2 Wavelet and spectral analysis . . . . . . . . . . . . . . 15

2 Methods 21
2.1 Sediment coring . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2 Discrete samples . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.3 Resin embedding and LA-ICP-MS . . . . . . . . . . . . . . . . 22
2.4 LA-ICP-MS data calibration . . . . . . . . . . . . . . . . . . . 22

3 Results 28
3.1 Identification of hypoxic events in discrete sample profiles and

LA-ICP-MS data . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.1.1 F80 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
3.1.2 SR5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.2 High-resolution LA-ICP-MS profiles of selected intervals . . . 30
3.2.1 Holocene Thermal Maximum at SR5 . . . . . . . . . . 30
3.2.2 Holocene Thermal Maximum at F80 . . . . . . . . . . 33
3.2.3 Medieval Climate Anomaly at F80 . . . . . . . . . . . 36
3.2.4 Modern hypoxic event at F80, LL19 and BY15 . . . . . 39

3.3 Spectral analysis results . . . . . . . . . . . . . . . . . . . . . 41

4 Discussion 47
4.1 Techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2



4.1.1 Laser Ablation-Inductively Coupled Plasma-Mass Spec-
trometry . . . . . . . . . . . . . . . . . . . . . . . . . . 47

4.1.2 Calibration of the LA-ICP-MS (trace) elemental records 48
4.2 Critical assessment of Mo/Al peak counting as a dating tech-

nique . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.2.1 Mo/Al peak counting . . . . . . . . . . . . . . . . . . . 50

4.2.1.1 Validation of Mo/Al peak counting approach:
modern hypoxic interval . . . . . . . . . . . . 50

4.2.1.2 Application of Mo/Al peak counting to con-
struct age models for older intervals . . . . . 51

4.2.1.3 Possible future improvements to dating ap-
proach . . . . . . . . . . . . . . . . . . . . . . 53

4.2.2 Sedimentation rates . . . . . . . . . . . . . . . . . . . . 53
4.2.2.1 Influence of detrital versus non-detrital ma-

terial on sedimentation rates . . . . . . . . . . 53
4.2.2.2 Comparison of methods for inferring sedimen-

tation rates . . . . . . . . . . . . . . . . . . . 55
4.3 Euxinia and redox conditions recorded in Baltic Sea high-

resolution (trace) elemental records . . . . . . . . . . . . . . . 59
4.3.1 Validity of molybdenum as redox proxy . . . . . . . . . 59
4.3.2 Reorganisation of hypoxic events . . . . . . . . . . . . 60
4.3.3 Baltic Sea hypoxic intervals throughout the Holocene . 60
4.3.4 Causes of onsets and terminations of Baltic Sea hypoxia 61

4.3.4.1 Nutrient loading as driver of Baltic Sea hypoxia 61
4.3.4.1.1 Internal forcings on Baltic Sea nu-

trient loading . . . . . . . . . . . . . 62
4.3.4.1.2 External forcings on Baltic Sea nu-

trient loading . . . . . . . . . . . . . 65
4.3.4.2 Stratification of the water column as driver

of Baltic Sea hypoxia . . . . . . . . . . . . . . 68
4.3.4.3 Combinations of different forcings as triggers

of hypoxic events . . . . . . . . . . . . . . . . 71
4.3.5 Rapidity of onsets of hypoxic events . . . . . . . . . . . 72
4.3.6 Fe/Al as indicator of regional-scale hypoxic conditions 76
4.3.7 Multi-decadal to centennial cycles and patterns in Baltic

Sea hypoxia . . . . . . . . . . . . . . . . . . . . . . . . 79
4.3.7.1 Internal variability . . . . . . . . . . . . . . . 80
4.3.7.2 Climatological variability . . . . . . . . . . . 80

3



4.4 Evolution of Baltic Sea hypoxia during the Holocene . . . . . 85

5 Conclusions 87
5.1 Techniques and age model . . . . . . . . . . . . . . . . . . . . 87
5.2 Hypoxic events in the Baltic Sea during the Holocene . . . . . 87
5.3 Suggestions for the future . . . . . . . . . . . . . . . . . . . . 90

6 Acknowledgements 91

7 References 92

4



1 Introduction

1.1 Hypoxia in the Baltic Sea

The Baltic Sea is a large body of brackish water between Sweden, Finland,
Poland and the Baltic States (Figure 1.1). After its shift from fresh water
to brackish water about 8 kyr ago (Berglund et al., 2005) the Baltic Sea
has been periodically hypoxic (Zillén et al., 2008). Hypoxia describes the
depletion of oxygen in the bottom waters and is often associated with bottom
water oxygen concentrations lower than 2mLL−1. As a result of hypoxia,
dead zones establish (Diaz and Rosenberg, 2008), leading to the extinction
of benthic life (Vaquer-Sunyer and Duarte, 2008). In the Baltic Sea, hypoxia
is currently present in about 20% of the total sea area, although this has
been as low as 5% and as high as 27% between 1970 and 2000 (Conley et al.,
2002). Since the start of the twentieth century, hypoxia in the Baltic Sea has
been increasing rapidly in intensity as well as in affected area (Fonselius and
Valderrama, 2003).

Figure 1.1: Overview map of the Baltic Sea basin, indicating the
sampled locations (A) and surface and deep water flows (B).

The only connection between the Baltic Sea and the North Sea is through
the Danish Straits. Water inflow into the Baltic Sea through these Danish
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Straits is slow. This slow inflow of water combined with strong stratification
due to high differences in salinity leads to low ventilation rates throughout
the Baltic Sea as well as long residence times of the deeper water (Gustafs-
son, 2012). The average residence time of deep Baltic waters is about 33
years (Omstedt and Hansson, 2006). On a decadal timescale, Major Baltic
Inflows (MBIs) through the Danish Straits can ventilate the whole water
column (Matthäus and Franck, 1992). Although this periodically decreases
the hypoxia, with these MBIs large amounts of salt are transported from the
North Sea to the Baltic Sea, causing enhanced stratification in the Baltic Sea
(Reissmann et al., 2009).

Hypoxic conditions are reached when the demand for oxygen exceeds the
supply of oxygen, such as when high primary productivity in the surface
waters causes large amounts of organic material to settle through the water
column. It is possible for oxygen concentrations to be negative, indicat-
ing free sulphides are present. In this case oxygen conditions are said to
be euxinic. Increased primary productivity in the Baltic Sea is thought to
be caused by basin-wide eutrophication due to increasing nutrient input of
anthropogenic origin during most of the twentieth century (Savchuk et al.,
2008). After this initial start of modern Baltic hypoxia, these hypoxic con-
ditions are probably maintained by natural processes within the phosphorus
(P) and nitrogen (N) cycles (Jilbert and Slomp, 2011).

Baltic Sea hypoxia is receiving increasing attention, and different stud-
ies are being undertaken to find a solution (Conley et al., 2009a). Before
any steps can be taken to reverse twentieth century eutrophication of the
Baltic Sea a thorough understanding of processes related to hypoxic condi-
tions is required (Conley et al., 2009b). Investigating past periods of Baltic
Sea hypoxia such as during the Holocene Thermal Maximum (HTM, 8–4
ka BP) and the Medieval Climate Anomaly (MCA, 950–1250 AD) would
help increase this understanding. The behaviour of trace elements under hy-
poxic conditions could provide new insight into how hypoxic events in the
past are recorded in sediment cores. A study by Jilbert and Slomp (2013a)
shows that Molybdenum (Mo) to Aluminium (Al) ratios faithfully record the
HTM, MCA and modern hypoxic intervals. These hypoxic intervals experi-
enced high-amplitude variability of a frequency of multiple centuries (Jilbert
and Slomp, 2013a). Furthermore, these intervals are characterised by the
deposition of sapropels (layers of high organic carbon concentration). These
sapropels are thought to be an effect of both increased primary production
in the surface waters (Savchuk et al., 2008) and increased organic carbon
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(Corg) preservation due to low oxygen availability (Moodley et al., 2005).
High-frequency variability during Baltic Sea hypoxia in the HTM and the
MCA could be related to climatic influences, such as changes in the North
Atlantic Oscillation (NAO) influencing the ventilation rate of the Baltic Sea
(Jilbert and Slomp, 2013a). Hypoxic conditions during the MCA were likely
reached by (a combination of) increased nutrient loading of anthropogenic
origin (Zillén and Conley, 2010) and/or increased sea surface temperatures
(Kabel et al., 2012).

1.2 Unanswered questions about past hypoxia in the
Baltic Sea

This study will use high-resolution trace elemental records from three sed-
iment cores to investigate how the chemistry of laminated Baltic Sea sed-
iments records modern short-timescale climate and oceanographic variabil-
ity, and to compare these signals to signals of past variability during the
Holocene. To accomplish this, variability of different (trace) elements (most
notably molybdenum and iron, but also vanadium, uranium and manganese)
will be examined for the modern hypoxic event. These trace elemental records
will be compared to bottom water oxygen data from the same sites to infer
the response of these elements to changing redox conditions.

(Trace) elemental profiles of older hypoxic events during the HTM and
MCA provide meaningful information that could not be gained from the
modern hypoxic event alone. For example, research into the required con-
ditions for termination of a hypoxic event benefits from reconstructions of
past hypoxic events. The longer timespans present in older records allow for
analysis of timescales typically related to hypoxic events as well as cyclicities
that may be present. Last, Holocene records of hypoxia in the Baltic Sea can
be compared with records of other climatic parameters to assess the relative
importance of internal and external forcings on hypoxic events. Records of
the older hypoxic events will therefore be used to try to distinguish inter-
nal and external influences on Baltic Sea hypoxia and provide their possible
driving mechanisms. Onsets and terminations of these hypoxic events will
be analysed to try to explain the conditions needed for the system to shift
to and from hypoxia.

In addition to analysis into the causes of onsets and terminations of hy-
poxic events, a basin-scale reconstruction will be made of the modern hypoxic
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event in the Baltic Sea. This will give insight into the evolution of a single
hypoxic event through time and space. On a broader scale such a compari-
son can also be made between the Baltic Sea and the Bothnian Sea for the
hypoxic events during the HTM. Such information on spatial variability of
hypoxia during a hypoxic event can help in the identification of important
processes playing a role during a hypoxic event.

The main aims of this study will therefore be to

• investigate how the chemistry of laminated Baltic Sea sediments records
modern short-timescale variations in redox conditions;

• reconstruct the development of a single hypoxic event on a basin-scale;

• find the relative importance of both internal and external forcings and

• try to explain the mechanisms behind the onsets and terminations of
hypoxic events.

1.3 Redox sensitive behaviour of selected elements

1.3.1 Manganese (Mn)

The naturally occurring valency states of manganese in seawater areMn(II),
Mn(III) and Mn(IV ). Under oxic conditions, Mn(II) is usually dissolved
as Mn2+ or MnCl+ while Mn(III) and Mn(IV ) are mostly in the form
of insoluble Mn-oxyhydroxides. However, Mn(II) is unstable under oxic
conditions and is slowly oxidised to Mn(III) and (dominantly) Mn(IV )
oxides (Calvert and Pedersen, 1993). Under anoxic conditions this process
is reversed, and Mn-oxyhydroxides are reduced back to Mn2+. This leads to
an accumulation of dissolved Mn(II) in deep, sulphidic waters (Spencer and
Brewer, 1971).

Highest Mn concentrations in the water column can generally be found
just above and just below the chemocline (i.e., the depth in the water col-
umn of the transition from oxic to sulphidic conditions) (Calvert and Ped-
ersen, 1996). Here Mn-oxyhydroxides just above the chemocline settle down
to be reduced in the sulphidic waters, producing dissolved Mn. This dis-
solved Mn then diffuses upward (and downward) to be oxidised again to
Mn-oxyhydroxides (Figure 1.2). This self-maintaining cycle of Mn transport
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across the chemocline plays an important role in the transport of trace met-
als from the water column to the sediment (Tribovillard et al., 2006). Even
under anoxic conditions Mn-oxyhydroxides can reach the sediment-water in-
terface given their rapid settling rates. Any trace metals adsorbed onto these
Mn-oxyhydroxides are released upon reduction in the sediment and become
available for further reactions.

Figure 1.2: Manganese cycling around the chemocline.

Despite accumulation in anoxic bottom waters, Mn2+ concentrations
don’t reach levels permitting Mn-carbonates to form (Calvert and Peder-
sen, 1993). Euxinic sediments however could facilitate the precipitation of
Mn-carbonates if pore water alkalinity is increased sufficiently as a result of
sulphate reduction (Richards, 1965). Despite this possibility Mn-carbonates
are mainly formed in anoxic sediments beneath oxic bottom waters. Oxic
conditions in the bottom waters enable sedimentation of Mn-oxyhydroxides.
Upon burial, these Mn-oxyhydroxides eventually pass the limit of the oxygen
penetration depth, leading to reduction and subsequent release of dissolved
Mn2+ (e.g., Middelburg et al., 1987; Rajendran et al., 1992). This released
Mn2+ then diffuses both upward and downward. Dissolved Mn can freely
diffuse partly because it is rarely taken up by organic or sulphidic phases
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(Huerta-Diaz and Morse, 1992). Upward diffusion leads to either precipita-
tion of Mn-oxyhydroxides (upon reaching pore water oxygen) or escape of
Mn2+ to the water column (Cruse and Lyons, 2004). Downward diffusion
can lead to precipitation of Mn-carbonates if the pore water is supersatu-
rated in Mn2+ with respect to rhodochrosite (i.e., the “pure” Mn-carbonate)
(Pedersen and Price, 1982).

In short, manganese plays an important role as “shuttle” transporting
trace metals from the water column to the sediment-water interface. The
occurrence of Mn-carbonates in the sediment is mostly indicative of oxic
bottom waters overlying anoxic sediments at time of precipitation.

1.3.2 Iron (Fe)

Behaviour of iron (Fe) is very similar to that of manganese when compar-
ing its pattern of cycling around the chemocline (Tribovillard et al., 2006).
However, while manganese is dominantly precipitated as a Mn-carbonate,
the contribution of Fe-carbonates is very low (Canfield et al., 1993). Instead,
iron mainly precipitates as an iron-sulphide under anoxic sediment and bot-
tom water conditions, as opposed to oxic bottom waters for Mn-carbonate
precipitation. When oxygen concentrations are sufficiently high iron will
precipitate as Fe-oxyhydroxide instead.

In oxic waters, the dominant valency state of iron is Fe(III). Around
92% of all inorganic iron species is in the form of the Fe(OH)3 complex
(Raiswell and Canfield, 2012). Under anoxic conditions iron is reduced to
Fe(II), with the Fe2+ ion as main species. Iron can precipitate in solid
form under both oxic (Fe-oxyhydroxides, nanoparticulate ferrihydrites) and
euxinic (pyrite) conditions (Raiswell and Canfield, 2012). This leads to the
possibility of a lateral “shuttle” for iron developing from shelves to deeper
parts of the sea (Lyons and Severmann, 2006). If oxygen concentrations are
too low to form Fe-oxyhydroxides andH2S concentrations are too low to form
pyrite, iron can be released from the sediment by diffusion and transported
laterally. Upon reaching either more oxidised or more sulphidic waters the
iron can precipitate again. These specific conditions for mobilisation of iron
from the sediment can be seen as a “window of opportunity” for the transport
of iron from one site to another.

Iron can act as a trap for phosphorus reaching the sediment, since phos-
phorus is strongly adsorbed to iron oxyhydroxides (Jensen et al., 1995; Rut-
tenberg, 1993). This relationship between Fe-oxyhydroxides and phospho-
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rus causes an “Fe-cap” (Raiswell and Canfield, 2012), stopping phosphate
from diffusing into the water column from the sediments as long as Fe-
oxyhydroxides are present beneath the sediment-water interface. When oxy-
gen concentrations drop, the Fe-oxyhydroxides are reduced and the phos-
phate bound to the iron is released. A positive feedback loop may follow from
this process (van Cappellen and Ingall, 1997), where an initial decrease in
bottom water oxygen levels is accompanied by reduction of Fe-oxyhydroxides,
releasing phosphate. Released phosphate can then enable increased primary
productivity in the surface waters, increasing the flux of organic matter to
the sediment-water interface, further decreasing bottom water oxygen lev-
els. Upon recovery of the system, the formation of Fe-oxyhydroxides traps
phosphate, possibly leading to more rapid decrease in primary productivity.

1.3.3 Molybdenum (Mo)

Under oxic conditions, molybdenum mainly occurs in its Mo(V I) valence
state, with MoO2−

4 (molybdate) as the main species. Due to the nonreactive
nature of this dissolved species, molybdenum is conservative in oxic waters
(Calvert and Pedersen, 1993). Although molybdenum does not adsorb onto
iron oxyhydroxides, it does do so with manganese oxyhydroxides (Tribovillard
et al., 2006). These Mn-oxyhydroxides act as shuttles transporting molyb-
denum from the water column to the sediment-water interface (Morford and
Emerson, 1999). Upon reaching anoxic conditions in the sediment, the Mn-
oxyhydroxides are reduced, releasing the molybdate. This essentially causes
accumulation of Mo in surficial sedimentary pore waters and bottom waters
(Berrang and Grill, 1974).

Accumulation of conservative dissolved molybdenum species in anoxic
bottom and pore waters does not yet explain their fixation into the sedi-
ment. Because of the lack of any correlation between dissolved molybdenum
concentrations and dissolved sulphide concentrations, it was thought that
molybdate was scavenged directly from the water column and pore waters
to co-precipitate with FeS (Bertine, 1972). When FeS was then converted
to pyrite, it was thought molybdenum formed a separate insoluble sulphide
phase (i.e., MoS3) (Korolev, 1958). Helz et al. (1996) proposed a more direct
role for H2S, where the oxygen atoms in MoO2−

4 were sequentially replaced
by sulphur. This ultimately (and relatively quickly) leads to the formation
of thiomolybdates (MoS2−

4 ) (Erickson and Helz, 2000).
These thiomolybdates are then scavenged by iron sulphides (Vorlicek et
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al., 2004), metal-rich particles (most importantly Fe) and sulphur-rich or-
ganic molecules (Helz et al., 1996). In the case of iron sulphide scavenging,
this leads to the formation of compact Fe-Mo-S clusters (Helz et al., 1996).
Organic matter will scavenge molybdenum either indirectly through metal-
rich particles carried by the OM or directly through O-S groups attaching to
the molybdenum species (Tribovillard et al., 2006). Note that, regardless of
the process, consistent euxinic conditions are necessary to fix molybdenum
in the sediment (Calvert and Pedersen, 1993; Erickson and Helz, 2000).

Although molybdenum is commonly used as proxy for benthic redox con-
ditions, possible effects of basin reservoir ages should always be considered
(Algeo, 2004). If the rate of molybdenum removal is higher than the rate
of supply, accuracy of molybdenum reconstructions will decrease. This is
especially likely in restricted, anoxic basins such as the Baltic Sea.

1.3.4 Uranium (U)

As with molybdenum, uranium acts conservatively under oxic conditions.
With a valence state of U(V I) it is present mainly as the nonreactive UO2(CO3)

4−
3

species. Although uranium seems to stay conservative in some anoxic basins
(e.g., Todd et al., 1988), most of these basins experience (slight) decreases in
uranium concentrations over time (e.g., Anderson et al., 1989).

Although laboratory experiments prove the labile nature of U(V I) un-
der anoxic conditions by showing that it can reduce to U(IV ), U(V I) still
seems conservative in anoxic waters (Anderson et al., 1988). Kochenov et al.
(1977) proposed that this was due to the need for particle surfaces catalysing
the reduction process. Later research showed the catalysing role of bacterial
sulphate reduction reactions in reduction of U(V I) (Zhang et al., 2002). The
reduced uranium then precipitates (or adsorbs) as uraninite (UO2) (Barnes
and Cochran, 1991). Since the abundance of reactive organic matter is an im-
portant control on the intensity of sulphate reduction, a good correlation can
usually be found between uranium abundance, and organic carbon rain rate
(McManus et al., 2005) and organic carbon abundance in anoxic sediments
(Algeo and Maynard, 2004).

Since enrichment of solid-state uranium occurs only in the sediment, sed-
imentation rate may play an important role, since slow sedimentation rates
would allow uranium more time to diffuse into the sediment (Crusius and
Thomson, 2000). It is possible for uranium to remobilise in the sediment,
when a deepening of the oxygen penetration depth causes uraninite to come
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in contact with oxygen.

1.3.5 Vanadium (V)

Present in the V (V ) valence state in oxic waters, vanadium mainly forms
the vanadate oxyanions HV O2−

4 and H2V O−
4 . These species are almost con-

servative in oxic waters, although they do adsorb to manganese and iron
oxyhydroxides (Wehrli and Stumm, 1989). Even though vanadium concen-
trations in deep waters are constant, a slight depletion can be seen in surface
waters correlated to phosphate depletions, suggesting involvement in biogeo-
chemical cycles (Collier, 1984).

Under mildly reducing conditions, V (V ) is reduced to V (IV ), form-
ing V O2+. This V O2+ is then hydrolysed to V O(OH)−3 or the insoluble
V O(OH)2 (Van der Sloot et al., 1985). Because of this, small vanadium en-
richments can be found in the sediment even when conditions are not euxinic.
V O2+ and V O(OH)−3 can also be removed from anoxic bottom waters, prob-
ably by surface adsorption (Emerson and Huested, 1991). In the presence
of free sulphides, vanadium is further reduced to V (III), which precipitates
as V2O3 or V (OH)3 (Wanty and Goldhaber, 1992). This two-step reduction
process of vanadium can sometimes cause the formation of different vanadium
carrier phases between anoxic and euxinic conditions (Calvert and Pederson,
1993).

A strong correlation has been found between V/Fe ratios and organic
carbon levels (Francois, 1988), possibly related to observed coprecipitation
of vanadium with iron oxyhydroxides (Rudnicki and Elderfield, 1993). Apart
from precipitating as vanadium species, V can also associate with clay min-
erals (Breit and Wanty, 1991).

1.3.6 Bromine (Br)

Present conservatively in seawater as Br−, bromine is completely controlled
by the organic fraction in marine sediments and diagenetic reactions during
degradation of organic matter (Calvert and Pedersen, 1993). In sediments,
bromine is closely related to organic matter in both oxic and anoxic circum-
stances, mainly through incorporation in geomacromolecules (e.g., humics)
(Leri et al., 2010). Because of this close coupling of bromine with organic
matter, Br has been proposed and investigated as a possible proxy for marine
organic carbon (e.g., Ziegler et al., 2008).

13



1.4 Relevant techniques

1.4.1 Laser Ablation-Inductively Coupled Plasma-Mass Spectrom-
etry (LA-ICP-MS)

Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-
MS) was first developed in the mid-eighties (Gray, 1985). Since then, many
studies have utilised this technique to create high-resolution (trace) elemental
records of geological samples. A LA-ICP-MS system typically consists of
three components (Figure 1.3). The first of these components is the Laser
Ablation (LA). A laser beam is “shot” at a certain frequency at the sample
stored in an airtight chamber. Each time the laser beam hits the sample
surface, part of that surface is ablated, forming aerosols within the chamber.
These aerosols are transported by a carrier gas (mostly a combination of
argon and helium) through tubing to the second component of the LA-ICP-
MS system. By (slowly) moving the sample at a constant speed beneath the
laser beam a track is formed on the sample surface, leading to a constant
supply of new sample aerosols trough the tubing.

The second component of the LA-ICP-MS system is the Inductively Cou-
pled Plasma (ICP). Aerosols being transported to the ICP through the tubing
are being ionised here for measurement on the mass spectrometer. Ionisa-
tion is achieved by electrically heating the argon-helium carrier gas to high
temperatures, forming a plasma. Plasma can be described as a fluid that
is in many ways similar to a gas, but with significant amounts of free elec-
trons and ions. The ions created this way are transported further to the
third component, which is the Mass Spectrometer (MS). The MS separates
the ions based on their mass/charge ratio, although the charge of an ion is
often 1, with the exception of some rare earth elements. In practice, most
ions are therefore separated based on their mass alone. Many different mass
spectrometers are available, although most are based on deflection of ions
when travelling through a magnetic field.

Measurements by an LA-ICP-MS system on a sample need to be cali-
brated using a standard reference (often the reference glass NIST-610), since
the LA-ICP-MS system may be more or less sensitive to certain elements
compared to others. This phenomenon is referred to as elemental fractiona-
tion (Fryer et al., 1995; Figure 1.4). Fryer et al. (1995) continuously ablated
a standard material for four minutes and plotted, for 60 different elements,
the ratio of signals during the second two minutes (minutes 2–4) to the sig-
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nals during the first two minutes (minutes 0–2). This was all normalised to
calcium. The resulting ratios are therefore an indication of the fractionation
factor of different elements relative to calcium. Figure 1.4 demonstrates the
wide range of sensitivities of different elements under LA-ICP-MS. Sensitivity
factors are calculated for each set of LA-ICP-MS measurements by repeated
analyses of NIST-610, and used to correct sample data.

1.4.2 Wavelet and spectral analysis

Time series analysis is a useful approach to reconstruct environmental vari-
ability from sediment chemical records. Any time- or depth-domain dataseries
is comprised of several cyclical components. The main component is a sum
of any amount of cyclicities. In other words, a time- or depth series can be
split in several sine waves of different periods. These sine waves can therefore
be seen as the “building blocks” of a time- or depth series, and adding them
up will result in that series. The amplitude of these sine waves is then an
indication of the importance of that period to the original record. For this
reason the importance of different cyclic periods within a certain range of
periods can be plotted using the amplitude (mostly indicated as the “power”
of a certain frequency or period) of these sine waves. Such a plot is also
called a “power spectrum” (Figure 1.5). As an example, the original record
in the top of Figure 1.5 is a reconstruction of Earth’s eccentricity (which
is a measure for the shape of Earth’s orbit around the sun) for the past 5
Myr (Laskar et al., 2011). The power spectrum for this record (middle of
Figure 1.5) shows that the record is build up of a combination of 100-kyr,
125-kyr and 400-kyr cyclic periods (the three peaks in the power spectrum).

Certain periods or frequencies can subsequently be “filtered out”, mean-
ing that all other frequencies are removed from the original record. This
filter then gives an indication of the importance of that frequency or pe-
riod through time in the form of the amplitude of variability. In addition,
variability in the filtered frequency (i.e., timing of peaks and troughs) can
be compared to the original record. For example, one may want to further
investigate the 400-kyr period found by the power spectrum in the middle of
Figure 1.5. By filtering out this 400-kyr period, the influence of this period
on the original record can be assessed (bottom of Figure 1.5). Peaks and
troughs between the filter and the record align, indicating that this period
is indeed an important component of the record. Note that the amplitude of
the filter is only a measure of the importance of that period at that point in
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time. As an example, the low peak around 2.5 Myr has the highest amplitude
in the filter. Indeed, variability of the 100-kyr periods is very low here.

On top of this sum of different cycles there are some other components
of a time- or depth series. For example, an (often linear) trend may be
superimposed on the variability, and random noise may also be present. In-
fluence of these other components needs to be reduced as much as possible
before trying to create a power spectrum, since they may influence the re-
sult. Linear detrending is often easy to accomplish, although certain pitfalls
may be present when one part of the record “weighs down” the rest of the
record (Figure 1.6). Random noise superimposed on the natural variability
of a record may be removed by applying smoothing techniques. Care should
be taken though, since too much smoothing will also remove high-frequency
natural variability.

Another method to unravel the importance of different cyclic periods in a
record is the application of a wavelet transform (Figure 1.7). The advantage
of a wavelet transform is that it will not only generate the powers of different
cyclic periods, but that it adds a time component as well. As a result,
a wavelet diagram can be seen as a stack of power spectra, showing the
changing influence of different natural cycles over time. A disadvantage of
wavelet diagrams is that they are less precise, disallowing high-resolution
determination of the magnitudes of important periods. A wavelet is most
commonly constructed by moving a range of sine waves, each with a different
period, over the record. Power of a period is then calculated through the
correlation between the record at that point and the corresponding sine wave.
Other waves may also be used, varying the sine wave in amount of phases or
using a completely different curve such as a Gaussian.
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Figure 1.3: Simplified model of the LA-ICP-MS system.

Figure 1.4: Relative fractionation of elements relative to calcium.
Calculated by taking the ratio of signals during the second two minutes
(minutes 2–4) to signals during the first two minutes (minutes 0–2)
relative to calcium, during a 4-minute LA-ICP-MS run on a glass
standard (Fryer et al., 1995).
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Figure 1.5: Example of the different steps involved in the creation
and application of a power spectrum.
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Figure 1.6: Example of an incorrect detrending application on the
Mo/Al record of the MCA at F80. Due to the large difference in
nature of the record during the older and newer part the more elevated
last few centuries “weigh down” the rest of the record, artificially
introducing a trend in the older part of the record.
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Figure 1.7: Example of a wavelet transform on a record of Earth’s
eccentricity over the past 5 Myr (the same record was used for Fig-
ure 1.5). Note that the y-scale (for periods) is less precise than the
period scale of Figure 1.5. The same periodicities can be found in
this record though, with strong representation of the 400-kyr period,
visible as a red band. Furthermore, the 100 kyr cycles can be seen as
a more yellowish band with red spots. The low-intensty peak around
2.5 Myr as identified in Figure 1.5 is characterised by less intense
colours in the 100-kyr band.
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2 Methods

2.1 Sediment coring

Three sediment multicores (top 50 cm of the sediment, two cores per location)
were taken from sites LL19 in the Nothern Gotland Basin, F80 in the F̊arö
Deep and BY15 in the Gotland Deep during a cruise across the Baltic Sea
with R/V Aranda in September 2013 (Figure 1.1; Table 2.1). Furthermore,
gravity cores (top 5 m of the sediment) from site SR5 in the Bothnian Sea
and site F80 were taken during a cruise with R/V Aranda in May and June
of 2009.

Table 2.1: Depths and locations of coring sites.

Site Depth General location Coordinates
LL19 169 m Northern Gotland basin 58 ◦52.84’N 20 ◦18.65’E
F80 191 m Fr Deep 58 ◦00.00’N 19 ◦53.81’E
BY15 238 m Gotland Deep 57 ◦32.00’N 20 ◦05.00’E
SR5 126 m Bothnian Sea 61 ◦05.00’N 19 ◦35.00’E

2.2 Discrete samples

The collected multicores were sliced anoxically at a 0.5 to 2 cm resolution
in a glovebag filled with nitrogen gas. The cores all had to remain in a ver-
tical position during slicing due to the low firmness of the sediment. The
gravity cores from the 2009 cruise had been sliced horizontally. The ob-
tained discrete samples were weighted before and after freeze-drying to allow
for a determination of water content. After freeze-drying, the samples were
crushed anoxically in a glovebox filled with nitrogen gas. A subsample of 1
to 1.5 g was weighted in a Teflon bomb and dissolved in 2.5 mL HF (40%)
and 2.5 ml of a mixture of HClO4 and HNO3 at 90 ◦C for 12 hours. Af-
ter evaporating the acids at 190 ◦C the resulting gel was dissolved in 1M
HNO3. Using an ICP-OES, these gels were measured for Al (308.215 nm),
Ba (455.404 nm), Ca (315.887 nm), Fe (259.941 nm), Mn (257.611 nm), Mo
(202.095 nm), P (178.287 nm), S (182.034 nm) and V (292.402 nm). A sec-
ond set of subsamples was decalcified using 1M HCl by shaking for 12 hours.
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After these 12 hours, fresh acid was added before shaking for another 4 hours.
After drying and crushing, the subsamples were analysed for Corg by com-
bustion by Fisons NA 1500 NCS, using an atropine/acetanilide standard and
an internal laboratory standard.

2.3 Resin embedding and LA-ICP-MS

Parallel to the discrete sample profiles high resolution profiles were created
using LA-ICP-MS (Laser Ablation-Inductively Coupled Plasma-Mass Spec-
trometry) line scanning of resin-embedded subcores. These 7 cm long sub-
cores (1 cm diameter) were taken during slicing along the length of the same
multicores using 15 mL greiner tubes with the tip sawn off. Since the gravity
cores were sliced horizontally, subcores for these cores could be taken using
aluminium trays, creating 20 cm long subcores instead. After embedding
these subcores in resin (Jilbert et al., 2008) they were sawn in half and pol-
ished to expose the sediment sample surface. Furthermore, they were sawn
in blocks of at most 3.5 cm long, in order for them to fit in the sample stage.

An Excimer laser beam (193 nm with spot size of 120 µm, 10 Hertz,
8 J cm−2) was aimed at the sample surface, ablating the material. This
material was transported to a Thermo Element 2 high mass resolution ICP-
MS using a helium-argon carrier gas to measure counts of the same elements
as measured on the discrete samples by ICP-OES, and additionally of Br,
Re and U. However, counts of Re rarely exceeded the detection limit. By
moving the sample stage at a constant speed of 0.04 mm sec−1 the laser beam
ablated a “track” from one end of the block to the other, causing a constant
supply of ablated material to the ICP-MS. The resolution of the generated
depth series is limited by the spot size of the laser beam (i.e., 120 µm).
An (external) glass standard (NIST-610) was used to correct the raw counts
for element-specific sensitivities and isotopic abundances. Furthermore, all
elements were normalised to aluminium (Al).

2.4 LA-ICP-MS data calibration

Correction of raw counts for element-specific sensitivities and isotopic abun-
dances was performed using a relative sensitivity factor (RSF, relative to
Al). The RSF was generated for every sample using the NIST-610 glass
standard. After subtracting the background counts, counts on the standard
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were averaged and compared to known ppm values of the elements in the
glass (Equation 2.1).

Sensitivity factor =
standard ∗ isotopic abundance

100 ∗ (average counts− background)
(2.1)

The RSF was then computed by dividing the sensitivity factor of the el-
ement by the sensitivity factor of Al. The obtained RSF was subsequently
used to correct the counts of the elements before normalising to Al (Equa-
tion 2.2).

Ratio
element

Al
=

(Ce −Be) ∗RSFe ∗ 100
Ie

(CAl −BAl) ∗RSFAl ∗ 100
IAl

(2.2)

Ce and CAl = Raw counts element and Al
Be and BAl = Background element and Al
RSFe and RSFAl = Relative Sensitivity Factors element and Al
Ie and IAl = Isotopic abundance element and Al

After applying this procedure to all blocks, these blocks were combined
back into their original subcores (either 7 cm long or 20 cm long) based
on elemental profiles (most notably the Mo/Al, V/Al and U/Al profiles).
However, shrinkage effects due to the methods of vertical slicing as well as
due to the resin embedding procedure caused the apparent length of these
subcores to be around 10% less than their length in the original core. To
reverse this effect, apparent depths in the subcores were multiplied by a
constant factor to set the length back to the original length. To complete
the depth series, the individual subcores were connected based on elemental
profiles.

The obtained ratios of elements to Al were further calibrated using the
discrete sample profiles. Geometric means were calculated from depth inter-
vals in the high-resolution data corresponding to the depth intervals of the
discrete samples. These binned means were then correlated to the discrete
samples. Offsets of the correlation line from the x = y line were corrected
for by applying the regression formula to the high-resolution samples and
their binned means (Figure 2.1). This procedure was necessary to correct
for potentially variable sensitivity factors between heterogeneous sediment
samples and the glass standard used in the first stage of the data calibration.
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Figure 2.1: Calibrating the LA-ICP-MS record to the discrete samples
(ICP-OES record). Offset between the binned means and discrete
samples (A) is corrected for by regressing these two against each other
(B) and applying the slope of the regression to the binned means and
high-resolution record (C). Note the changing y-axis for the LA-ICP-
MS record between A and C.

For the modern interval (i.e., the upper multicore sediments), the ob-
tained elemental series in the depth domain were initially tuned to the bottom
water oxygen time series for the relevant sites, where more positive oxygen
concentrations correlated to low Mo/Al troughs (Figure 2.2). In addition, the
onset of the hypoxic event was tuned to the shift to euxinic conditions in the
bottom water oxygen record. This resulted in a number of tie-points for the
first order age model. This age model was further refined by counting Mo/Al
peaks between these tie-points, assuming an annual cycle of Mo/Al concen-
trations related to changing inputs of organic matter. A strong negative
correlation between Mo/Al and raw Al counts was present, possibly due to
sequences of high organic matter (high Mo/Al) and low organic matter con-
centrations (high Al counts) within the laminations (see also Section 4.2.1.1
and Figure 4.3). This was used to more confidently identify yearly peaks in
the Mo/Al record. The amount of these peaks present in the records was
similar to the length of the modern hypoxic interval, indicating that Mo/Al
peaks could indeed reflect a yearly cyclicity (Figure 2.3).

The indication that Mo/Al peaks could reflect yearly cyclicity was then
used to construct an independent age model for the older hypoxic intervals
(i.e., the Medieval Climate Anomaly (MCA) and the Holocene Thermal Max-
imum (HTM)) present in the gravity core samples. For F80, the total number
of years likely to be covered in these intervals was taken from an earlier age
model (Lougheed et al., 2012). The full 68.2% confidence envelope of poten-
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Figure 2.2: Tuning of the Mo/Al record at BY15 to the bottom water
oxygen record since 1960. Mo/Al has been plotted on a logarithmic
scale to emphasise the shift from hypoxic to euxinic bottom water oxy-
gen conditions. Red lines indicate tuning points between the Mo/Al
and the bottom water oxygen record, related to onset of hypoxia and
inflow events. A vertical green line is added to the bottom water oxy-
gen record to indicate the zero-oxygen level.

Figure 2.3: Counting of yearly Mo/Al peaks from 2013 back to 1981
(33 years). Peaks were selected based on a combination of Mo/Al
peaks and troughs in raw Al counts.
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tial ages in that age model indicated a total length of 1000–1600 years for the
MCA and 2000–2600 years for the HTM hypoxic intervals, respectively. By
dividing the envelope of the likely duration of each interval by its total length
in cm, an upper and lower boundary for average years per cm was calculated.
Sliced power spectra of the Mo/Al depth series were then generated over 1
cm intervals in the depth domain. All generated 1-cm sliced power spectra
were analysed to identify candidate frequencies for the 1-year cyclicity and
hence give an estimation of sedimentation rate.

To pass the test to be a candidate frequency, the peak had to satisfy
three conditions. First, it had to fall within a frequency band based on the
upper and lower boundaries of the 68.2% confidence envelope of Lougheed
et al. (2012). The exact frequency band was extended slightly beyond this
range by five years per centimeter. Second, it could not be a harmonic or
other artefact of another frequency. Third, the peak had to be the only
significant peak within the frequency band. When no peak in the 1 cm slice
satisfied these conditions, no sedimentation rate was recorded. Depth series
of identified candidate frequencies were overlain onto the corresponding 1-cm
slices of the Mo/Al record to check their relation to the Mo/Al peaks.

Using the candidate frequencies in the full series of 1 cm slices, sedimen-
tation rates were estimated for past hypoxic intervals. The upper and lower
bases of the peaks (i.e., the width of the peak in the frequency domain) were
used to estimate the error bar (Figure 2.4). These sedimentation rates were
interpolated to cover the sections for which no candidate frequency was iden-
tified, and used to construct a floating timescale for the records of the HTM
and the MCA. From Lougheed et al. (2012), the most centric depth-to-age
tie point for each of the two hypoxic intervals was used to fix the floating
timescales. Although the same procedure was used for SR5 the resulting
floating timescale could not be fixed since no independent age model was
available.

It should be noted that since the uncertainties in this age model are still
rather large, the original PSV-based age model was used for most analyses
(see also Section 4.2). This includes the presentation in the results (Section
3).
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Figure 2.4: Reconstruction of sedimentation rates during the HTM
at F80.
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3 Results

3.1 Identification of hypoxic events in discrete sample
profiles and LA-ICP-MS data

3.1.1 F80

Based on discrete sample profiles of Mo/Al, Corg and C/P, several hypoxic
events throughout the last 8 kyr can be indentified at F80 (Figure 3.1).
Each of these events is characterised by in-phase excursions of molybdenum,
organic carbon and C/P ratios. At F80, seven of these hypoxic events can be
identified during the HTM and two hypoxic events during the MCA. The last
excursion corresponds to the current hypoxic interval. These have all been
numbered according to the identification used by Jilbert and Slomp (2013a).
Duration of events is typically in the order of a few centuries, although events
during the HTM last longer than more recent excursions. Apart from one
outlier during HTM-7, Mo/Al and organic carbon levels seem to reach an
upper limit of ∼ 0.005 and ∼ 11, respectively. Increased organic carbon levels
at the top of the core could be related to decaying organic aggregates in the
top layer (Jilbert and Slomp, 2013a). Although subsequent analyses will all
be on hypoxic events, it should be noted that under “normal” conditions,
Baltic Sea deep waters are oxygenated.

The response of iron enrichments to hypoxic events on the larger timescales
captured by discrete samples differs between the HTM, the MCA and mod-
ern hypoxic event. During the HTM, Fe correlates well with Mo enrichments,
except near the end of HTM-7. This does not apply to the MCA, however.
Around the onset of the MCA Fe peaks are relatively high compared to Mo
peaks, quickly decreasing in intensity to reach relatively low levels during
MCA-2. In addition to this, a significant iron peak is present before the
MCA concurrent with a small increase in Corg. This pattern of a “bulge”
of iron around the onset of the MCA is even more apparent in the modern
interval, where the onset of this interval is characterised by a large peak in
Fe of the same intensity as those at the start of the MCA. Shortly after, Fe
drops back to pre-event levels although Mo/Al and Corg stay elevated.
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Figure 3.1: Comparison of discrete sample profiles, high-resolution
profiles and binned means of Mo/Al at F80 over the last 8 kyr. In-
cluded are Corg, Corg/Ptot and Fe/Al profiles. Different events are in-
dicated by alternating light and dark grey bands, named on the right.
The age model was constructed using the PSV-based method.

3.1.2 SR5

At SR5 in the Bothnian Sea only the Holocene Thermal Maximum has been
sampled, since no enrichments occur during younger intervals (Figure 3.2).
Based on the discrete sample profiles, six events can be discerned. To avoid
confusion with events at F80, these events at SR5 have been named differ-
ently. Although events have been determined based on the discrete Mo/Al
record, correlation between this record and the LA-ICP-MS record is weak,
and stronger correlation can be found between the LA-ICP-MS record and
the Corg record. Distinct differences are observed in intensities and durations
between events SR5-1 to SR5-3 and SR5-4 to SR5-6. While the first three
events last around 500–1200 kyr with molybdenum concentrations of up to
0.009, the second three events reach molybdenum maxima of 0.002 for a du-
ration of two or three centuries. Highest iron concentrations occur during the
onset of the second event although significant peaks are still present during
the later molybdenum enrichments.
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Figure 3.2: Comparison of discrete sample profiles, high-resolution
profiles and binned means of Mo/Al at SR5 over the last 8 kyr. In-
cluded are Corg, Corg/Ptot and Fe/Al profiles. Different events are
indicated by alternating light and dark grey bands, named on the right.

3.2 High-resolution LA-ICP-MS profiles of selected in-
tervals

The LA-ICP-MS data provides a long high-resolution record throughout the
HTM, MCA and the modern interval, allowing detailed investigation of in-
dividual events. In the following, a number of events showing distinctly
different characteristics will be reviewed in higher detail.

3.2.1 Holocene Thermal Maximum at SR5

From the start of hypoxic events around 7.2 ka the system at SR5 never fully
recovered to oxic conditions until 5.3 ka. For this reason, although several
events can be identified during this time interval, none of these are associ-
ated with an onset from (or termination to) near-zero Mo/Al enrichments.
Regardless, variability in Mo/Al is observed and three hypoxic events have
been selected from this time interval, based on their Mo/Al excursions above
background values. Two of these fall within the SR5-1 interval (SR5-1a and
SR5-1b; Figures 3.3 and 3.4, respectively) while the third occurs at the start
of SR5-2 (Figure 3.5).
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With the exception of SR5-1b onset of these events is mostly gradual.
This is especially the case for SR5-2, where background levels, peak maxima
and amplitudes of variability all show constant increase over a period of
around 60 years. Timing of onset of SR5-1a is hard to pinpoint, due to
a steady increase in Mo/Al from the first small enrichment until the most
intense period. Amplitude of variability in all events is relatively high, with
Mo/Al values shifting from close to depletion to enrichments of at least 0.015
to 0.02 within years. Uranium profiles tend to have good correlation with
molybdenum. Using uranium, the most intense part of SR5-1a can be dated
at around 6.8 ka. Despite concurrent, rapid enrichments in molybdenum and
uranium at the start of SR5-1b, correlation between the two records during
the rest of the event is weak. This sharp increase in molybdenum levels at
the start of SR5-1b can be seen in the vanadium and iron records as well,
although it is not present for bromine.

In general, good correlation can be found between vanadium, bromine
and molybdenum, with the exception of SR5-1b. Aside from a small enrich-
ment in iron at the start of SR5-1a around 7.2 ka this record stays relatively
constant throughout all three events. Just before initial molybdenum en-
richments start at 7.2 ka a significant manganese peak occurs. Throughout
SR5-1a several weaker manganese peaks are present. However, SR5-1b only
contains one weak manganese excursion, and none can be identified for SR5-2.
Fe/Al enrichments increase more gradual than Mo/Al, reaching its maximum
during SR5-2 and gradually decreasing after that. A final peak in Fe/Al is
present coincident with the Mo/Al peak of SR5-6.
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Figure 3.3: LA-ICP-MS records of several (trace) elements during
SR5-1a at SR5 in the Bothnian Sea. The grey area indicates the
duration of the event.

Figure 3.4: LA-ICP-MS records of several (trace) elements during
SR5-1b at SR5 in the Bothnian Sea. The grey area indicates the
duration of the event.
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Figure 3.5: LA-ICP-MS records of several (trace) elements during
SR5-2 at SR5 in the Bothnian Sea. The grey area indicates the du-
ration of the event.

3.2.2 Holocene Thermal Maximum at F80

Three different Mo/Al excursions have been selected for the HTM at F80,
each showing different characteristics. These three events include HTM-2
(Figure 3.6), one excursion from the combined HTM-5+6 (Figure 3.8) and
the most intense part of HTM-7 (Figure 3.9). HTM-5+6 is different from the
other events, since it consists of a sequence of smaller events (Figure 3.7).
These smaller events are characterised by rapid onsets and terminations,
with enrichments typically lasting for around 30 to 40 years and durations
of depletions ranging from a few years to two decades.

Onset of HTM-2 is characterised by a abrupt initial enrichment in Mo/Al
within one year, after which Mo/Al enrichments continued increasing through-
out the following two centuries. Termination was also quite gradual, with the
final drop to pre-event background levels, again, quite sudden. The same ap-
plies to the onset and termination of the short events during HTM-5+6 and
the termination of HTM-7, although the system never fully recovered around
these hypoxic events. The only exception could be the onset of HTM-7, which
was more gradual although it did experience rapid increase in Mo/Al levels
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going into the more intense hypoxic period. Amplitude of variability within
events is high, although minima during the events are relatively higher than
those during events at SR5.

Especially during HTM-7 did uranium background values enrich during
an event. During the other selected events, uranium backgrounds stayed
closer to pre-event values, although with slight increases in the baseline U/Al
values. Some U/Al peaks especially during the short events during HTM-
5+6 may be associated with Mn/Al peaks. Vanadium generally correlates
well with bromine and molybdenum.

During the HTM at F80, iron enrichments correlate better with onsets
and terminations of events than at SR5. At all events an increase in iron
can be seen at or just after the onset as determined by the molybdenum
record. Some events, such as HTM-2, also see a drop in iron enrichments at
their termination. Only during the excursion during HTM-6 are iron peaks
significantly higher around the onset of the excursion than during the rest
of the hypoxic interval. Intensity of manganese peaks decreases over time,
although frequency remains relatively constant. The only exception to this
is the excursion during HTM-6, which only has a few manganese peaks.

Figure 3.6: LA-ICP-MS records of several (trace) elements during
HTM-2 at F80. The grey area indicates the duration of the event.
The age model was constructed using the PSV-based method.
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Figure 3.7: LA-ICP-MS records of several (trace) elements during
HTM-5 and HTM-6 at F80. The red overlay of the Mo/Al record is a
100-point moving average. The grey area indicates the duration of the
events. The age model was constructed using the PSV-based method.

Figure 3.8: LA-ICP-MS records of several (trace) elements during
one molybdenum excursion during HTM-5 and HTM-6 at F80. The
grey area indicates the duration of the excursion. The age model was
constructed using the PSV-based method.



Figure 3.9: LA-ICP-MS records of several (trace) elements of the
most intense part of HTM-7 at F80. The grey area indicates the
duration of the period. The age model was constructed using the PSV-
based method.

3.2.3 Medieval Climate Anomaly at F80

Although not captured well by the discrete samples profile, a small event
occurred around 1.5 ka, half a millennium before the onset of MCA-1 (Fig-
ure 3.10). Apart from this pre-MCA event, two other events have been se-
lected from the MCA at F80. Of these two events, one occurs during MCA-1
(Figure 3.11) and the other during MCA-2 (Figure 3.12).

The hypoxic events at F80 during the MCA (i.e., MCA-1 and MCA-2)
as identified by Jilbert and Slomp (2013a) each contain several individual
hypoxic (sub)events. A gradual increase in Mo/Al enrichments can be iden-
tified for both MCA-1 and MCA-2, reaching maximum Mo/Al values after
at least one century. Superimposed on this general trend of gradually in-
creasing hypoxia, onset and termination of individual hypoxic events during
MCA-1 and MCA-2 at F80 is rapid, with Mo/Al enrichments and depletions
occurring within one to three years. In addition, the system was already
unstable in the decades running up to the pre-MCA event, with occasional
enrichments lasting no more than two years. Amplitude of variability was
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high, with Mo/Al values shifting to pre-event background levels in between
most peaks.

Overall Mo/Al trends are replicated to a large extent by the V/Al and
U/Al records. U/Al enrichments at the pre-MCA event started one year
before molybdenum enrichments. Large differences between Mo/Al peaks
and troughs at the pre-MCA event allow precise determination of the length
of this event at 15 years. Despite this inferred length of the pre-MCA event,
the age model suggests that the pre-MCA event lasted ∼10 years longer. See
Section 4.2.2.2 for an explanation for this discrepancy.

Good correlation is visible between iron and molybdenum, with both the
onset and termination of most events coinciding. During the course of the
MCA, iron enrichments during events decrease from Fe/Al = 10 at the pre-
MCA event down to Fe/Al = 4 during MCA-2a. During the pre-MCA event
and MCA-1, manganese peaks are more abundant during events than just
before or after events. The opposite is true for events during MCA-2, which
see strong decline in manganese peak frequency during hypoxic intervals. As
with iron, intensity of manganese enrichments declines throughout the MCA.

Figure 3.10: LA-ICP-MS records of several (trace) elements during
the pre-MCA event at F80. The grey area indicates the duration of the
event. The age model was constructed using the PSV-based method.
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Figure 3.11: LA-ICP-MS records of several (trace) elements during
a single hypoxic (sub)event during MCA-1 at F80. The grey area
indicates the duration of the event. The age model was constructed
using the PSV-based method.

Figure 3.12: LA-ICP-MS records of several (trace) elements during
a single hypoxic (sub)event during MCA-2 at F80. The grey area
indicates the duration of the event. The age model was constructed
using the PSV-based method.



3.2.4 Modern hypoxic event at F80, LL19 and BY15

Onset of the modern hypoxic event at all three analysed locations (Fig-
ures 3.13, 3.14 and 3.15, respectively) indicates that this event started sud-
denly, with rapid enrichments in molybdenum concurrent with a shift in
bottom water oxygen levels to permanently euxinic levels. At all three sites
this happened around 1980, although enrichments at F80 occur one year be-
fore those at LL19, in turn occurring one year before those at BY15. The
start of the modern event at BY15 was slower than at the other two loca-
tions, with molybdenum levels going back to pre-event background levels for
prolonged times (up to three years) during the first seven to eight years.
A strong seasonal signal is visible in all three records, indicated by Mo/Al
values going back down to pre-event levels between most peaks.

Location of vanadium peaks tends to correlate well with those of molyb-
denum, although general trends are more related to bromine. This is espe-
cially visible at BY15, with a “bulge” of vanadium and bromine around 2000.
Although mean molybdenum enrichments stay relatively stable, uranium en-
richments continue to increase throughout the events. This is visible in an
increase in background levels, with LL19 and BY15 experiencing increased
intensity of uranium peaks in more recent years as well.

At F80, iron enrichments occur before onset of the event as indicated by
the molybdenum record. These enrichments quickly decline after onset of
the event to reach pre-event background levels around 1990. Although iron
enrichments at LL19 do not start until onset of the event, the same rapid
decrease in Fe/Al occurs, reaching pre-event background levels just after
1990. Iron peak intensities at BY15 do not decrease over time, although
their frequency does. The last recorded iron peak at BY15 occurs in 2005.

Up until onset of the event at F80 manganese peaks are abundant and
intense. After onset of the event only a few manganese peaks appear, roughly
correlated with inflow events in 1993 and 2003. During the event at LL19
only three manganese peaks appear, all during the first ten years of the event.
No peaks occur before the hypoxic event at LL19. On the other hand, several
intense manganese peaks are present throughout the hypoxic event at BY15,
increasing in intensity throughout the years. The last of these peaks occurs
just before 2000.

39



Figure 3.13: LA-ICP-MS records of several (trace) elements during
the modern event at F80. The grey area indicates the duration of
the event. The age model was constructed using the peak-counting
method.

Figure 3.14: LA-ICP-MS records of several (trace) elements during
the modern event at LL19. The grey area indicates the duration of
the event. The age model was constructed using the peak-counting
method.
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Figure 3.15: LA-ICP-MS records of several (trace) elements during
the modern event at BY15. The grey area indicates the duration of
the event. The age model was constructed using the peak-counting
method.

3.3 Spectral analysis results

Based on the full LA-ICP-MS records of the HTM at F80 and SR5, and the
MCA at F80 several power spectra were produced of selected elements. These
power spectra reveal several multi-decadal cycles influencing the different
records. During the HTM at F80 (Figure 3.16) a strong 50-year cycle is
suggested by the power spectra of molybdenum, vanadium and uranium.
Filtering this frequency indicates that the strongest representation of this
cyclicity is during HTM-2, although HTM-5 to HTM-7 show influence of
this 50-year cycle as well (Figure 3.17). Filters of the significant 100-year
peaks in the power spectra of molybdenum and vanadium do not correlate
well with their respective records.
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Figure 3.16: Power spectra for iron, uranium, vanadium and molyb-
denum at F80 during the HTM. Grey bands indicate cyclic periods
shared between (some of) the elements.

Figure 3.17: Comparison between the HTM F80 Mo/Al record (black)
and its filtered 50-year periodicity (blue).



Apart from a weak 56-year cycle, no significant cyclicity was found in the
molybdenum record at SR5 during the HTM (Figure 3.18). This 56-year cycle
is strongest during the later part of SR5-1 and the first few hundreds of years
of SR5-2. The same applies to the uranium and vanadium records, although
in addition a weaker 44-year cycle is suggested by their power spectra.

Figure 3.18: Power spectra for iron, uranium, vanadium and molyb-
denum at SR5 during the HTM. Grey bands indicate cyclic periods
shared between (some of) the elements.

Despite suggestion by the power spectrum of the iron record of possible
influence of a 54-year and 20-year cycle at F80 and a 45-year and 38-year
cycle at SR5 no good relation can be found between the filters of these

43



cycles and their iron records, nor with the timing of events as suggested by
the molybdenum records (Figure 3.19). However, when performing spectral
analysis on HTM-5+6 specifically (Figure 3.20), good correlation can be
found between Mo/Al and Fe/Al on both a 59-year and a 28-year periodicity
(Figure 3.21).

Figure 3.19: Comparison between the HTM F80 Fe/Al record (black)
and its filtered 54-year periodicity (blue).

Figure 3.20: Power spectra for Mo/Al and Fe/Al at F80 during HTM-
5+6. Grey bands indicate cyclic periods shared by the two elements.
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Figure 3.21: (Top) Comparison between the Mo/Al record of the
HTM-5+6 at F80 (black) and its 59-year filter (blue). (Middle and
bottom) Comparison between the 59-year (middle) and 28-year (bot-
tom) frequency filters of the Mo/Al and Fe/Al records of the HTM-
5+6 at F80.
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Cyclicities during the MCA at F80 tend to be of higher frequency than
during the HTM at F80, with the molybdenum record being dominated by a
45-year cycle and a weaker 27-year cycle (Figure 3.22). Although this 45-year
cycle is not present in the vanadium and uranium records, there is relatively
good correlation between these two records and their filtered 27-year cycles.
Cyclicities of 38 and 26 years in the iron record are mostly related to the iron
enrichments before, during and after the pre-MCA hypoxic event.

Figure 3.22: Power spectra for iron, uranium, vanadium and molyb-
denum at F80 during the MCA. Grey bands indicate cyclic periods
shared between (some of) the elements.
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4 Discussion

4.1 Techniques

4.1.1 Laser Ablation-Inductively Coupled Plasma-Mass Spectrom-
etry

Although the LA-ICP-MS method has been successively applied for many
different purposes since its first use in 1985 (Gray, 1985) many possible biases
exist that need to be accounted for. It should be noted that a standard is
used to calibrate the measurements from the sample. This is achieved by
calculating the sensitivity of the LA-ICP-MS system to each element using
the known concentrations in the standard and correcting for this calculated
sensitivity in the sample measurements.

The main problem here is probably the inconsistency of matrix type be-
tween the sample and the standard. While the standard is very homoge-
neous, the matrix of the sample changes considerably within the ∼3.5 cm
block length typically analysed (Figure 4.1). This has an impact in several
different ways. First, changing densities throughout the sample may influence
the relative ablation of different elements. Second, changing sediment types
(as the possible cause of the changing matrix) may influence the ease with
which the material ablates. Laser ablation of one material in the sediment
may be easier than of another material, introducing possible biases through
changing elemental fractionations. However, even in the theoretical case of
a constant sample matrix possible biases may arise when the matrix of the
sample is different than the matrix of the standard, since the matrix may
also play a role in the sensitivity of the LA-ICP-MS system to the different
elements analysed. As such, calibrating a sample for elemental sensitivities
using a standard with a different matrix may, in itself, be erroneous.

Theoretically the best solution to these matrix problems would be to cre-
ate a group of standards that all have a certain matrix typical for a certain
sediment type. In practice this has many drawbacks though, not least of
all the fact that the very nature of these matrices is that they are hetero-
geneous, making it hard to use as a standard. There is one possible use for
such a standard though, where the elemental sensitivities calculated from the
NIST-610 standard can be assessed using the second standard. A possible
workaround may exist, especially for the biases due to density differences,
where the resin used for the resin-embedding of the sample is spiked with a
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Figure 4.1: Scan of one of the resin-blocks used from the MCA, show-
ing changing sediment types on small scales, suggesting possible ma-
trix changes. The block itself is ∼4.5 cm in diameter.

certain element not natural to the source area of the sample. Since a decrease
in sample density will be inversely visible in the resin as an increase in resin
density, the concentration of such an element could be used as an indication
of the density of the sample.

4.1.2 Calibration of the LA-ICP-MS (trace) elemental records

Without a sufficiently good standard for calibration to elemental sensitivi-
ties of the measured elemental concentrations on the sample the resulting
element-to-aluminium fractions will have a certain error margin. Although
further calibration to the discrete samples measured using ICP-OES has been
performed, here too some problems arise. As an example, the method for
averaging of the LA-ICP-MS-derived element-to-aluminium ratios has a sub-
stantial impact on the calibration. The two main candidates here were appli-
cation of an arithmetic mean and of a geometric mean (Figure 4.2). Further-
more, the whole concept of such a calibration of LA-ICP-MS to ICP-OES,
as performed for this study, is mathematically false (Equation 4.1). The
discrete samples take the ratio of the mean of the element to the mean of
aluminium, while the binned means take the mean of the ratios of the element
to aluminium. However, these two expressions are not the same.
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mean(B)
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̸= A1/B1 + A2/B2 + . . .+ An/Bn

n
= mean

A

B
(4.1)

Despite all these problems the impact on further analyses is very small,
since mostly they only influence the quantification of the different element-
to-aluminium ratios while the trends and cyclicities stay the same. The only
exception to this is the possible bias of calcite layers. Since aluminium con-
centrations will be significantly lower in a calcium carbonate-based matrix,
using aluminium as an internal normaliser possibly introduces significant
peaks in all other elements when passing a calcite layer. However, not many
of these layers appear in the LA-ICP-MS (trace) elemental records.

Figure 4.2: Comparison between arithmetic (left) and geometric
(right) binned means, correlated to the discrete samples of the MCA
at F80.
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4.2 Critical assessment of Mo/Al peak counting as a
dating technique

4.2.1 Mo/Al peak counting

4.2.1.1 Validation of Mo/Al peak counting approach: modern hy-
poxic interval Age models for the modern intervals at F80, LL19 and
BY15 have been constructed based on the assumption that Mo/Al ratios
will display strong seasonality, with more intense enrichments during spring
and summer algal blooms. There are several lines of evidence supporting the
validity of this assumption. First, the chemical behaviour of molybdenum
in the water column and in the sediments suggests possible coupling with
organic matter supply (Helz et al., 1996). Molybdenum could be trapped by
and adsorbed onto organic aggregates settling to the sediment-water inter-
face, increasing the incoming flux of molybdenum. In addition, Tribovillard
et al. (2006) have shown that molybdenum can be scavenged by organic
matter either through O–S groups attaching to the molybdenum species,
or through metal-rich particles carried by the organic matter. These pro-
cesses will enhance burial of molybdenum during the spring and summer
algal blooms, leading to a seasonal signal in the molybdenum record.

A second indication of the validity of the assumption of a seasonal sig-
nal in the Mo/Al record involves seasonal variability in the deposition of
aluminium. Due to decreased productivity, aluminium content of the total
sedimentary matter is expected to be higher during autumn and winter than
during spring and summer (e.g., Deuser et al., 1981; Pohl et al., 2004). Hence,
both enhanced Mo sequestration, and dilution of the incoming detrital mat-
ter by organic material, act to elevate the Mo/Al ratio during the summer
season. Indeed, strong anticorrelation can be found between raw aluminium
counts and Mo/Al ratios during the modern hypoxic interval (Figure 4.3).

Finally, the validity of the assumption of seasonal molybdenum variability
can be tested by comparison with the bottom water oxygen records. At all
three sites (F80, LL19 and BY15) the bottom water oxygen records indicate a
shift to euxinic conditions around 1980. This suggests that more permanent
molybdenum enrichments should start around that time. If a strong seasonal
signal is present in the molybdenum record, this signal should be able to be
used to “count back” from the time the core was taken (i.e., 2013) year
by year, back to the moment molybdenum enrichments started (i.e., 1980).
For sites F80 and LL19 this is indeed the case, with 34 peaks in Mo/Al
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Figure 4.3: 30-point moving averages of Mo/Al ratios (solid line) and
raw Al counts (dotted line) for the top ∼30 cm of F80, showing strong
anti-correlation.

corresponding to 34 troughs in raw Al counts (Figure 4.3). At BY15 only 30
such peaks can be identified. However, when assuming the top of the core
has been lost (i.e., the record runs up to 2009), correlation can be found
between suggested Mo/Al, and especially U/Al, ratios and inflow events as
indicated in the bottom water oxygen record (Figure 3.15).

4.2.1.2 Application of Mo/Al peak counting to construct age mod-
els for older intervals Given the strong seasonal signal in the molybde-
num record of the modern events at F80, LL19 and BY15, the identification
of annual Mo/Al peaks has been used in the construction of an age model for
the older events at F80. In an effort to mitigate any possible subjective in-
fluences on the determination of the age model, spectral analysis was used to
identify the frequency in the depth domain of Mo/Al relating to the yearly
variability of molybdenum. The resulting sedimentation rate records were
then used to construct the age model.

Several problems arise when performing this procedure to reconstruct an
age model. Although objectivity of the method is high, the arbitrary selection
of 1-cm slices for spectral analysis can introduce problems when a shift in
conditions and/or sedimentation rate occurs within this slice. Although the
three conditions described in the methods section are set up in part to catch
these biases, some may still pass. This is especially likely when changes in
sedimentation rate happen gradually, leading to a wide base of the peak of
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the candidate frequency. More abrupt changes will result in two separate
peaks with narrow bases, which are easier to filter out.

The question may arise whether these 1-cm slices are actually represen-
tative of the overall situation, especially since the conditions may block sev-
eral consecutive slices. This could lead to the 1-cm slice dictating the sed-
imentation rate of up to 15 cm of sediment while these other slices could
contain valuable information. As an example, the sedimentation rates as
reconstructed for points A and B (see Figure 4.4) determine sedimentation
rates for the ∼15 cm in between these points, since no other points between
A and B passed the filter. As such, any variability between these points is
not incorporated. The same applies to point C and the subsequent point,
since these two points determine the sedimentation rate for ∼10 cm of core.

Figure 4.4: Reconstructed sedimentation rate during the HTM at F80.
Three points have been identified for clarification in the text (A, B,
C).

Finally, since a prerequisite of the observed seasonality in Mo/Al is the
presence of euxinic conditions close to the sediment-water interface (Tri-
bovillard et al., 2006), more oxygenated intervals of the record with constant
near-zero Mo/Al levels cannot be used for determination of sedimentation
rate. This introduces a potential bias towards good constraint of sedimenta-
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tion rates during hypoxic events without proper constraint on sedimentation
rates outside these events (e.g., before and after HTM-4).

4.2.1.3 Possible future improvements to dating approach One im-
provement that can be made when using spectral analysis on the Mo/Al
record for reconstructing timescales is to restrict the analysis to individual
events. Although this will result in a floating timescale rather than a fixed
one, this will remove the bias of euxinic over oxygenated intervals. In addi-
tion, a fourth condition could be added, removing any candidate frequencies
with broad peaks (verified by filtering that frequency range over the sliced
part of the record).

4.2.2 Sedimentation rates

4.2.2.1 Influence of detrital versus non-detrital material on sedi-
mentation rates Sedimentation rates calculated by the Mo/Al peak count-
ing approach can be used to estimate the total input of non-detrital (biogenic
and authigenic) material through time. In this method, a constant flux of
detrital material is assumed and the contribution of the major biogenic and
authigenic phases are summed (Equation 4.2). The resulting relationship
between sedimentation rate and the flux of non-detrital material can be used
to assess the extent to which bulk sedimentation rate is dictated by accu-
mulation of biogenic and authigenic material. In principle, if no relationship
is observed it can be stated that the input of detrital material exerts the
primary control on sedimentation rates. Mo/Al is used to estimate organic
matter (OM)/Al using the constant A. A is determined by regressing Mo/Al
to organic carbon (Figure 4.5). From the gradient, Mo/Al can be converted
to Corg, and Corg to OM assuming organic matter (CH2O) = 2.5∗Corg. Fur-
thermore, B (=2.7) estimates the concentration of rhodochrosite from Mn,
C (=1.88) estimates the concentration of pyrite from S, and D (=2.14) esti-
mates the concentration of opal (SiO2) from biogenic silica. All parameters
are normalised to Al.

non-detrital component/Al = A∗Mo/Al+B∗Mn/Al+C∗S/Al+D∗BSi/Al
(4.2)
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When regressing Mo/Al to Corg, good correlation is found with an R2

of 0.92, indicating on average that Corg equals to Mo/Al ∗ 261.98 + 0.396
(Figure 4.5).

Figure 4.5: Correlation between the Mo/Al and Corg/Al discrete sam-
ple records at F80 during the HTM.

This leads to an expression for OM/Al (Equation 4.3).

A ∗Mo/Al = OM/Al = 2.5 ∗ 261.98 ∗Mo/Al + 0.396 (4.3)

Applying equations 4.2 and 4.3 to the discrete samples for F80 and the
biogenic silica record produces a record of the total non-detrital component of
incoming material at this site. Correlation of this record to the sedimentation
rate record estimated by Mo/Al peak counting (Figure 4.4) is very weak with
an R2 of 0.0086 (Figure 4.6). This indicates that the initial assumption of
a constant flux of detrital material to F80 was false, and that the detrital
component must have varied substantially over the course of the record.
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Figure 4.6: Correlation between reconstructed sedimentation rate and
reconstructed non-detrital component of sedimentation for the HTM
at F80.

4.2.2.2 Comparison of methods for inferring sedimentation rates
Several methods can be used to reconstruct sedimentation rates for past hy-
poxic events at F80 and SR5. Here a comparison will be given between
reconstructions of sedimentation rates during specific events based on pale-
omagnetic secular variation (PSV), spectral analysis tuning and the peak-
counting technique used for the modern event. The PSV-method was used
to date a reference core in the Gotland basin (Lougheed et al., 2012) to which
the F80 record was tuned by comparison of the respective Loss on Ignition
(LOI) and Corg profiles of the two cores (Jilbert and Slomp, 2013a). The
peak-counting technique has been used to date the modern hypoxic event at
F80, LL19 and BY15. This method is based on the assumption that a strong
seasonal signal is present in the Mo/Al record, allowing counting of Mo/Al
peaks to provide a timescale. It could however also be used to reconstruct a
floating timescale for individual, older hypoxic events. The spectral analysis
tuning is an attempt to expand the peak-counting technique to the older
hypoxic intervals of the MCA and the HTM. This is achieved by identifying
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the frequency of the yearly cyclicity in the Mo/Al record in a wavelet dia-
gram and/or a power spectrum and using that frequency as an indication
of sedimentation rates. Given a strong seasonal signal in the molybdenum
record the peak-counting technique will yield the most precise result if used
on a single, continuous and short hypoxic event, and will therefore be used
to assess the other methods.

Figure 4.7: (A) Wavelet analysis of a selected interval within MCA-
2a, suggesting a yearly periodicity shifting from 0.08 cm to 0.04 cm
to 0.06 cm, indicated by the black boxes. (B) Spectral analysis of the
selected interval, confirming yearly periodicities of 0.048 and 0.074
cm. (C) Filtered series (blue) of the selected interval (black). The
filtered periodicity is between 0.04 and 0.085 cm.

The spectral analysis method has been divided into two submethods.
The first uses power spectra of 1-cm slices over the whole Mo/Al record to
identify sedimentation rates, while the second submethod applies this proce-
dure exclusively to an hypoxic interval of no more than 1 cm long. Wavelet
analysis of such an hypoxic interval (in this case MCA-2a) suggests chang-
ing sedimentation rates throughout the interval between ∼0.08 and 0.04 cm
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year−1 (Figure 4.7a). Spectral analysis on the interval indeed reveals pe-
riodicities of 0.048 and 0.074 cm year−1, with a small bump at 0.061 cm
year−1 (Figure 4.7b). Filtering over these frequencies yields an approxima-
tion of sedimentation rate as estimated using the spectral analysis method
(Figure 4.7c).

Based on the PSV age model, sedimentation rates during the MCA were
slightly higher than during the HTM (Figure 4.8). Although the three tech-
niques based on peak counting agree with this assessment, error bars dur-
ing the MCA are large compared to the HTM. Especially during the HTM,
the PSV dating method seems to consistently estimate sedimentation rates
around 0.015 cm yr−1 lower than the peak-counting methods. This is prob-
ably caused by the lower frequency boundary for the spectral analysis-based
reconstructions being higher than the PSV-based sedimentation rates. The
PSV-based sedimentation rates are interpolations between a few datapoints,
and should therefore be interpreted as average sedimentation rates over longer
timescales.

Although points from the three peak-counting techniques generally fall
within each other’s error bars, the wide spread (especially during the MCA)
shows that this technique for creating an age model needs more improve-
ment before it can be confidently used to date Baltic Sea sediment cores.
For this reason the PSV age model has been used to date the trace elemen-
tal records discussed in this report. It should be noted, however, that the
spectral analysis dating method shows very good agreement with the peak-
counting technique. For this reason the spectral analysis dating method is a
good candidate to provide high-resolution floating timescales for individual
hypoxic events.
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Figure 4.8: Reconstructed sedimentation rates for the MCA and the
HTM at F80 based on the PSV age model (black), the spectral analysis
age model (red) and spectral analysis (green) and peak-counting (blue)
on specific hypoxic intervals. Grey boxes indicate the upper and lower
frequency boundaries for the spectral analysis-based reconstructions.
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4.3 Euxinia and redox conditions recorded in Baltic
Sea high-resolution (trace) elemental records

4.3.1 Validity of molybdenum as redox proxy

In order to be able to use molybdenum as a proxy for paleoredox conditions, it
must be verified that molybdenum was never depleted from the local system
due to, for example, reservoir effects (Algeo and Lyons, 2006). Depletion
would occur if the input of molybdenum was too low compared to the fixation
of Mo in the sediments. The fact that Mo/Al enrichments at F80 keep
increasing throughout the HTM, the MCA and the modern hypoxic event
(Figure 3.1) suggests that depletion of molybdenum does not play a role
here. Furthermore, good correlation can be found between Mo/Al and the
Br/P ratio (as a high-resolution equivalent of C/P; Figure 4.9a), further
strengthening the idea that molybdenum can be used to reconstruct redox
conditions at F80.

Figure 4.9: Br/P and Mo/Al ratios throughout the HTM at F80 (A)
and SR5 (B).

Due to the consistent yearly enrichments in Mo/Al at sites F80, LL19
and BY15 during the modern hypoxic event it can be assumed that here,
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too, molybdenum has not been depleted. However, during the HTM at
SR5 a decoupling is visible between the Mo/Al and Corg discrete samples
(Figure 3.2). This could suggest that depletion of molybdenum played a role
in this basin during the HTM. Weak correlation between Mo/Al and Br/P
ratios at SR5 again suggests that Mo/Al depletion may have occurred here
during the HTM (Figure 4.9b).

4.3.2 Reorganisation of hypoxic events

Although the discrete samples profile of Mo/Al suggests seven hypoxic events
during the HTM at F80 (Figure 3.1), the LA-ICP-MS record indicates only
five of these are present. Since HTM-3 is not reflected in the high-resolution
molybdenum record it can be merged with HTM-2. In addition, the minimum
in the discrete samples profile of molybdenum between HTM-5 and HTM-6
is not unique and should therefore not be considered as a boundary between
(main) hypoxic events. Although molybdenum enrichments during HTM-1
are very low (up to 0.003 Mo/Al) a small event is visible here confirming
HTM-1 as a (weak) hypoxic event.

4.3.3 Baltic Sea hypoxic intervals throughout the Holocene

Throughout the HTM at F80 a gradual increase in Mo/Al ratios indicates
bottom water oxygen levels were, on average, decreasing throughout these 4.5
kyr (Figure 3.1). This is not only visible in the strengths of individual events
(with a weak HTM-1 and strong HTM-7) but also in the frequency of events.
As an example, the first few events are separated by several centuries of
oxygenated conditions, while F80 becomes permanently euxinic from HTM-
5.

After termination of HTM-7 at F80 around 4.1 ka BP several millennia
passed where bottom waters were oxic as evidenced by the near-zero Mo/Al
values (Figure 3.1). Around 1.05 ka BP the hypoxic events of the MCA
started with the onset of MCA-1. However, half a millennium before MCA-
1 a short hypoxic event occurred (the pre-MCA event; Figure 3.10). Due
to a very strong seasonal signal the duration of this hypoxic event can be
counted as 15 years using the Mo/Al peak-counting technique, although true
onset of the event is hard to determine due to small enrichments before the
pre-MCA event. It should be noted that the PSV-based age model used for
the results is off here, claiming lower sedimentation rates (see Section 4.2).
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In contrast to the very gradual increase in Mo/Al enrichments over several
millennia during the HTM, the MCA is characterised by a more rapid onset,
after which Mo/Al is continuously enriched until the final termination ∼450
years later.

Although Mo/Al enrichments gradually increased during the HTM at
F80, the opposite was true at SR5 in the Bothnian Sea (Figure 3.2). Here,
SR5-1 was the most intense event, after which each subsequent event was
weaker than the preceding one. Two factors could have played a role here,
explaining this discrepancy between F80 and SR5. One of these factors is the
build-up of a sill between the Bothnian Sea and the Baltic Sea. Due to the
resulting shallower passage between the basins less hypoxic and salty deep
waters could reach the Bothnian Sea, causing a weakening of the halocline
in this basin. This may have contributed to the weakening of events at SR5
throughout the HTM. In addition to this, reservoir effects may have influ-
enced the amount of molybdenum available for storage in the sediments. If
transport of molybdenum to bottom waters was slower than its precipitation,
molybdenum would become depleted in the deeper waters. In such a case,
even strong events would lead to the precipitation of only limited amounts
of molybdenum.

4.3.4 Causes of onsets and terminations of Baltic Sea hypoxia

A combination of two different factors could lead to perturbations in bottom
water oxygen concentrations. First, increased nutrient loading could lead
to increased primary productivity in the surface waters. The resulting in-
creased flux of organic matter to deeper waters then causes oxygen stress,
since bacteria will use remaining oxygen to degrade the organic matter. Sec-
ond, a decrease in deep water ventilation rates could cause stagnation of the
bottom waters.

4.3.4.1 Nutrient loading as driver of Baltic Sea hypoxia Increased
primary productivity due to increased availability of nutrients leads to an
enhanced flux of organic matter to deeper waters, potentially causing oxygen
stress in Baltic Sea bottom waters. There are two possible sources for such
an increased flux of nutrients. First, an external flux can be composed of
(river) runoff into the sea, introducing terrestrial nutrients to the system. As
a second possibility, internal remobilisation of phosphorus from the sediments
may cause increased nutrient loading in the surface waters (e.g., Jilbert and
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Slomp, 2013b). These internal and external forcings may act together (e.g.,
external input of nutrients triggering internal remobilisation of phosphorus).

4.3.4.1.1 Internal forcings on Baltic Sea nutrient loading Since
phosphorus is ultimately the limiting nutrient in the Baltic Sea (Jilbert and
Slomp, 2013a), internal remobilisation of phosphorus could have a significant
impact on sea surface primary productivity. Phosphorus is mainly trans-
ported to sediments as organic P. Concentrations of phosphorus in the water
column are mainly dependent on the rate of phosphorus release or uptake
from reduction or creation of iron-oxyhydroxides, the rate of phosphorus re-
generation from organic matter, and the rate of change of the hypoxic area
(Jilbert et al., 2011). Given a hypoxic area constant in size, the water column
phosphorus concentration will be determined by the difference in phospho-
rus uptake by iron-oxyhydroxides outside the hypoxic area, and phosphorus
release through remineralisation of organic matter in the water column and
surface sediments inside the hypoxic area (Jilbert et al., 2011).

Preferential remineralisation of phosphorus from organic matter increases
with increasing anoxia (Algeo and Ingall, 2007), which results in decreasing
NH+

4 /HPO2−
4 sediment efflux ratios with increasing depth and hence with

increasing anoxia (Jilbert et al., 2011). As a consequence, increased oxygen
stress will lead to increased sedimentary N/P and C/P ratios. Given that
bromine may be used as a proxy for marine organic matter content in the
sediment (Ziegler et al., 2008), the LA-ICP-MS Br/P record can be used as
a high-resolution equivalent to the discrete-sample Corg/Ptot ratios. Onset of
the modern hypoxic event at two of the three analysed sites is characterised
by an increase in Br/P ratios, confirming the increased preferential reminer-
alisation of phosphorus from organic matter under more reducing conditions
at these sites (Figure 4.10). At BY15 this increase in background Br/P ra-
tios does not occur. High-frequency (seasonal) variations further indicate
that the degree of preferential remineralisation of phosphorus from organic
matter changes throughout the year, with highest Br/P ratios correlating
with Mo/Al peaks (i.e., most reducing conditions).

The size of the hypoxic area will rarely be constant, with phases of con-
traction following phases of expansion and vice-versa. During expansion of
the hypoxic area between 1994 and 2000 strong positive correlation was found
between the size of the hypoxia area and total pool of HPO2−

4 in the wa-
ter column (Conley et al., 2002). Due to an expanding hypoxic area, both
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Figure 4.10: Br/P and Mo/Al records for the modern hypoxic event
at F80 (left), LL19 (middle) and BY15 (right). Note the lack of
enrichments in Br/P at BY15.

remineralisation of phosphorus and release of iron-bound phosphorus from
previously oxic sites act together to increase water column phosphorus con-
centrations. A net trend towards higher water column phosphorus concen-
trations was also found during the contraction phase between 1970 and 1993,
although less severe. This suggests that release of phosphorus from reminer-
alisation outweighs uptake of phosphorus by iron-oxyhydroxides even when
the hypoxic area is decreasing in size. Transport of iron from shallow to
deeper sites may contribute to this (Jilbert et al., 2011).

Onsets of hypoxic events may therefore be accompanied by positive feed-
backs in the phosphorus cycle, where an initial decrease in bottom water oxy-
gen concentrations may reduce iron-oxyhydroxides. Any phosphorus bound
to these Fe-oxyhydroxides would be remobilised, leading to increased primary
productivity, further increasing oxygen stress. An initial increase in hypoxia
area may therefore be sustained by release of iron-bound phosphorus from
the previously less reducing sites.

Given the observed increase in Br/P ratios due to increased preferen-
tial remineralisation of phosphorus during the modern hypoxic event (Fig-
ure 4.10), the influence of this internal forcing can also be assessed for hypoxic
events during the MCA and HTM. Slightly increased Br/P ratios can be seen
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during all hypoxic events at F80 during the HTM (Figure 4.9a) as well as
during MCA-1 and MCA-2 (Figure 4.11). No Br/P enrichments above back-
ground levels are present for the pre-MCA event. This may be because the
conditions before onset of that hypoxic event were already quite unstable (as
evidenced by the numerous Mo/Al peaks in the centuries before and after
the event; Figure 3.10), essentially “drowning” the Br/P enrichments of the
pre-MCA event in the background noise.

Figure 4.11: Br/P and Mo/Al records of the MCA at F80.

The sudden termination of HTM-7 at F80 (Figure 3.1) may be related to
the closing of the sill between the Baltic Sea and the Bothnian Sea. While
closing of this sill blocked salty deep waters from entering the Bothnian
Sea, surface waters were still able to flow north. Any phosphorus carried to
the north by surface waters would eventually be buried in the less reducing
sediments of the Bothnian Sea, causing this basin to be a sink for phosphorus
(Slomp et al., 2013). The gradual shallowing of the sill between the Baltic
and Bothnian seas may also explain the weak correlation between the Mo/Al
and Br/P records during the HTM at SR5 (Figure 4.9). Although some
correlation is still present during SR5-1, this is not the case for the rest of
the HTM. Input of phosphorus from the Baltic Sea may have dampened the
signal of preferential remineralisation of phosphorus in the Bothnian Sea.
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In short, internal cycling of phosphorus is an important forcing for Baltic
Sea hypoxia, having played a role in the modern hypoxic event (Jilbert et
al., 2011), and likely also during the MCA and HTM. Although correlation
between Mo/Al and Br/P during the HTM at SR5 is not as strong as it is at
F80, this does not exclude internal phosphorus cycling — rather, this is prob-
ably caused by depletion of molybdenum. However, an initial perturbation
of the system is needed for internal cycling of phosphorus to start.

4.3.4.1.2 External forcings on Baltic Sea nutrient loading In-
put of new nutrients from, for example, river runoff may act as the initial
perturbation needed to set in motion the positive feedback inherent in the
sedimentary phosphorus. External input of nutrients may be influenced by
climatological parameters (i.e., precipitation rates over the Baltic Sea catch-
ment area). Anthropogenic input of nutrients as forcing of Baltic Sea hypoxia
should not be excluded though (Zillén and Conley, 2010).

Increased precipitation rates over the Baltic Sea catchment area could en-
hance the flux of nutrients to the sea. A pollen-based climate reconstruction
of the Baltic Sea catchment area (Seppä and Birks, 2001) shows almost no
correlation between Baltic Sea hypoxia and precipitation in the catchment
area. High precipitation rates do occur in the catchment area of the Baltic
Sea before the onset of HTM-1 at F80 (circa 7.5 ka; Figure 4.12). These
high precipitation rates may have enhanced nutrient loading in the Baltic
Sea. Increased nutrient loading due to increased precipitation rates in the
Baltic Sea catchment area may therefore have contributed to the onset of
hypoxic events during the HTM. This was probably enhanced by release of
phosphorus previously bound to iron-oxyhydroxides (Sohlenius et al., 2001).
See section 4.3.7 for a more in-depth analysis of the influence of regional
climate on Baltic Sea hypoxia.

Onset of the modern hypoxic event as well as the hypoxic events of the
MCA have been linked to anthropogenic influences (Zillén and Conley, 2010).
The onset of MCA-1 at 900 AD coincides with a radical improvement of the
plough in northern Europe (Gies and Gies, 1994). This improvement allowed
for large-scale deforestation and subsequently lead to a significant rise in pop-
ulation and agricultural productivity. Related increased input of nutrients
to the Baltic Sea may have triggered the onset of the hypoxic events of the
MCA. Interestingly, termination of the last hypoxic event of the MCA (1350
AD) falls within the timeframe of the first spread of the plague and asso-
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ciated decrease in population in Germany and Scandinavia (Walløe, 1995).
As an example, the total population of Sweden dropped from 1,100,000 to
347,000 between 1300 AD and 1413 AD, a decrease of around 68% (Zillén
and Conley, 2010). Likewise, total population of Germany dropped by 55%
over the same timespan (Simms, 1976). These large drops in population were
accompanied by a decrease in agricultural productivity, decreasing nutrient
input to the Baltic Sea (Zillén and Conley, 2010). However, the process of
farm abandonment and population decrease may be too slow to explain the
very rapid decrease in hypoxia at the end of the MCA (Figure 3.1). For this
reason either a strong positive feedback mechanism needs to be involved,
or another forcing was responsible for the termination of the MCA hypoxic
period.

Figure 4.12: Precipitation rates in the Baltic Sea catchment area
(Seppä and Birks, 2001), showing increased precipitation around the
onset of the HTM. Right graph taken from Seppä and Birks (2001).

A small collection of varve thickness records from Finnish lakes (Ojala and
Alenius, 2005; Haltia-Hovi et al., 2007) shows no relationship with the Mo/Al
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record at F80 (Figure 4.13), reinforcing the possibility that anthropogenic
nutrient loading played an important role in the onset and termination of the
hypoxic events of the MCA. Varve thickness has been interpreted as mainly
driven by precipitation and summer temperatures (Haltia-Hovi et al., 2007)
while the x-ray density record has been linked to mineral matter influx, and
hence precipitation (Ojala and Alenius, 2005). Although the occurrence of
the pre-MCA hypoxic event indicates that the system was already close to
anoxia several centuries before, human involvement may have sped up the
transition to very intense hypoxic events that took several millennia during
the HTM.

Figure 4.13: Comparison between the Mo/Al record at F80 (left) to
X-ray densities from a core from Lake Nautajarvi (middle; Ojala and
Alenius, 2005) and varve thicknesses from a core from Lake Lehmil-
ampi (right; Haltia-Hovi et al., 2007). Grey bands indicate the hy-
poxic events as found in the LA-ICP-MS Mo/Al record at F80.
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Starting in 1950, around 30 years before onset of the modern hypoxic
event, Baltic Sea dissolved nutrient loads started increasing rapidly (Gustafs-
son et al., 2012a). Following the 1980 mitigation measures on anthropogenic
nutrient loading through, for example, fertilisers, surface nitrate concentra-
tions stopped increasing. Surface phosphate concentrations kept rising after
1980, possibly because the external load reduction was more than compen-
sated by phosphorus and nitrogen outflux from the sediments (Gustafsson et
al., 2012a).

To conclude, anthropogenic nutrient loading probably played an impor-
tant role in the occurrence of both the modern hypoxic event and the hypoxic
events of the MCA. Modern hypoxia is probably sustained by a strong out-
flux of phosphorus (and nitrogen) from the sediments due to liberation of
iron-bound phosphorus and preferential remineralisation of organic phospho-
rus (Jilbert et al., 2011). The same process probably sustained the hypoxic
events of the MCA as well, since the Br/P enrichments found for the modern
event (Figure 4.10) are also present during the MCA (Figure 4.11). Although
no anthropogenic influences caused onset of the hypoxic events during the
HTM, here too Br/P enrichments during hypoxic events indicate the impor-
tance of the liberation of phosphorus from the sediments (Figure 4.9a). High
precipitation rates during the start of the HTM may have increased nutrient
loading in the Baltic Sea, possibly contributing to the initial trigger for Baltic
Sea hypoxia.

4.3.4.2 Stratification of the water column as driver of Baltic Sea
hypoxia Apart from varying nutrient loading, changes in stratification of
the water column may also contribute to the onset and termination of hy-
poxic events. Stratification of the Baltic Sea water column is mainly caused
by a strong halocline, separating the surface waters of salinity 7–8 and deeper
waters of salinity 11–13. Water column profiles of salinity and oxygen are
strongly anti-correlated in the Baltic Sea, with relatively high salinity and
low oxygen concentrations in deeper waters (Fonselius, 1981). Exchange be-
tween the two water masses separated by the halocline is limited (Gustafsson
and Stigebrandt, 2007), leading to long residence times of Baltic Sea deep
waters. Stratification is maintained by Major Baltic Sea Inflow events (MBI)
introducing high-salinity deep waters (e.g., Matthäus and Franck, 1992). In-
creased fresh-water input (from river runoff or precipitation) as well as in-
creased wind speeds may deepen the halocline (Meier et al., 2011).
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While Baltic Sea inflow events will introduce oxygen to deep Baltic Sea
waters on the short term, the long term effect is enhanced stratification
due to increased deep-water salinity. In the years following a MBI event,
the halocline may be gradually weakened, decreasing the total hypoxic area
(Jilbert et al., 2011). Upon another inflow event, the halocline strengthens
again, allowing an increased hypoxic area (Gustafsson, 2000). Because of
this a rapid expansion of the hypoxia area (following an inflow event) may
be followed by a gradual decline (in the period between inflow events), until
another inflow event expands the hypoxia area again.

Major Baltic Sea inflow events occur during the winter, when easterly
winds persist for around 20 days to “empty” the basin, followed by strong
westerly winds of, again, around 20 days to “fill” the basin (Lass and Matthäus,
1996). Frequency of MBIs during the twentieth century was high, with one
MBI every one to several years (Markus Meier et al., 2006). Since 1980,
the frequency of MBIs has dropped significantly, with only three significant
inflow events since then (1983, 1993 and 2003).

Despite correlation between MBIs and Mn/Al records of several sites dur-
ing the modern event (Figures 3.13, 3.14 and 3.15), the Mn/Al record cannot
easily be used as a proxy for Baltic Sea inflow events during the MCA and
HTM (Lenz et al., 2014). Under anoxic conditions, a large pool of Mn2+

may build up in the bottom waters. Upon introduction of oxygen through
an inflow event, this manganese can precipitate as Mn-oxides. When anoxic
conditions return, these Mn-oxides are dissolved again. The high concentra-
tions of manganese in alkaline pore waters then facilitate the precipitation of
manganese-carbonates. The occurrence of manganese-carbonate layers can
therefore be used as an indication of an oxic period during normally anoxic
conditions (Calvert and Pedersen, 1996). However, sufficiently sulphidic bot-
tom waters may cause high rates of Mn-oxide reduction following an inflow
event, prohibiting the formation of manganese carbonates (Lenz et al., 2014).
This may, for example, be visible in the last few centuries of the MCA hypoxic
period at F80 (Figure 4.14).

In addition to sufficiently sulphidic conditions potentially prohibiting the
formation of manganese carbonates, the size of the hypoxic area is also of
influence on the amount of manganese available for precipitation (Jilbert
and Slomp, 2013b). During more oxic intervals, the source-to-sink ratio
(S/B; Raiswell and Anderson, 2005) for manganese is much larger than dur-
ing anoxic intervals (Figure 4.15). Here, the source area is defined as sites
shallower than the redoxcline and the sink area as sites deeper than the re-
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Figure 4.14: Mn/Al record for the MCA at F80. The Mo/Al record
has been added for reference. Note the lack of manganese peaks in
the last century of the hypoxic period.

Figure 4.15: Indication of source and sink areas corresponding to
a deep (175m) redoxcline (i.e., oxic intervals; left) and a shallow
(100m) redoxcline (i.e., anoxic intervals; right). Figure taken from
Jilbert and Slomp (2013b).



doxcline. The redoxcline for oxic and anoxic intervals was proposed at 175m
and 100m water depth, respectively (Jilbert and Slomp, 2013b). A large
source area compared to sink area (e.g., during a more oxic interval) leads
to high rates of transport of manganese to these sink sites (such as F80).
A smaller hypoxic area therefore facilitates higher concentrations of bottom
water Mn2+ than a large hypoxic area would. This may explain the decrease
in intensity of Mn/Al peaks at F80 since 1990 (Figure 3.1).

Stratification of the water column through relatively high salinity has
been proposed as an explanation for the occurrence of the hypoxic events dur-
ing the HTM (Gustafsson and Westman, 2002). Decreasing hypoxia through-
out the HTM at SR5 may be due to decreasing salinity in this basin, reducing
the strength of the halocline (Widerlund and Andersson, 2006). However,
no relationship was found between Baltic Sea hypoxia during the last two
millennia and changes in salinity (Zillén and Conley, 2010). Regardless, per-
sistent stratification of the water column is needed to facilitate hypoxia in
deeper waters.

4.3.4.3 Combinations of different forcings as triggers of hypoxic
events Combining the analyses of sections 4.3.4.1 and 4.3.4.2, an iden-
tification of contributing factors to hypoxia can be made for the different
hypoxic periods in the Baltic Sea. The hypoxic events during the HTM were
probably triggered by an increase in deep-water salinities following the tran-
sition of the Baltic Sea from a freshwater lake to a brackish sea (Gustafsson
and Westman, 2002). Related stratification of the water column would have
facilitated the onset of hypoxia. Liberation of iron-bound phosphorus from
the sediments probably played an important role as well (Sohlenius et al.,
2001). This notion is reinforced by the good correlation between the Mo/Al
and Br/P records during the HTM at F80 (Figure 4.9a). In addition to this
internal flux of nutrients, high precipitation rates over the Baltic Sea catch-
ment area may have caused significant external nutrient loading through river
runoff.

Since no relation has been found between changes in salinity and oc-
currence of hypoxia during the last two millennia (Zillén and Conley, 2010),
onset of the hypoxic events of the MCA were probably triggered by increased
nutrient loading in the surface waters. An increased anthropogenic flux of
nutrients to the Baltic Sea seems a likely candidate, since northern European
populations grew significantly around the onset of MCA-1 (Gies and Gies,
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1994) and diminished by over 50% around the final termination of the MCA
hypoxic events (Walløe, 1995). The termination of the MCA hypoxic period
may have been too rapid to be explained by the demise of northern Europe’s
population alone though.

Good correlation between the Mo/Al and Br/P records at F80 during
the MCA underlines the importance of internal cycling of phosphorus during
medieval hypoxic events (Figure 4.11). It should be noted that, although
the Baltic Sea was largely oxic during the millennia before MCA-1, the oc-
currence of the pre-MCA event shows that the system was already close to
hypoxia. As such, anthropogenic nutrient loading may have been the final
trigger needed to shift the Baltic Sea to hypoxia. Twentieth century exter-
nal nutrient loading increased from 1950 to 1980, at which point mitigation
efforts halted this increasing flux (Gustafsson et al., 2012a). Increasing dis-
solved phosphorus concentrations in the Baltic Sea after 1980 can be ascribed
to the internal cycling of phosphorus.

Long-term responses of the Baltic Sea ecosystem are probably related
to many different forcings, both terrestrial and marine, and both climatic
and anthropogenic, as well as their complex relationships (Zillén and Conley,
2010). Several different forcings seem to have to work together for a hypoxic
event to occur. As an example, increased stratification due to the shift to a
brackish sea and increased external nutrient input due to high precipitation
rates and liberation of iron-bound phosphorus probably triggered the hypoxic
events of the HTM. Increased anthropogenic input of nutrients may have
triggered the onset of the hypoxic events of the MCA, but the system was
already close to hypoxia in the millennia before.

4.3.5 Rapidity of onsets of hypoxic events

The onsets of most discussed events are characterised by rapid enrichments
in Mo/Al, increasing from background levels to significantly higher values
within a few years. After this initial onset, Mo/Al enrichments keep gradu-
ally increasing over the course of several decades (e.g., Figure 3.6). Despite
this rapid onset in Mo/Al enrichments, most events during the HTM do fea-
ture very weak, progressively intensifying enrichments before these sudden
onsets (e.g., HTM-2, HTM-4, HTM-5+6). These periods of slightly intensi-
fying hypoxia before onset of an event typically last around 50 years. They
are more pronounced in the V/Al record than in the Mo/Al record (e.g.,
Figure 3.6), indicating that this could be related to the site being anoxic for

72



a few decades before turning euxinic. The decade before onset of the modern
hypoxic event at BY15 is characterised by a gradual increase in V/Al as well,
concurrent with bottom water oxygen concentrations of around zero mol L-1
(Figure 3.15).

The main species of molybdenum in seawater is molybdate (MoO2−
4 ).

Fixation of molybdenum in surface sediments requires presence of H2S. Un-
der euxinic conditions, each oxygen atom in molybdate is sequentially (and
rapidly) replaced by a sulphur atom, to produce thiomolybdates (MoS2−

4 ;
Helz et al., 1996). These thiomolybdates are then fixed to the sediments in
one of three different ways: they are scavenged by either iron sulphides (Vor-
licek et al., 2004), metal-rich particles (mainly iron) or sulphur-rich organic
molecules (Helz et al., 1996). Regardless of the scavenging process, the pres-
ence of sulphur is needed to produce thiomolybdate from molybdate. For
this reason, fixation of molybdenum in surface sediments is mainly limited
to euxinic conditions (Calvert and Pedersen, 1993).

Reduction of vanadium, unlike molybdenum, occurs in two steps. Under
mildly reducing conditions, V (V ) is reduced to V (IV ). The V O2+ formed by
this reduction process is hydrolysed to V O(OH)−3 or the insoluble V O(OH)2
(Van der Sloot et al., 1985). Surface adsorption may cause V O(OH)−3 to be
removed from anoxic bottom waters as well (Emerson and Huested, 1991).
When free sulphides are present, V (IV ) is further reduced to V (III). V (III)
then precipitates as V2O3 or V (OH)3 (Wanty and Goldhaber, 1992). For
this reason, enrichments of vanadium, although weaker, can occur before the
onset of euxinic conditions. Weak enrichments in V/Al before onset of a
hypoxic event in the Mo/Al record can therefore be an indication that the
bottom water conditions were already mildly reducing before actual onset of
the event.

The Br/P ratio can be used as a high-resolution equivalent of the discrete
sample Corg/Ptot ratio. Since the Corg/Ptot ratio will increase with increasing
hypoxia (Jilbert et al., 2011) due to preferential regeneration of phosphorus
(Algeo and Ingall, 2007), it can be used to assess the rapidity of the onset
of a hypoxic event. The bottom water oxygen concentrations at BY15 were
already close to euxinia during the decade running up to the modern hypoxic
event (Figure 3.15). This is reflected in a crossplot between the LA-ICP-MS
Br/P and Mo/Al records for this hypoxic event (Figure 4.16). Here, the
hypoxic event is indicated in black and the decade before the hypoxic event
in red. It follows that Br/P at BY15 enriched independently of Mo/Al in
the decade before onset of the hypoxic event, indicating that preferential
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regeneration of phosphorus was already increasing during this time. The
difference between the decade before the hypoxic event and the hypoxic event
itself is probably due to the non-linear response of Mo/Al fixation in the
sediments to increasing oxygen stress, enriching rapidly upon the transition
to more permanent euxinia.

Figure 4.16: Crossplot of Mo/Al and Br/P for the modern hypoxic
event at BY15. The hypoxic event is indicated by black, and the
decade before onset of this event is indicated by red. Note the Br/P
enrichments independent of Mo/Al during the decade before onset of
the hypoxic event.

This notion of increasing Br/P ratios before onset of an event may be
used to assess the bottom water oxygen evolution in the decades before older
hypoxic events during the HTM and MCA. During the HTM, some increase in
preferential regeneration of phosphorus is visible during the decades before
most hypoxic events (e.g., HTM-2+3; Figure 4.17a). This indicates that,
although onsets were rapid in the Mo/Al record, the transition of bottom
water oxygen concentrations to euxinia may have been more gradual. The
same gradual increases in bottom water oxygen concentrations may have
occurred before the onsets of hypoxic events during the MCA (e.g., MCA-1;
Figure 4.17b) and the pre-MCA hypoxic event (Figure 4.17c). Note that

74



absolute Br/P values during HTM-2+3 tend to be lower than those during
hypoxic events of the MCA.

Figure 4.17: Crossplots between Br/P and Mo/Al for HTM-2+3 (A),
MCA-1 (B) and the pre-MCA hypoxic event (C). The plots are split
in the hypoxic events themselves (black) and the decade before that
event (blue).

Rapid onsets of hypoxic events, going into euxinic conditions within a
few years, may be caused by positive feedbacks in the phosphorus cycle.
This feedback is based on the fact that phosphorus adsorbs strongly onto
Fe-oxyhydroxides (Jensen et al., 1995), and on preferential phosphorus re-
generation from organic matter (Jilbert et al., 2011). Phosphorus stored
in the sediments under oxic conditions is mainly bound to Fe-oxyhydroxides.
After an initial decrease in oxygen concentrations these Fe-oxyhydroxides will
mobilise, releasing their phosphorus. The released phosphorus then allows for
increased productivity, further decreasing deep water oxygen concentrations.
Increased oxygen stress increases the preferential regeneration of phosphorus
from organic matter, further enhancing the positive feedback.

Although onsets of events seem rapid in the Mo/Al record, with sudden
enrichments within one year, this is more likely a reflection of the transition to
permanent euxinia. As an example, onset of Mo/Al enrichments during the
modern hypoxic event at BY15 start when bottom water oxygen conditions
go to euxinia (Figure 3.15). During the decade before this transition, bottom
water oxygen concentrations were close to zero, but no Mo/Al enrichments
occurred. For this reason an assessment of the evolution of bottom water
oxygen concentrations before and during the onset of a hypoxic event can
best be made using information from the V/Al and Br/P records in addition
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to Mo/Al.

4.3.6 Fe/Al as indicator of regional-scale hypoxic conditions

The size of the hypoxic area has changed considerably throughout the modern
hypoxic event (Conley et al., 2002). Fluctuations in the size of the hypoxic
area may for example be influenced by the frequency and intensity of Baltic
Sea inflow events (Jilbert et al., 2011). A good candidate for reconstructing
variations in location and size of the total hypoxic area in the Baltic Sea may
be the LA-ICP-MS Fe/Al record.

Under both sufficiently oxic and sufficiently euxinic conditions iron will
precipitate in the sediments as Fe-oxyhydroxides or nanoparticulate ferri-
hydrites, and pyrite, respectively (Raiswell and Canfield, 2012). For this
reason, only a specific “window of opportunity” in bottom water oxygen
concentrations exists for iron to mobilise from the sediments (Lyons and
Severmann, 2006): the bottom water oxygen concentrations need to be too
high for formation of pyrite, but too low for formation of Fe-oxyhydroxides.
When sediments fall within this window of opportunity, iron may mobilise,
forming a lateral “shuttle” from these sites to deeper parts of the sea (Lyons
and Severmann, 2006). For this reason, the intensity of Fe/Al peaks at a
hypoxic site may be used to assess the size of the hypoxic area (Figure 4.18).

The shelf sediments will act as a source area for iron, with the hypoxic area
acting as its sink (see also Figure 4.15). A larger hypoxic area (i.e., larger sink
area) will cause iron from the source area to be more spread out, decreasing
iron shuttling to individual sites. This may in turn lead to decreased iron
enrichments. When the sink area is small compared to the source area, large
amounts of iron can be shuttled to these hypoxic sites, potentially leading
to more significant enrichments. It may therefore be possible to use the
intensity of Fe/Al enrichments at individual sites to assess the size of the
hypoxic area.

During HTM-5, iron correlates well with the molybdenum record (Fig-
ure 3.7). During the latter part of HTM-5 and during HTM-6 this rela-
tionship is weaker. In between the “micro-events” of HTM-5+6 iron is still
significantly enriched, with only slightly lower Fe/Al levels than during these
events (e.g., Figure 3.8). Because of the location of F80 in the Baltic Sea
the site can only act as a sink for iron, and any enrichments at F80 can
be assumed to originate from the source area. The occurrence of constant
iron enrichments at F80 indicates that the source-to-sink ratio (based on the
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size of the hypoxic area) varied significantly even in the periods between the
micro-events, suggesting that the size of the hypoxic area kept fluctuating
even during those relatively more oxic periods. Variations in the hypoxic
area are also visible in the termination of the final hypoxic event during the
HTM (HTM-7). Here, shortly after the rapid decrease in molybdenum en-
richments, a final peak in Fe/Al appears (Figure 3.1). This may be due to
a decrease in hypoxic area leading to a decreased sink area and increased
source area for iron.

Figure 4.18: Schematic representation of the iron shuttle.

Significant iron enrichments occurred coincident with the onset of Mo/Al
enrichments at the start of the pre-MCA event at F80, probably due to a
rapid release of iron-oxyhydroxides from sediments following the∼2 millennia
of oxic bottom water conditions during which iron-oxyhydroxides could form
(Figure 3.1; Figure 3.10). Although good correlation is present between the
Mo/Al and Fe/Al records during MCA-1, some variability is present in the
Fe/Al record on top of the Mo/Al record. This could indicate that the size of
the hypoxic area fluctuated regularly throughout this hypoxic event. During
MCA-2 the Fe/Al record more closely follows variations in the Mo/Al record
(Figure 3.12).

Modern hypoxic event Fe/Al enrichments at F80 start ∼10 years before
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those at LL19 (Figure 4.19). A possible reason for this is that, while LL19
was still sufficiently oxic, deeper parts of the source area for F80 were already
transitioning to more euxinic bottom water oxygen conditions, turning that
area into a sink for laterally transported iron. In contrast to F80, site LL19
is not only a sink for iron but also a source. Enrichments from 1981 indicate
that at this point the hypoxic area had expanded sufficiently for LL19 to
move out of the window of opportunity. It now acted as a sink for iron from
more shallow sites that, due to the expanding hypoxic area, were now within
this window of opportunity. In 1991 Fe/Al enrichments in both F80 and
LL19 stopped simultaneously, possibly because the source-to-sink ratio had
decreased so much that small amounts of mobilised iron were spread out over
a large hypoxic sink area. Fe/Al enrichments at BY15 continued a bit longer,
until reaching background levels in 1999. A small peak in Fe/Al at all sites
occurs around the 2003 inflow event, indicating a small surge in transport of
iron to deeper sites.
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Figure 4.19: Fe/Al profiles for the modern hypoxic interval at BY15
(left), F80 (middle) and LL19 (right).

4.3.7 Multi-decadal to centennial cycles and patterns in Baltic
Sea hypoxia

Many multi-decadal to centennial (to millennial) patterns seem to have oc-
curred in Baltic Sea hypoxia during the Holocene. One example of such a
pattern is the gradual intensification of Mo/Al enrichments starting around
the onset of HTM-5 and continuing until the final termination of HTM-7
at F80 (Figure 3.1). During HTM-5+6 a ∼59-year and 28-year cyclicity is
present in both the Fe/Al and Mo/Al records of F80 (Figure 3.21), charac-
terised by micro-events lasting a few decades with less reducing intervals of
at maximum two decades in between (Figure 3.8). Another interesting pat-
tern is the speed at which maximum hypoxia is reached. During the HTM,
there are almost four millennia between onset of HTM-1 and the most intense
hypoxia of HTM-7. On the other hand, the increase to maximum hypoxia
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took only 500 years during the MCA (1 kyr if taking the pre-MCA event
into account), while maximum hypoxia during the modern hypoxic event
was reached within decades.

These different trends, patterns and cycles are probably caused by a com-
bination of internal variability of, and climatological influences on the Baltic
Sea.

4.3.7.1 Internal variability Although frequency of hypoxic events at
F80 increased markedly throughout the HTM, duration of these events is
more variable. The transition from the short and relatively weak HTM-4 to
the intense and long HTM-7 (Figure 3.1) is marked by numerous rapid ex-
cursions during HTM-5+6, each going back to pre-event background levels,
although the system does not fully recover in between these “micro-events”
(Figure 3.8). This period of rapid alternations between oxic and hypoxic con-
ditions may be related to periodic contractions of an on average gradually ex-
panding hypoxic area throughout HTM-5 to HTM-7. These contractions may
be related to changes in the frequency of Baltic Sea inflow events, possibly
enhanced by the positive feedbacks inherent in the iron-bound phosphorus.

While there are four millennia between the onset of HTM-1 and the most
intense hypoxia during the HTM, this same transition to maximum hypoxia
took only 500 years during the MCA, and only decades during the modern
hypoxic event. This could perhaps be caused by differences in external load-
ing and differences in the amount of phosphorus stored in the sediments. If
the process of storing phosphorus in the sediments is sufficiently slow, the
onset of the modern hypoxic event may have been controlled more by ex-
ternal input of phosphorus than liberation of phosphorus, compared to the
MCA.

4.3.7.2 Climatological variability Many climatological variables have
been shown to affect Baltic Sea hypoxia, such as temperature (Stal et al.,
2003), precipitation (Meier et al., 2011) and wind stress (Meier, 2005). In
addition, mean climate state over northern Europe (Seppä and Birks, 2001)
as well as larger-scale climatic processes such as the North Atlantic Oscilla-
tion (NAO; Jilbert and Slomp, 2013) may affect hypoxia in the Baltic Sea.
The influence of precipitation on Baltic Sea hypoxia is two-fold. As a direct
effect, an increased flux of fresh water into the Baltic Sea (either through
direct precipitation or through increased river runoff) will deepen the halo-
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cline and enhance stratification (Meier et al., 2011). As a secondary effect,
increased river runoff may lead to enhanced external nutrient loading, lead-
ing to higher rates of primary productivity. It has been suggested that wind
stress is the main physical forcer of stratification, rather than inflow events
(Meier, 2005), since increased wind stress leads to increased mixing through
transport of energy into the water column.

Temperature may affect Baltic Sea hypoxia in several ways. Higher sea
surface temperatures can dissolve less gases than lower sea surface tempera-
tures. In this way, temperature may directly influence the flux of oxygen from
the atmosphere to the surface waters. However, increased sea surface tem-
peratures in the Baltic Sea tend not to penetrate down into the water column
very far (Gustafsson et al., 2012b). Although Baltic Sea hypoxic events all
occurred during warmer periods (i.e., the Holocene Thermal Maximum, the
Medieval Climate Anomaly, and twentieth century global warming) no cor-
relation has been found between hypoxia and temperature on a global scale
(Diaz and Rosenberg, 2008). Stal et al. (2003) proposed that the depth of
the thermocline may influence productivity of cyanobacteria, with increased
productivity under higher temperatures.

Climate variability has been suggested as a possible driver for hypoxic
events during the HTM and the MCA (Jilbert and Slomp, 2013a). One such
climatic factor may be the North Atlantic Oscillation (NAO), where shifts
in its mean phase over centennial timescales may have caused variations in
hypoxia over these same timescales. Comparison with a varved lake record
in the northern Alps (Lake Bourget; Arnaud et al., 2012) suggests that the
hypoxic events during the HTM and the MCA may be linked by the same
forcing (Figure 4.20). Arnaud et al. (2012) measured down-core titanium
content as a proxy of total terrigenous abundance, which tracks the accumu-
lation of detrital material transported by rivers. On centennial timescales,
good correlation can be found between the titanium record of Lake Bour-
get and the timing of hypoxic events at F80 according to the molybdenum
record. As an example, timing of positive excursions in the titanium record
are, within the error margins of the age models, coincident with hypoxic
events HTM-2+3, HTM-4, the first half of HTM-5+6, HTM-7 and all events
during the MCA. No such correlation is present for the modern event.

Changes in the titanium record have been interpreted to be caused by
changes in precipitation due to climatic variability (Arnaud et al., 2012).
Furthermore, a general trend of increasing titanium enrichments seems to
be present throughout the Holocene, with relatively low enrichments during
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Figure 4.20: Comparison between total terrigenous component at
Lake Bourget (left) to Mo/Al at site F80 (right), with arrows in-
dicating possibly concurrent events.

the HTM and significantly higher values during the MCA. However, such
intimate coupling between events in the HTM and MCA does not have to be
present in the Baltic Sea. Since Lake Bourget is not in the catchment area
of the Baltic Sea, the fact that the same trends are present throughout the
Holocene indicates that hypoxic events are probably (at least partly) forced
by external climatic variations and not by internal processes. This could for
example be due to increased storminess over northern Europe, possibly ex-
tending southward to the northern Alps. Meier (2005) showed that changes
in wind stress over the Baltic Sea may have been more important to stratifi-
cation than salt-water inflows on longer timescales. Variations in storminess
may have caused increased precipitation rates over both the Baltic Sea and
the northern Alps, further explaining the observed correlation. The period of
no Mo/Al enrichments between the HTM and the MCA can be explained by
a decrease in deep-water salinity causing decreased strength of the halocline.
If this process was stronger than the climate forcing found by Arnaud et al.
(2012), no hypoxic events would occur.
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A high-resolution study of titanium in Lake Mondsee (northern Austria;
Swierczynski et al., 2013) shows (weak) agreement between the F80 Mo/Al
record and the Lake Mondsee titanium record on decadal timescales (i.e.,
timescales of the micro-events; Figure 4.21). Possible phase shifts cannot be
deduced due to errors in the age models. The combination of a sharp increase
in molybdenum levels and a sharp decrease in titanium levels around 4450 ka
suggests that the two records may be anti-correlated. However, correlation
of the two records is statistically not very significant. As with Lake Bourget,
Lake Mondsee is not within the catchment area of the Baltic Sea, giving rise
to the small possibility that the short-term micro-events of HTM-5+6 may
be externally triggered rather than internally.

Figure 4.21: Comparison between Mo/Al at site F80 (black) and Ti
at Lake Mondsee (blue) for the duration of HTM-5+6 and HTM-7.
Weak anticorrelation may be present.

Especially interesting is the strong multidecadal signal in both records.
Three main periodicities of this multidecadal signal are shared between the
two records, spanning from a 48-year cycle to a 59-year cycle and a 98-year
cycle (Figure 4.22). A possible forcing for this may be the Atlantic Multi-
decadal Oscillation (AMO), which affects precipitation patterns in northern
Europe through subtle variations in North Atlantic sea surface temperatures
(Schlesinger and Ramankutty, 1994). This may not only have affected flood
frequencies and runoff rates in the northern Alps, but also the input of fresh
water and nutrients through increased river runoff.

Possible anti-correlation between the records may be explained by out-
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Figure 4.22: Power spectra of the Mo/Al record during HTM-5+6 at
F80 (black) and the titanium record in the northern Alps during the
same period (blue).

of-phase episodes of increased storminess between northern Europe and in-
creased precipitation in central and southern Europe due to the North At-
lantic Oscillation (NAO). The NAO is based on the pressure difference be-
tween the subtropical high pressure area and the subpolar low pressure area
over the Atlantic Ocean. If the pressure difference is high (positive NAO or
NAO+) westerlies over Europe will be relatively strong, leading to above-
normal temperature and storminess over northern Europe and below-normal
temperature and precipitation over central Europe. Since positive correla-
tion is expected with storminess for the Baltic Sea Mo/Al records (through
increased stratification following increased Baltic Sea inflow events, and in-
creased nutrient loading from increased river runoff) and with precipitation
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in the northern Alps titanium records (through enhanced input of terrige-
nous material), this may explain the possible anti-correlation observed in
Figure 4.21.

During the MCA, the sill separating the Baltic Sea and the Bothnian Sea
had developed enough to keep salty deep waters from entering the northern
Bothnian Sea. As a result, the Bothnian Sea remained oxic with almost no
Mo/Al enrichments since the end of the HTM (Figure 3.2). This closing of the
sill may also have influenced ventilation rates through both basins. Indeed,
a small shift to higher frequency variations can be seen when comparing
the power spectrum of the HTM at F80 (Figure 3.16) to that of the MCA
(Figure 3.22). This small shift to higher frequencies may have been a result
of shorter ventilation times in both basins due to their separation.

4.4 Evolution of Baltic Sea hypoxia during the Holocene

Although the focus of most paleoreconstructions of the Baltic Sea often lies
on hypoxia and hypoxic events, normal conditions consist of well oxygenated
deep waters. Due to the important role of the halocline in stagnation of the
water column, hypoxia did not occur in the Baltic Sea when it was still a
freshwater lake. Mobilisation of iron-bound phosphorous during the transi-
tion of the Baltic Sea from a freshwater lake system to a brackish sea has
been suggested as a possible cause for increased sea surface productivity dur-
ing the HTM (Sohlenius et al., 2001). The increased productivity combined
with stratification of the water column due to salty deep water input prob-
ably caused the onset of the series of hypoxic events during the HTM. High
precipitation rates over the catchment area of the Baltic Sea may have played
a role as well (Sepp and Birks, 2001).

Hypoxia in the Baltic Sea gradually became more and more intense
throughout the HTM, reaching the most intense period nearly 4 kyr after
the initial onset (Figure 3.1). At the same time, the Bothnian Sea deep
waters experienced the exact opposite trend, with gradually decreasing in-
tensity of hypoxia throughout the HTM (Figure 3.2). The process linking
these two basins is probably the shallowing of the sill between the Baltic
and Bothnian seas. The shallower sill would have prevented more salty deep
waters from entering the Bothnian Sea, eventually ending the hypoxia in this
basin. Upon re-oxygenation of the Bothnian Sea it probably became a sink
for phosphorous, ending hypoxia in the Baltic Sea as well.

During the HTM, a gradual increase in precipitation rates had started
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over the northern Alps, probably related to larger-scale climatic processes.
The effect of these processes is also visible in the Mo/Al record of the HTM
at F80, where wetter periods over the northern Alps correlate with hypoxic
events in the Baltic Sea (Figure 4.20). Coupling of northern European and
central European climates probably became more significant around the on-
set of the HTM (∼8.2 kyr), with a shift from dominant westerly air flow
to a meridional flow pattern and frequent southerly air flows (Seppä and
Birks, 2001). After termination of the hypoxic periods of the HTM precipi-
tation rates in the northern Alps kept increasing although no hypoxic events
occurred in the Baltic Sea for approximately 2.5 kyr. Decreased stratifica-
tion due to low deep water salinities probably acted against climatic forcing,
keeping the Baltic Sea oxygenated.

Increasing salinity in deeper waters due to increased frequency and inten-
sity of Baltic Sea inflow events may have set in motion the hypoxic events
during the MCA. The occurrence of the pre-MCA event, 500 years before
the onset of the more intense hypoxic events of the MCA, may be related
to a stronger halocline. Human influences in the form of rapid population
growth and increased agricultural productivity in northern Europe may have
accelerated the increase in hypoxia throughout the MCA through enhanced
nutrient loading. While the rapid onset of more intense hypoxia around 900
AD may be related to population growth, the equally rapid decline in 1350
AD may (in part) have been caused by outbreak of the plague in northern
Europe, and its associated decimation of population. This final termination
may have been too rapid to be completely explained by decreasing human
populations though.

While human influence on the hypoxic events during the MCA can hardly
be confidently deduced, its impact on the modern hypoxic event is thought to
be substantial, mainly in the form of input of nutrients from land. However,
the fact that the timing of the onset of the modern hypoxic event coincides
with the shift from high- to low frequency Baltic Sea inflow events shows
that the role of nature should not be underestimated. Despite mitigation
efforts on the input of nutrients to the Baltic Sea hypoxia remains intense
(Gustafsson et al., 2012). Modern hypoxia is probably maintained by internal
recycling of nutrients (Jilbert et al., 2011).

86



5 Conclusions

5.1 Techniques and age model

Although the LA-ICP-MS line-scanning method is a strong tool for resolv-
ing trace elemental enrichments at a high resolution, some problems persist.
These problems mainly influence the quantification of the results and have,
therefore, little to no effect on spectral analyses and qualitative comparisons
to other records. They can, however, significantly hinder element-to-element
analyses, which should always be kept in mind. These problems mainly re-
late to the difference in matrix between the sample and the standard, which
could, in part, be solved by spiking the resin with a certain element not
natural to the sample source region.

Construction of an age model using Mo/Al peak counting has been suc-
cessfully applied to the modern hypoxic event at three different sites. This
indicates that the peak-counting technique is a good candidate for dating of
hypoxic events. However, applying this idea to the whole MCA and HTM is
not precise enough, mainly because more oxygenated intervals may not con-
tain a yearly Mo/Al signal. For this reason the method is (for now) limited
to creating a floating timescale for a single hypoxic event. The existing age
model for F80 based on paleomagnetic secular variation may underestimate
sedimentation rates during hypoxic events, suggesting that sedimentation
rates during events are higher than during oxygenated intervals.

5.2 Hypoxic events in the Baltic Sea during the Holocene

Over the course of the Holocene, the Baltic Sea has tipped into and out of hy-
poxia on several occasions. Three main periods of hypoxia can be discerned,
starting with the Holocene Thermal Maximum (HTM) between 8 ka and
4.1 ka. Other hypoxic periods are the Medieval Climatic Anomaly (MCA)
between 900 AD and 1350 AD and the modern hypoxic event. Two main
forcings may influence hypoxia in the Baltic Sea. First, increased nutrient
loading could lead to increased surface productivity, increasing deep-water
oxygen stress through enhanced oxidation of organic matter. In addition,
stratification of the water column could significantly increase deep-water res-
idence times, creating oxygen stress through lack of supply from surface
waters.

Increased sea surface nutrient loading may originate both from within
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the Baltic Sea as well as be external. External input of nutrients could be
related to precipitation rates governing river runoff as well as agricultural
activity and deforestation in the catchment area. Internal nutrient loading
is caused by (1) the liberation of iron-bound phosphorus following a shift
to more reducing conditions and (2) increasing preferential regeneration of
phosphorus from organic matter with increasing euxinia. The liberation of
iron-bound phosphorus may set in motion a positive feedback loop, where
an initial trigger causes hypoxia to spread. Once a site becomes hypoxic,
the iron-oxyhydroxides reduce, releasing phosphorus. The resulting increas-
ing sea surface nutrient loading then leads to increased productivity, and
subsequent enhanced oxygen stress in deeper waters.

On average, oxygen stress gradually increased throughout the HTM in
the Baltic Sea, reaching most severe hypoxia a few decades before final ter-
mination of this hypoxic period. Onset of this hypoxic period is probably
related to the transition of the Baltic Sea from a freshwater lake to a brackish
sea. The resulting stratification due to increasing deep-water salinities prob-
ably facilitated hypoxic conditions. High precipitation rates in the catchment
area as well as liberation of iron-bound phosphorus probably contributed to
eutrophication of the surface waters.

While oxygen stress gradually increased in the Baltic Sea during the
HTM, it may have gradually decreased during this same time period in the
Bothnian Sea, possibly due to the build-up of a sill separating the deeper wa-
ter masses of these two basins. This would have led to decreased stratification
of the Bothnian Sea due to decreased salt-water inflows, re-oxygenating the
basin. At this point, the Bothnian Sea became a sink for phosphorus from
the Baltic Sea, which may have caused the final termination of hypoxia in
the Baltic Sea a few centuries later.

Although the MCA is characterised by more rapid Mo/Al enrichments
than the HTM, with most severe hypoxia reached just 500 years after initial
onset, the presence of a small hypoxic event another 500 years before that
shows that the system was already instable by that time. The two millennia
between the HTM and the MCA are characterised by oxic conditions, prob-
ably because stratification was weaker during this period. The occurrence
of the pre-MCA hypoxic event shows that stratification was already strong
enough to allow hypoxia long before hypoxia really started. This indicates
that multiple different forcings have to act together to cause hypoxia in the
Baltic Sea. Onset of hypoxia in the Baltic Sea was probably triggered by
increased nutrient loading through enhanced agricultural productivity and
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deforestation in northern Europe following (and facilitating) a dramatic in-
crease in total population. Termination of the MCA hypoxic period correlates
with a ∼50% drop in northern European population due to the Black Death.
However, related farm abandonment and decreased agricultural productivity
alone does not fully explain the rapidity of the termination. This suggests
that, if a decrease in human population is the cause of the termination of
hypoxia during the MCA, a strong positive feedback must have played a role
as well.

A few decades before onset of the modern hypoxic event, external nu-
trient loading to the Baltic Sea started increasing rapidly, probably related
to fertiliser runoff. Despite mitigation efforts in the early eighties, sea sur-
face phosphorus concentrations kept increasing, due to both liberation of
iron-bound phosphorus and preferential regeneration of organic phosphorus.
Preferential regeneration of phosphorus may not have played a large role at
BY15, which is one of the deeper sites, evidenced by a lack of increasing
Br/P ratios following the onset of the modern hypoxic event.

Although onsets of most hypoxic events seem rapid in the Mo/Al records,
small enrichments in V/Al and Br/P in the decade(s) before the hypoxic
events show that bottom water oxygen concentrations may have decreased
more gradually. The oxygen record at BY15 shows that oxygen concentra-
tions were near-zero for around one decade before onset of the modern hy-
poxic event. However, since euxinic conditions are required for precipitation
of molybdenum in the sediments, no molybdenum enrichments are present
during this decade. Br/P versus Mo/Al crossplots do show some preferential
regeneration of phosphorus related to increasing oxygen stress in the decade
before onset of the modern hypoxic event. The same Br/P enrichments are
present in the decade before many hypoxic events throughout the Holocene.

Timing of hypoxic events throughout the Holocene has been correlated
with a titanium record from a lake in the northern Alps. This record has
been interpreted as a precipitation record through input of terrigenous ma-
terial. A possible link between this lake and the Baltic Sea may be a shift
in atmospheric circulation over northern Europe around 8.2 ka, from domi-
nant westerlies to a more meridional overturning with frequent southerlies.
Although precipitation rates over the northern Alps keep increasing between
the HTM and the MCA, such increase in hypoxia is not found in the Baltic
Sea. This may be due to a low salinity gradient in the Baltic Sea during
these millennia, suppressing the climate forcing.

Starting with the onset of HTM-5, oxygen conditions in the Baltic Sea
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gradually became more and more euxinic until the end of HTM-7, probably
related to an – on average – expanding total hypoxic area. The occurrence
of “micro-events” throughout HTM-5+6 may be caused by temporary con-
tractions in the hypoxic area during its gradual increase on a multi-decadal
timescale. Such multi-decadal variability has been found in another lake
record from the northern Alps, with possible anti-correlation between the
two records. This could be explained by variability in the North Atlantic
Oscillation causing out-of-phase fluctuations in storminess between northern
Europe, and temperature and precipitation in central and southern Europe.

5.3 Suggestions for the future

The construction of high-resolution LA-ICP-MS (trace) elemental records of
sediment cores has many promising applications. Thanks to the high res-
olution, individual hypoxic events can be analysed in high detail, allowing
identification of yearly Mo/Al peaks and summer-winter contrasts. Signifi-
cant improvement can still be made in the construction of age models of such
cores using some form of the peak-counting technique. Important aspects for
improvement are increasing objectivity of the method and possibly expansion
of floating timescales for individual events to full age models.

Increasing the number of analysed sites may improve assessments of
regional-scale variations in hypoxic area. Upon improvement of the cali-
bration procedure, qualitative element-to-element analyses can be performed
more confidently. Causes of internal variability within the Baltic Sea may
improve understanding of short-term variability in hypoxia throughout the
Holocene. These causes may be found by, for example, modelling studies or
more detailed studies into the iron-bound phosphorus feedback mechanism.

The cause of terminations of hypoxic events, arguably the aspect of
hypoxia most relevant to society, is still unresolved. Although some geo-
engineering solutions have been proposed to counter the modern hypoxic
event, these are generally not practical options. More investigation into the
terminations of older hypoxic events may help understanding of the con-
ditions needed to end current hypoxia in the Baltic Sea. However, condi-
tions during the HTM and MCA may have been significantly different from
present-day.
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