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1 Introduction

1.1 Motivation

Coastal and marginal seatike the Baltic Se@serveas natural reaction sites fohe turnover
and accumulation ofland-derived inputs. The main locationfor the modification and
depositionof the introduced materials, in most cases, not the water mass, thg sediment.
Its key function as central reactor ithe interaction between land and sehas so far been
insufficientlystudied and assessetihis studywas part of theinterdisciplinarySECOfroject
that aimedto identify and evaluat¢he servicefunctionsof sediments in Germagoastal seas
in the context of human use with a focus on the Baltic Sea. @nis goak was to assess
sediment functions rel@d to the intermediate storage or final sink infiported material like
nutrients and contaminants, and quantify their inventory as well as their massumulation
rates on multidecadal to multicentennial time scale$:or that, a detailed examination tie
natural and anthropogeniprocesses that interferavith sediment accumulation in the south
western Baltic Sea basins is essentiathis context, the followingesearch questions will be

examined and discussedthin this study

1. Which natural and athropogenic mixingorocessedake placeand what are their
effectson the sedimerds in thesouth-western Baltic Sebasin®
2. What are the resultingedimentaccumulation patterngnd inventorie®

3. What are thetimescaleson whichthe basinsact assinks for imported material?

1.2 Regional setting

The semienclosed Baltic Sea is @amer continentalshelf seathat liesin the temperate
latitudes ofthe prevailingNorthern Hemispherevesterlies(between 1630°E and 5466°N) It
consistsof several basin®f different depth, separated byshallowersubmarine sillghat
restrict the horizontal water exchange between the basins as well as with the NortA ls®a
Baltic Sea is connected to the North Sea viattiee narrow Danish Strii (Little Belt, Great
Belt, Sound) and the Kattegais transition zoneTheLittle Belt and the Great Befherge via
the Fehmarn Belt into the MecklenbuBight that has a maximum depth of about &b The
Mecklenburg Bighand the Souncdjoin the 18m deepDarss Sithnd the 8m deep Drodgen
Sill, respectively, where they opento the ArkonaBasinwith a maximum depth of about
50m. The Arkona Basiis connectedto the up to 100m deep Bornholm Basin by the

Bornholmgat without a substantial sillThe othermain basins ar¢he Eastern and Western
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Gotland Basin with maximum depths of about 2B@&nd 460m (Landsort Deep)espectively,
the Gulf of Finland with a maximum depth of about 180the Bothnian Sea, and the Bothnian
Bay with characteristic depths of 120 and 80m, respectively(HELCOM, 20(02.ass and
Matthaus, 200§.
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Figurel.1l. Map of the Baltic Sea and itatchment aregHELCOM, 20068/NEP, 2006
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The Baltic Sea has a water volume of 21 ki& and covers an area of 415,286 with an
associated catchment area of 1,720, X’ that is spread over 14 countrie§i().1.1). The
total longterm mean runoff from all Baltiaivers is479 kn# a, of which nearlys0% drain into

the BalticSeavia the gvenlargest riversi.e.,Neva, Vistula, Nemunas, Dauga@aler, Gota

Alv andKemijoki.This freshwater surplus together with the restricted water exchange with
the North Sea leads to brackish water conditionsgesidence time oflie water within the
Batic Sea of25-35yearsand a permanent density stratification of the water column that
hampers the vertical water exchange. In general, there is a surface layer of low saline water
(6-8 PSU) flowing out into the North Sea and a compensation current iddlee layer that
transports higher saline water (14 PSU) into the Baltic Seproducing a pycnocline
Becauseheseinflows of saline water are restricted by the narrow and shallow transition area
to the North Sea, the deepater in the central basins tels to stagnate for periods stveral
years, thereby creating anoxic conditions and leading to the formatidwgbfconcentrations

of hydrogen sulplde. The lack of oxygen is accompanktadthe impoverishment of the
benthic communityfollowed by the disappearance of higherganisms. Occasionally, larger
volumes (10250km?3) of highly saline (:25PSU) and oxygenated waterso called Major
Baltic Inflows (MBIs) enter the Baltic Sea under certain meteorological and oceanographic
conditions and ventilate the basins for some tiffi¢ELCOM, 2002ass and Matthaus, 20)8

The Baltic Sea is situated between the Fennoscandian Shield in thewwnesthand the
European Plain in the soutast. The morphology of that region wasimarily created by the
quaternary glaciationsGlacial erosion shaped the crystalline Precambriackgoof the
Fennoscandian Shield and excavated the Baltic Sea basinthéhiavlands of the European
Plainwere covered bythe resultingglacial sedimenta/Vhen the Scandinavian Ice Sheet finally
retreatedsome 12,60 years aga proglacial lakeevelopedfrom the melting waters before
the ice¢ the Baltic Ice Lakén the lake floorvarved claysccumulateddue to the seasonal
differences in thesediment load from the melting ice. About 10,300 years ago, the Baltic Ice
Lake wagonnected to theworld ocean and the brackish Yoldia Sea formed, named after the
marine bivalveyoldia arcticfrenamed toPortlandia actica) that inhabited it. Eventually, the
postglacial isstatic uplift exceeded the eustatgea level risand closed the strait in cemal
Swedenagain about 9,500 years agbhe sea quickly turned into a fresbater lakeand was
populated, among others, bthe gastropodAncylus fluviatilisin the period from 9,000 to

8,000 years, th Ancylus Lake was increasingly affected by salt wiaignessions from the
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Kattegat and becammore and more brackistErosion andhe eustaticsea level risdinally
submergedhe Danish Straitpermanently and led to a quick rise of tbBaltic sea level by
about 20m within a few centurieg; the Littorina TransgressionThe evolved Littorina Sea
became so salty that it was populated by the marine gastrdpttdrina litoreaabout 7,500
years agoDue to continued isostatic uplifthe water exchange with the North Sea and thus
the salinity of theBaltic Sa decreased about 4,000 years agjodaythe postglacial isostatic

I R2dza 0 YSyYy i 2 7T still dSe Srélaive Kplftiof up katBmia in the northern
parts, resulting in regression andoastal advance.hE southern Baltic Sea shows a slow
subsding effect that is exceedetby the eustatic sea level rise ofndm/a leading to

transgression and coastal erosiijiorck, 1995Leipe et al., 2008.emke, 1998

Figurel.2 shows herecent distribution ofsurface sedimerstin the southwesternBalticSea
that reflects the integrated effects of hydrodynamics, the initial glacial sediment distribution,
and the posiglacial morphological development. There are ar@agrosionwith glacial till
outcropsand partly gravelly, soalledlag seliments (brown) that can be found where fine
grained materials removed by waves and currengsg. in the Fehmarn Belt. Thiise material
is passing througlransitional areas wih sandy sediments (yellow, green, light blug)he
Oder Bank in the Pomeranian Bight, Stoltera, and the Tromper iekbe deposited at
greater depths in the form of organitich mud (blueleipe et al., 201)7 Since the Littorina
Transgressionan up to 9m thick layer (3.%&m®) of mud accumulatedn the Mecklenburg
Bight(including the Bay of Lubedk)danup to 11mthick layer (20.4«m?d)in the Arkona Basin
(Bonacker, 1996
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Figurel.2. Distribution map of the major sediment typesn the GermanBaltic Searea AB: Arkona
Basin, FB: Fehmarn Belt, FRS: FaRigen sand plain, LB: Libeck Bay, MB: Mecklenburg Bight, OB:
Oder BankSC: Sassnitz Chann®TOL: Stoltera, TW: Tromper Widkdified afterLeipe et al.Z017).
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Besidescoastal erosion and atmospheric deposition, most laedived material enters the
south-western Baltic Seaia the Oder Riveafter passing the Oder Lagoamthe southeast
Furthermore bottom inflows of saline water also deliver suspended matter from the North
SeaThe Sassnitz Channek former riverbedrom the Oder that drained further north, when
the sea level was lower, andstill a pathway foriver discharge into the Arkona Sdaring
easterly windqChristiansen et al., 200Emeis et al., 200Z5ingele and Leipe, 200Leipe
and Gingele, 20Q30ohl et al. 1998 Siegel et al., 2005

1.3 Anthropogenicontamination

The Baltic Sea is surrounded by nine highly industrialised coufigsl.) and is therefore
under strong anthropogenic pressure. Apart from direct impact by commercial use (fishery,
maritime traffic and constructions), industry and agriculture are still the main sources of
contaminationthrough river discharge and air pollutiofihe Baltic Seia particularlysensitive

to contaminationof different kindsdue to the restricted water exchae with the North Sea,

the resultingresidence time of water within the Baltic Sea and the verticaltgication of the
water column(HELCOM, 2011, 20L0¢ausch et al., 2008

Mercury is agoodexamplefor the widespread pollutioruring the industrial times (lasirca
150 years) It has thehighest enrichment factor in anthropogentontaminatedsediments
(compared to other heavy metalahdisone of the most sensitive elements for environmental
studies It has ahigh affinity to organic materiand thusenrichesin the naturalfood chain
while being highly toxic to organisniBhe ratural occurrence of Hg is limited focal Hgrich
ores andvolatile outcrops ofctivevolcanic zoneswhich results in a very low natl geogenic
background.In Baltic Seaediments this preindustrial backgroundoersisted until around
1900, even thouglndustrialisation started around 185@lylander and Meili, 2003 eipe et
al., 2013, 200p Anthropogenic sourceclude (i) fossil fuel combustion(ii) the production
of steeland other netals, as well axement (iii) mercury,gold andsilver mines, smelters and
chemical industrieqiv) agriculture and wood industries (e.g. pesticides, paper maisjl (v)
batteries, thermometersand lamps.The commercial use peaked in 19&hd has declined
sharply sincedue to environmental measuregHorowitz et al.,, 2014Leipe et al., 2013
However,Hg hasa long residence time in the environmeand its recent contents in the
sediments arestill much highethanthe natural background level§he nain pathways into

the Baltic Searevia(i) amospheric deposition(ii) riverine input (iii) coastal industal point
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souces and (iv) istorical dumping sites as locpbllution hot spots In the Libeck Bight,
industrial waste fromasmelterwas dumped in thd960s andpresumably military waste from
World War Il was dumped in the western Arkona Bdsiallberg, 199;lLeipe et al., 2013,
2005.

Anothercontaminantis the artificial radionuclidé*’Csthat is formed by nuclear fission and
has a half-life of 30.17 years82.61% ofthe *'Csin the Baltic Sea originatefsom the
Chernobyl accident on 6April 1986 which started a worldwide tracer experiment and
affectedthe Baltic andBlack Sesthe most(HELCOM, 203 ®ovinec et al., 1996Due to the
meteorological conditions at the time, the Chernobyl fallout was unevenly distributed over
the drainage area ahe Baltic Seawith highest contaminationn the land areas around the
Bothnian Sea and the eastern Gulf of Finlar@l22%originatesfrom atmospheric nudar
weapons tests in th&950-1980s. The first widespread dispersal and fallout&Cs occurred
in Novemberl952 and wasfirst detected in the atmospheran 1954, while the marmum
deposition in theNorthern Hemisphere prior to Chernobyl was in 196%pleby et al., 1991
HELCOM, 201Pennington et al., 199)3TheBaltic Sedieswithin the zone of most intense
global fallout between 40fo 60°N(Nies et al., 1996 4.13%originatesfrom dischargedby
nuclear reprocessing plants outsitlee Baltic Seanfostly U.K and France)and only0.04%
from nuclear dischargedirectly into the Baltic SeaThe impact of nonnuclear facilitieds
negligibleand thefallout fromthe Fukushima accidenin March 2011is not detectable irthe
Baltic SegHELCOM, 2018us and llus, 20Q0*3"Cshas a tendency to bind to fine and organic
particles, thus70% of**’Csin the Baltic Se& found insediments(lkaheimonen et a).2009.

Its total activity in 2010was stilleight to ninetimes higher than the pr&€hernobyl levein
1980 and the downwards diffusion of Chernoby#’Cs has often obliterated the weapons

testing*¥’Cssignal(Appleby et al., 194IHELCOM, 20).3

Peasistent organic pollutants (POPs) likelyzhlorinated biphenylPCBs) angbolycyclic
aromatic hydrocarbon@PAHSs) are alsentering the Baltic Seaaatmospheric deposition and
river dischargeBecause of their hydrophobic character and high persistence, large amounts
of POPs accumulate in sedimerftsedman et al., 20Q9Witt and Trost, 1999 PCBsare
synthetic chemicals thatere used as plasticisers, insulatas well aglame retardantsand

were widely distributed through inappropriate waste handling or leakage fromelarg
condensers andydraulic systemg-HH.COM, 20100 PCBs wereroduced in large quantities

since around 193%nd the commercial use peakeid 197Q similar toHg and some other
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heavy metalsNowadays, the main sources are of secondary nature, e.gcB@Bining waste
(Breivik et al., 2002a, 200pHAHs arenainlyformed byincomplete combustion due talack

of oxygen but they are also synthesised by some organisms like bacteria, algae and fungi,
resulting in low natural geogenic background values. The primary anthropogenic source is
fossil fuel combustion, followed bgtmospheric depositionand other sourcessuch as
domestic and industrial wastewater, continental roff and spillage of petroleum products

by shipsPAHs have dow solubility in water andare easily associatedith fine particulate

and organic matterThey are slowlgecompo®d by microbial degradatioas well agphoto-

and chemical oxidatiof\Vitt, 1995. PAH concentrations increased frane late 19" century

until around 1960 due to the industrialisation, followed bylecrease due tahe change of

fuels from coal to oil and gas, which emit less PAHs during comb\{sgtitrand Trost, 1990

Organotin compounds are another type of organic pollutants and a@reost exclusively of
anthropogenic origin Mono- (MBT)and dbutyltin (DBT) were mainly useds stabilising
additive in PVGince thel940s and tributyltin (TBT) was usedantifouling paintfor marine
vessels to avoidnattachment of organisms ontthe hull since the late 1959 Because of its
lipophilic nature,TBT aaemulates in marine organisms, wherecéuses endocrine disorders,
e.g. in molluscsAs a conse@nce, it was banned for labs <25 m in 1989 and totally in 2008.
TBT is degraded to DBT and MBTUNYyplotolysis and microbial activity withalf-lives ofsix
days up to fourmonths in seawateroneyear inaerobic and up tden years in anaerobic

sedments(Abraham et al., 201)7

Moreover, the anthropogenic input of nitrogesind phosphorus can also be regarded as a
form of contamination that fosters the eutrophication of the Baltic Séléhe additional
nutrients increase the production, sedimentation and decomposition of organic matter, thus
increasing the oxygen consumptiofhis often leads to an oxygen depletion of the bottom
waters and the sedimentdihe oxygen depletiofurther promotes eutrophication because
the reduced sediments release significant amount$od the overlying waterunder anoxic
conditions Most of the nutriens (75% of N an®5%of P) originate from waterborne sources,
predominantlyfrom agriculture and municipal wastewater treatment plants, but aflsam
industry and aquacultureThe remaining 25%enter the Baltic Sea directly via atmospheric
depositionand only about 16% of the tal nutrient inputs are of natural origirThe nutrient
inputs have been reduced significantly since the late 1980s. From 1990 to 2000, the

waterborne N and P inputsave declined by 30% and 45%, respectively. The atmospheric N
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deposition has alsoatlinedsince mid1990s, buincreasedagainfrom 20032007, probably
due to the increasing ship traffic in the Baltic $¢&LCOM, 2011, 2010a, 2010c, 2009

Measured profile®f some of these contaminanfeom undisturbedshortsediment cores can
be used for event stratigraphic purposés reconstruct environmental changes atsub-
decadal to decadal resolutioin the muds of the Baltic Sgthe main time markers arg)(the
exceedance of Hg over natural background lewlsiround 1900, ii) the first detectable
presence of PCBs at arui 1935 (iii) theradionuclide production (e.g*Am)dueto nuclear
weapons testing from 195t 1975 with a peak in 1963,\) the maximumof heavy metal
and PCB concentratioas$ around 1970and(v) thesharp®’Csincrease due tohe Chernobyl
nuclear accidenin 1986(Fig. 13). However this event stratigraphy isnly reasonable in areas
with continuous sedimentation and limited pedepositional disturbancdike the Gotland
Basin, where it is also possible to date the sedimentsingupported?'®Pb. Thernflux of old
re-worked sediment diluteghe artificial signals and decreastge 2P hunsupp.activity. In this
context, @rallel Hg and®’Cs measurementare useful to assesthe suitability of sediment

cores for event stratigraphgnd dating(Moros et al., 201).
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2 Materials and methods

2.1 Sediment coringndsubsampling

Sediment sampling waserformedin the mud areas of the Mecklenburg Bightiathe Arkona
Basin as well as selected sandyreas(Stoltera, FalsteRugen sand plajnTromper Wiek,
Sassnitz Channel, Oder Badkying cruises with R/V ELISABBMTANN BORGESE (EMB,
EMBO76in 2013 and®2014 R/V ALKOR (AB4) and R/V POSEIDON (RT8pin 2014(Fig. 2.]

Tah 2.1). Up to 47cm long sediment cores were retrieved with a fo{EMBO058) or eightube
multi-corer from OktopusGmbH equipped with two to eight 6&m long and 1@m wide
polycarbonate tubesMost of the gained cores were immediately cut t@rh thick slices,
which were thentransferred to 100ml plastic jars (EMB058) or 5l polypropylenetubes

and frozen orboard. Back at th&eibniz Institute for Baltic Sea Research Warnemiinde (IOW)
thesesamples were freezdried under vacuum and homogenised afterwards for particle size
analysis. A proportion of each sample was ground with a ball mill for geochemical analyses.
For Xray radiography, some of the POS475 cores were split lengthwise on bodrtheir
work halves were further processed at ti&eological Survey of Finland (GirKEspoo. For
radiograph samples served plastic boxesX5 2cm) that were pushed into the hatfores,

cut out with a steel string, and sealed with tafértasalo et al., 201)1
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Table 2.1. Meta data of the studied cores, retrieved by mudorer. AL: R/V ALKOEMB: R/V
ELISABETH MANN BORGESE, POS: R/V POSEDAGMNNa Basin, FRS: Falitégen sand plaih,B:
Libeck Bay, MB: Mecklenburg BigbB: Oder Banl§C: Sassni@hamel, STOL.: Stoltera, TW: Tromper

Wiek.

Core ID Sampling Region Latitude Longitude  Water depth Recovery
date (WGS 1984) (WGS 1984) [m] [cm]
EMBO058/44 2 0Oct2013 LB pncncdmmc ndgd 228 45
EMBO058/22 2 0Oct2013 MB pncMHdMMCHMG 21.8 34
EMBO058/32 2 Oct 2013 MB pncMpdmMmMcHCd 222 36
EMBO058/42 2 Oct 2013 MB pncmMydmmcood?245 34
EMB058/62 3 Oct2013 AB pncnTtdmMocmMpd420 42
EMBO058/1322 50ct2013 SC pncoodmocnnd 233 44
EMBO058/152 6 Oct2013 AB pncppdmocnnd46.1 38
EMBO058/162 6 Oct2013 AB pncpHdmMocodd 452 39
EMBO058/172 6 Oct2013 AB pncpcdmocmy d440 40
AL434/2981 29 Mar 2014 MB pncmMpdmmcond24.6 38
AL434/33311 30 Mar 2014 LB pncncdmmcnc d 231 38
AL434/3642 1 Apr2014 STOL pncwmpdmmcpc d185 24
AL434/3972 3 Apr2014 OB pncHcdmncnod16.4 15
AL434/4273 5 Apr2014 AB pncpndmocHG®d 455 47
EMB076/221 24 June 2014 TW pncoydmocond 288 28
POS475/177 2 Oct2014  AB pncpodmocpmd50.0 42
POS475/12 30ct2014 AB pncntdmocmpd43.0 30
POS475/22 3 0ct2014 AB pncppdmocnnd47.0 36
POS475/24 4 0ct2014 FRS pncnHdMHCN MJd 22.0 19
POS475/54 10 Oct 2014 LB pncncdmmc adgd 23.9 35
POS475/5710 11 Oct2014 MB pncModmmcopd?27.1 37

2.2 Water conteh anddry bulk density

Theabsolutewater content(Ws,) of the freezedried samplesvas calalated bysubtraction of
dry weight from wet weight valuedt was usedo calculate he dry bulk densit{yDBD)with
the equation ofFlemming and Delafontaine (20Q0@nder the assumption ofreaveragegrain
density of around 2.65/cm?:

DBD =2.6596360n ®ny y c abc nn &tn myd°Pgmannjin g g don 0
A comparison witlbBD valuefom samples of the same study arealculated afteiDadey et
al. (1992considering the fresh sample volurseoweda good agreemen(Viarko Lipka 2017,

IOW, personalcomnunication).
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2.3 Patrticle size analysis

The particle size was determined by laser diffractomeititer Fraunhéfef) theory with a
CILAS 1180Qaser ParticlesizeAnalyzerfor particle sizes of 0.4 to 28 um used in wet
dispersion modeDepending on the respective sediment tyPed7 to 1.21g ofeachsample
(<0.1g for mud,>0.2g for coarsersediments)wvere suspended in 220 ml deiorisedwater
(carrier liquid) followed by 3 to 10minutes of ultrasonic treatmentOnce thebackground
measuremenbf the carrier liquid was finished, the suspendaimplewasintroduced to the
deviceafter passinga 1mm sieve to protect the device from possible shell or plant remains
The sample circulatethen through a closed circuit past the lasewhile it washeld in
dispersion by ultrasound20 measurementsvere performed foreachsample and averaged

to oneresult.

To characterise the sediment in an almost natural state, the organic content was not removed
and no dispersing agent was added before measuleasurements of the sandy samples
required more material in order to keep the number of suspended plgi high and to
guarantee statistical relevanc@he pecision (relative standard deviationyas regularly
determined byrepeatedmeasurements ofive subsamples and was better than %2 The

sediment classificatiowas based on the mediaand its sortingd “wascalculated after:

A $ xju ¢ vwwhere D25 and D7fepresentthe size at 25% and 75% of the sample by

weight, respectively

2.4 Gammaray spectrometry

The gammaay spectra of theEMB058sampleswith focus on the radionuclidé*’Cswere
determined using a Broad Energy Higpurity ~ Germanium Detector
(BE38307500SERD&-ULB)or a Germanium Well Detector (GCW402900SERD@&6-ULB)
from CanberraThe radionuclide activities were calculated ugimgdecay correcteaertified
reference material§CRM)JAEA385(Irish Sea Sediment, International Atomic Energy Agency)
and IAEA447 (mosssoil). Theenergyused for quantification of the isotopwas ~662keV
(Moros et al., 201). Because of the tendency &#’Cs to bind to fine and organic patés
(lkaheimonen et al., 200%nd in order to enhance #h comparability between different
sedimentological environments, tHé’Cs activity was normalised by the total organic carbon

(TOGQ contentof the respective sampléect.2.5.3.
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2.5 Geochemical analyses

2.5.1 Mercury

The Hgcontent was measured with ®irect Mercury Analyzer DM30 from Milestone
Microwave Laboratory SystenfdLSGmbH. Depending on the sediment type, 40180mg
of eachsample were weighed into sample boats and loaded onto the -satapler. After
thermal decomposition at 758C in an oxygen stream, the released gases were derived and
mercury selectively trapped through amalgamation with gold. Reheatindi®famalgam
rapidly releasedHgthat was then carried by the oxygen stream to the measuring cell of the

spectrophotometer, where it was determined by atomic absorption at 258185

Calibration was done with th€ RMsBCRL42R (Light Sandy Soil, Instituta Reference
Materials and Measurements, European Commissamj SRM 2709 (San Joaquin Soil,
National Institute of Standards & Technology, U$N)g five concentration steps covering a
range from 5 to 50dig Hg(Leipe et al., 201)3 Pecision(relative standard deviationand
accuracy(deviation fromreferencevalue)were checked wittalternate measurements of the
in-house reference materialRM) MBSSL (Mecklenburg Bight Standard Sedimeiy
EMBO058 samples (#4%and 1518%) and theCRMBCRL42Rfor all other samples (6.88and
-13.0484).

If the measureddown-core Hgprofiles showed a relative stable level of lowaluesin the

deeper core sectionthiswas assumed as thgeogenic backgroundf the respective core
location.Because athe high affinity of Hg to organic materialeipe et al., 201)and in order
to enhancethe comparability between different sedimentological emviments, the Hg

content wasnormalised bythe TOCcontent of the respective samp(&ect.2.5.3.

2.5.2 Carbon,nitrogenand sulphur

The ptal carbon(TC)as well as nitrogefTN)and sulphur (TS)ontents were measured with
aCHNSD Elemental Analyser EuroB#52from EuroVectarin small stannic cup$0 to 25mg

of eachsamplewereenclosed together with a pinch of divanadium pentoxide as catalyst. After
combustion at 1000C in a heliurrcontaining concentrated oxygen atmosphetiee released
gases were déved, reduced and then separated by gas chromatography, before they were

analysed with a thermal conductivity detector.
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Calibration was done with th€ RMBBOT (2 Bis(5tert-butyl-benzoxazeR-yl)thiophene)
Precision and accuraaoyere checked withalternate measurements of the wmouse RM
MBSSL or ABSS (Arkona Basin Standard Sedimendepending on the sample origin
(Tab.2.2).

Due to its affinity to fine particles and in order to enhance the comparability between different
sedimentologicaénvironments, the Tind TSontents were correlated tothe fine fraction
Mo >Y0O 2F GKS NBaLISOGAGS al YL So

Table2.2. Precisiorand accuracy of G TNand TSmeasurementsAB: Arkona Basin, MB: Mecklenburg
Bight, RM: Reference Material.

Samples RM TC[%)] TN[%] TI[%]

EMBO058 (AB) ABSS 1.25/-1.97 3.40/4.37 2.34/0.77
EMBO058 (MB) MBSSL 0.91/-2.98 3.78/2.06 1.57/0.91
Other MBSSL 1.70/-1.54 8.39/2.34 8.91/0.80

2.5.3 Inorganicandorganic carbon

The total inorganic carbon(TIC)content of most samplesfrom EMBO058 and AL434as
measured with aMacro-Elemental Analyser multi EA 2000f#& Analytik JenaCa. 100ng
of the samples were weighed into glass flasks, covered with deidmisger and then heated
and stirred with a magnetic hot plate. Through addition ahbof phosphorus acidn an
oxygen stream, the minerddound carbonate (e.g. Cag)@Was released as carbon dioxidad
transferred by the carrier gas to the nondispersiu&ared (NDIR) detector. Foeasonsof
time, only the top, bottom and every fourth to tenth sample of therwise slicedEMB058

cores vere measured.

For samples from all other cruises d@noim the coreAl434/4273, aMacro-Elemental Analyser
multi EA4000 CS Blirom Analytik Jenawas used. Circ80 mg of the freezedried and
homogenised sediment samples were weighed into sample boats and loaded onto the auto
sampler.By addition of 800ul of phosphorus acidn an oxygen stream, the minerabund
carborate was released asarbon dioxideand transferred by the carrier gas tbhe NDIR

detector.

Calibration was done with synthetic calcium carbonate; precision and accuracy were checked
with alternatemeasurements of the imouseRMsMBSSL, ABSH. or OBSS. (Baltic Sedasin

Standard Sedimentflepending on the sample origin and measuring device, respectively. For
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the EMB058 samples fromme Mecklenburg Bightprecision and accuraocyere 2.5%6and
4.4P%bandfor the EMBO058 samgs fromthe Arkona Basin 2.98and-24.38% For most A434
samples MBSSL was used and precision and accuracyren8.536 and 1.734 For the
remaining AL434 samples as well as those from EMB076 and P@BES was used and

precision and accuracy web.926and 13.0%4

The total organic carborfTOCYEontent was calculated by the subtraction of TIC from TC values
(Leipe et al., 20011 Due to its affinity to fine particles and in order to enhance the
comparability between different sedimentological environments, the TOC content was

correlated to the fine fractionX¥$3> Y df the respective sample.

2.5.4 Phosphorus

Thetotal phosphorus conten{TRsn) was determined for the cores EMB058/2 from the
Mecklenburg Bight as well 4%-2 and 172 from the Arkona Basimportion of the samples

was hcinerated for Zh at 550°C. 50mgof the resulting ashes were weighed into glass flasks,
treated with 25ml 1 N hydrochloric acid and covered by aluminium foil before heating for 15
minutes on a hot plate.The extractswere then filtered with 0.45um syringe filters into
polypropylene tubs, filled up with deionised water to a final dilution factor of 2,000 and
stored in a fridge pending analysis by inductively coupled plasma optical emission

spectranetry (ICROES) with arCAP 6300 Duimom Thermo Fischer Scientific

To verify the accuraayf TRsh, the total phosphorus (THges) content in the cores EMB0582
and 152 was additionally measuredlong with other major and trace elementsy ICPOES
after total digestion of the sedimentSgct.2.5.6). Precision and accuradyiab.2.3) were
checked withalternate measurements of th&€RMs SGRL (Green River Shale, United States
Geological Survey)lH2 (Toronto Harbour Sediment, Nationdlater Research Institute,

Canadapr PACS (Esquimalt Harbour Sediment, National Research Council, Canada)

Table2.3. Precision and accuracy dPmeasurementsCRM: Certified Reference Material.

Samples CRM TPsn [%0] TRoigest [%0]
EMB058/22, 152 SGRL 6.44 /-15.03

EMB058/22, 152 PAC4 0.81/-1.97
EMBO058/172 TH2 0.98/-7.05
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2.5.5 Biogenigsilica

The biogenisilica(pioSiQ) content of the EMB058 samples was determined by wet chemical
leachingmodified afterMuller and Schneider (199.30mgof eachsample were weighed iot
stainless steel cylinders, tread with 100ml 1 M sodium hydoxide andcheatedfor 40 mirutes

at 80°Cin a shaking water bath. After cooling down in a eafater bath, thesuspension
were centrifuged for 15 mintes at 4000 rpm. The supernatasvere filtered with 0.45um
syringe filtes, filled into polypropylenetubes and stored in a fridge pending analysis by
ICROES iCAP 6300 DyoThermo Fischer Scient)fiat a dilution factor of 20,000The
measured biogenic silicon content was then multiplied with the molecular weight of silicon

dioxide and divided by the amic weight of silicon to obtain thgSiQ content.

Precision was between 0.7% and 13.4%. It was checkedletinate measurements of the
in-houseRMArkona Basin Sedimetitat was producediuringthe SiBERroject (Silicate and
Baltic Sea EcosysteResponsepy Daniel Conley of the formeXational Environmental
Research Institute (NERY)Roskilde, Denmark (now thH2anish Cetne for Environment and
EnergyDCE

2.5.6 Major and trace elements

Themajor and trace element contents includidd) Feand heavy metal(e.g. Cd, Cu, Pb, Zn)
of one corefrom eachmud basin(EMB058/22 and 152) were measured by IEGBESwith an
ICAP 6300 Duar ICPmass spectrmetry ICRMS) with anCAP Q IGMSfrom Thermo Fischer
Scientificafter total digestion of the sediment. For thatirca 50mg of the samples were
treated with 1ml of a 65% nitric acid solution for some hours to remove the organic content.
Then 3 ml of hydrofluoric and 2nl of perchloric acid were added and the sangpleere put
into a pressure digestion systeRDS6 from Loftfields Analytical Solutior(sieinrichs et al.,
1986) for 15hours at 185°C. Thereafterthe acids were evaporated at 18Q, the wet
residues were ralissolved with 2Znl semiconcentrated hydrochloric aciednd fumed off three
times, before they were diluted in 2%itric acidto a final dilution factor of D00 (OES) to
5,000 (MS). The used acids were purified by-baling distillation, with exception of
hydrofluoricacidthat was ofsuprapure qualityalready(Dellwig et al., 2007

Precision and accuraayere checked with simulteeous measurements ohe CRM SGRL

and PACH. (Tab. 2.3. If the measured dowatore element profiles showed a relative stable
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level of low values in the deeper core section, this was assumed as the geogenic background

of the respective core location.

Table2.4. Precision and accuracy Af, Cd Cuy Fe PbandZnmeasurmentsCRM: Certified Reference
Material, MS: mass spectrometrie, OBftical emission spectrometry

Samples CRM Al (OES) [%] Cd (MS) [%] Cu (MS) [%]
EMBO058/22 SGRL 1.92/-0.67 1.22/18.25 0.46/-8.31
EMBO058/22 PACS 3.80/-9.90 0.69/10.25 0.03/-13.88
EMBO058/152 SGRL 1.92/-0.67 1.37/17.81 1.66/-8.38
EMBO058/152 PACS 3.80/-9.90 0.85/18.08 0.65/-5.18
Samples CRM Fe (OES) [%] Pb (MS) [%] Zn (MS) [%]
EMB058/22 SGRL 0.65/-4.55 0.7717.97 0.63/5.50
EMB058/22 PACH 0.33/-6.77 0.45/-10.30 0.01/-8.38
EMBO058/152 SGRL 0.65/-4.55 2.06/8.26 1.40/8.11
EMBO058/152 PACS 0.33/-6.77 0.07 /-0.75 0.71/3.30

2.5.7 Persistent organic pollutants

Forone core from each basifEMBO058/14 and 62), various POPs were determined by the
Organic Trace Substancgsoup of the Marine Chenstry department at IOW. 24 PCB
congeners were selected to cowthie structural diversity of this group of substances including
the 7 ICES indicator congeneirstérnational Council for the Exploration of the bé&@r PAHS,

15 ofthe 16 priority EP&ongenes United States Environmental Protection Ageidyl COM,
2010D were selected Naphthalene was excluded due to its volatility and thus inaccurate
determinability. The extradion, purification and analysisvere basically conducted as
described in thedManual for Marine Monitoring in the COMBINE Programme of HEIECOM
(HELCOM, 2012a, 2012 he organic pollutantasere extractedfrom 1g of samplewith an
Accelerated Solvent Extractor (ASE) 86 Dionexand desulphurised oractivated copper
spirals Then, they were purified throughlush column chromatographyn silica and
aluminium followed byfurther purificationthrough size exclusion chromatograpt8EC)rhe
final separation and detectiowasdone witha gas chromatography maspectrometry(GC

MS)system(Trace GC DSQ from Thermo Fischer Scientific

The individual derivatives were summed @2 1t A t ! I ¥ R NB & thiSnizashrétlS t & o
down-core profiles showed a relative stable level of lgaluesor zeroin the deepercore
section, this was assumed as the geogenic background of the respective core location.

Because of thie high affinity to organic materigSchulzBul et al., 1998 Witt, 1995 and in
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order to enhance the comparability between different sedimentological environments, the
1t/ . YR 1t!ll 02y iSyida daéhiNibtheyedpedtivebalnpleS R 0 &

2.5.8 Organotin compounds

The analysis of theorganotin compoundsMBT, DBT and TBfm core EMB058/& were
performed by theOrganic Trace Substancgsoup of theMarine Chendtry department at
IOWand werebasically conducted as describeddiN EN ISO 23161:20&ith modifications.
The organic pollutats were extracted from & of samplen apotassium hydroxidé methanol
/ hexane solution at 76C and then derivatisedith sodium tetraethylborateat a pH of 4.5.
The products were extracted with hexane and dried sodium sulplate, followed by
desulphurisatioron activated copperiralsandpurification by flush column chromatography
on activated silica. The final separation and detection was done with-BMl&€&ystemTrace
G{ Automass Il SojJdrom Thermo Fischer Scientifieor quantificaion, the internal standard
TPT (Tetrapentyltin) was used. Further details can be obtdireed and the results were
published inAbraham et al. (2017)

Because of the high affinity of organotiompounds to organic materiébuzdalev et al., 20)5
and in order to enhance the comparability between different sedimentological environments,

their contents were normalised by the TOGitamt of the respective sample.

2.5.9 Salinity corredbn

All geochemical parametergcludingthe radionuclide activitywere corrected for salinity
using the measured bottom water salinity from a C{EDnductivity, temperature, depth)
device that was deployed at each station, under the assumption thaptre water salinity
in the upper 5&m of the sedimentargely correspond to the salinity of the overlying bottom

water.

2.6 Geochemical mapping

Another part of theSECOfroject,led by Thomas Leidfeom the Marine Geologglepartment
at IOW, was the mapping of variougegchemical parameterns the upper 2cm of the surface
sedimentsin the GermanBaltic Sea areand the Arkona BasirFor that, the fine fraction
0 B3 um) of about 850 samples-ig. 2.3 wasseparated andanalysed for HGTIC,TOC, N,
bioSIQ (Sect.2.5) and ca. 60M®f these samples were additionally analysed @a, Cr, Cu, Fe,
Mn, P, Pland Zrby ICRPOE Sifter the extraction method described #ection?2.5.4 Moreover,
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six samples were taken in the Oder Lagoon and analysed for aledltéady mentioned

substances.

The bulk sediment contentwere then calculated by using the measured grain sizeluligion

of the respective original sampleassuming that the coarse fraction mainly consists of
chemically inert grains of quartz and other silicate miner@lsipe et al., 201)7 The
transformation and interpolatin to geochemical maps was done by Michael Naumann from
the Physical Oceanography and Instrumentatt@partment atltOWby usingArcGlSrersion
10.2 andSurferversion 12.These maps were published in the wieasedBaltic Sea Atlas

(2014) For further details seeeipe et al.Z017) andNaumann et al. (2C3).

10'?0'E 11°ZI!0‘E

Sjeelland

Arkona Basin

Stralsund
Water depth [m]

Jo-s
s (-
[ 10-20 a

I 20-30 *’f
-30 o Libeck
B <050

B - 50 0 20 40 80

10':‘40‘E 11I°E 11‘:‘50‘5 12I'E 12°:I!0'E 13‘°E 13‘:‘40'5 14‘”E - 14'50"5

Figure 2.2. Map of the southwestern Baltic Sea with samplintpcations (red circles)for the

geochemical mappingf the surface sediments in the GermBaltic Seareaand the Arkona Basin
FRS: Falstérigen sand plairModified afterLeipe et al. (2017 pathymetrydata from Seifert et al.
(2001)

54°N

2.7 Inventory calculations

The inventory of the saltorrected @ochemical parameterincluding'®’Cs per square mete
of seafloor was calculated by multiplication of their content/activity @ach lcm deep
sediment layer with the corresponding DBD after appropriate unit conversions. The
inventories of all sedimenlayers werethen added upto the total inventory until a specific

depth. For a bettercomparabilitybetweenthe different stations acoredepth of 15cm was
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generallychosen.For parameterghat allowed a separationf the geogenidbackground like
Hg and other heavy metalthe total anthropogenignduced inventoryper square metravas
calculatedandindicated with the prefixdanthe to the respective chemical symbainless the
parameters are anyway of artificial origin likéCs ad PCBg~urthermore, he averagetotal
anthropogenieinduced inventory/activity in the mud areas of the Mecklenburg Bight
(1480m?) and the Arkona Basin (438®) were calculatedor annHg and*®’Cs in tons and

megabequerel, respectively

2.8 Scanninglectron microscopy

Motivated by an unusual TP profile that raised the question about its form of bonding
(Fig.3.8), the mineral composition of core EMB058/25was analysed with MERLIN VP
Compactscanning electron microscope (SEM) fr@arl Zeisequipped with anAZtecEnergy
energy dispersive -Kay spectroscopy (EDX) unit fro@xford InstrumentsFor that, the
samples were distributed oNucleopordilters, mounted on aluminium stubs and coated with

carbon. Further details on the general procedure carobtained fromLeipe et al. (1999)

2.9 Xray radiography

For sedimentary fabric analysis, higgsolution digital Xadiographs of the prepared POS475
samples wergroducedby the Laboratory of Microtomography, University of Helsinking a
custommade tungsteranodephoenix|xray nanotommicro-computed tomograph fronGE
Sensing & Inspection Technologi¥say source power settings were adjusted to ¥80and
240pA, and the detector was set to an exposure time of @&landan averaging of 15 images
per radiograph(Virtasalo et al.2011). The resulting Xadiographsvere mirrored, inverted to
negatives andombined to one radiograph per cols/ usingthe MosaicJlugin (Thévenaz,
2006 Thevenaz and Unser, 200for ImageJversion 1.50i(Rasband, 1997 followed by

adjustments otheir brightness and contrast.
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3 Results

3.1 Sedimentological parameters

The sediments of th&ecklenburg Bight and the Arkona Basonsist ofpoorlysorted (2 F
around 2)medium to coarse silvith 5%to 10%of claysized particles anttom 0%up to 3%

of fine sand.The sedimentbecome coarser towards thiealsterRigen sand plaiFRSand

the Oder Bankrespectively, where fine sangredominates (Fig.1.2). In general, lhere are
only minor variations in the particle size distribution with increasing sediment degther
40-50 cm). In core EMB058/12 from the Arkona Basin, there are minor increases of fine sand
to up to 1% in 10 and 2m sediment depth that coincides with maxima of several
geochemical parametersSéct.3.2.3 3.2.4, 3.2.6. In core EMB058/2 from the south
westernedge of the Arkona Basia coarsening is recognisable belowc0 with increasing
fine sand from 1% up to 30% and decreasing coarse sitom 50% down to 3G In core
EMBO058/112 from theSassnithannel south of the Arkorasin siltier sections (up to 4%
coarse silt) alternate with more sandy sections (up to 57% fine samdpre AL434/3642
from Stolteragjust east of the Mecklenburg Bight basthe dominating fineand mediumsand
decreaseshelow 17 cm from 88% down to 24%and the fine fraction OK63 um) increases

accordinglyfrom 12%up to 76%.

The water content of the fin N> A Y SR o0l aAy aSRAYSyida Aa
decliningmore or lesexponentiallyto 65-70%at about40 to 50 cm sediment depthdue to
compaction processe®Vith increasing sanfilaction, the water content decrease® around
35% atstations fromthe edge ofthe Arkona Basin and dowo 19%at the sandy sitesThe
DBD is negativg correlated to the water content so thahe surface valuesf the basin
sedimentsare low .27 g/cmd), increasing exponentially to &®.45 g/cm? with increasing
sediment depth. At theedge of the Arkona Basinthe DBD increase® around1.0g/cm?,

while in the sandy areais liesat maximall.6 g/cm?.

3.2 Geochemical parameteamdradionuclide activity

3.2.1 Mercury andcaesium137

The down-core profiles of Hg anéf’Cs show similarities in bothe Arkona Basin and the
Mecklenburg Bigh{Fig.3.1A, B. In the lowerparts of the short coresbelow 2645cm, the
geogenic bckground is visible through lowalues of around 2Qg/kg dry weight Hg (this
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study; Leipe et al., 2013and no3’Csactivity, followed by & in general steep increase ®
maximum(138.2755.6ug/kgdry weightHg,41.3-100.0Bg/kgdry weight3’C9 and a gentle
decrease to the sediment surfac&04.5355.8ug/kg dry weight Hg, 30.9-88.4Bqg/kg dry
weight 13’C9. While n some cores (e.g. EMB05823and 62), the profiles show a broad
dpealké with an offset between Hg (deeper/earlier) aféfCs (higher/later)jn others (e.qg.
EMBO058/42 and 152), the maxima érm plateaus with little to nodecline and both
parameters run parallel with nearly no offset. In core EMB0O5&1#he *'Cs increase takes

place in two steps, interrupted by an almost df wide plateau.

The Hgprofiles of the cores from the sandy arebsar a remarkable resembland® each
other and to a éw profiles from the mud basing-ig.3.1Q. They show low geogenic
background valuesf around 211 pg/kg dry weightn the fine fractiorbelow 20cm, a relative
smooth increase to a maximu®7.4176.9ug/kg dry weight inthe fine fraction) that lies
between 5 and 1@m, anda gentler decrease to the sediment surfagigh values above the
geogenic backgroun®7.1-95.7ug/kg dry weight in the fine fraction). Inoce EMB058/112
from the Sassnitz Channate two relatively shargHg maximawith 13’Cs activity one in the
lower (122.62ug/kg dry weightin the fine fraction) and one in the upper partl36.96ug/kg
dry weightin the fine fraction) with geogenc background values in betwe¢#.4+1.0ug/kg

dry weight in the fine fraction)

The surfaceand maximum Hg contentsare highest near the local pollution hot spots
(AL434/3311 in the Mecklenburg Bight and EMBO058/27in the Arkona Basin) and are
decreasing wh increasing distance them, especially in coarser sedimelfsg 3.1A, B). This

is also visible on the geochemical surface sedimentsaamureoles of contaminated material
around the hot spots that stretch to theorth-east (ig.3.2). The focus on the fine fraction
reveals two more hot spots, one being the Oder Lagoon avlilg plume stretching north into
the open Baltic Sea, the other smaller one lies near the city of Kigl3(3). The annHg
inventoryis as wellhighest near the hot spot§'ab.3.1), butit isalso higlerin coreswith an
Hgplateau ofrelatively high valuesown to 25cm compared to cores with a peak in lower
depths(Fig 3.1A,B). In total, about 1& of aniHg accumulated in the muds of the Mecklenburg

Bight, while the muds of the Arkona Basin contain about 93

The surface and maximuti’Cs activities are slightly higher in the Arkona Basin than in the

Mecklenburg Bightand highest in the cores close to pollution hot spots. The tétdls
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inventories are also higher in the Arkona Basin and here as well, maxnadues are close to
the local hot spot. The maximufki’Cs inventory in the Mecklenburg Bight can be found at
station EMB058/4, where a plateau of relatively high’Cs activity reaches down 25cm
(Fig.3.1A). In total, about 3MIBgand 20MBq*3'Cs sii exist in the muds of the Mecklenburg

Bight and the Arkona Basin, respectively.

A AL434/331-1* (LB) EMBO058/1-4 (LB) EMBO058/2-2 (MB) EMBO058/3-2 (MB) AL434/298-1 (MB) EMB058/4-2 (MB)
Hg [ug/g TOC] Hg [ue/e TOC] Hg [1e/e TOC] Hg [1e/g TOC] Hg [1e/g TOC] Hg [ue/e TOC]
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Figure3.1. TOC normalised Hg aitCs profiles of the studied cores from the Mecklenburg Bight (A),
the Arkona Basin (B)nd the adjacent sandy areas (C), arranged from west (left) to east (right). AB:
Arkona Basin, FRS: Falgiirgen sand plain, LB: Libeck Bay, MB: Mecklenburg Bight, OB: Oder Bank,
SC: Sassnitz Channel, STOL: Stoltera, TW: Tromper Wiek. Stations inicityse\the local hot spots

are marked with an asterisk. Notice the decreasing surface and maximum Hg values with increasing
distance to them as well as the different types of profile shapes.
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3.2.2 Carbomandnitrogen

The TICcontent is generally very low an@verage 0.18t0.05wt.% in the basin mudsnd
0.05t0.04wWt.% in the fine sandsOnly in core AL434/362 from Stoltera(Fig.3.40, it

increases to 6.8Wt.% below 15cm sediment depth.
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Figure3.4. TS TOCTN,TOC/Nand TI(profiles of the studied cores from the Mecklenburg Bight (A),
the Arkona Basin (B) and the adjacent sandy areas (C), arranged from west (left) to eastA@ight).
Arkona Basirk-RS: FalstdRlgen sand plajiB: Libeck Bay, MB: Mecklenburg Bigi, Ode Bank
SC: Sassnitz Chanr@T,OL: Stoltera, TW: Tmper Wiek Notice the high correlation of TOC and TN as
well as the strong increase of TIC in core AL4342864low 15cm sediment depth.
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The TOCcontent, on the other hand, is high with an averageurface sediment value of
5.7£1.3wt.% in the basin mudsand 4.4+0.7wt.% in the fine fraction of the sawdareas
(Fig.3.4, 3.5). Only in the Tromper WieKEMB076/221), the adjacent Sassnitz Channel
(EMBO058/112) and the southrwestern edge of the ArkonaBasin(EMBO058/62), the TOC
contentin the fine fractionslowerwith values between 1.73 and 3.48.% The TOC contents
in the Arkona Basin are slightly higher than in the Mecklenburg Bagitthighest in the fine
fraction of the fine sands on th@der Bankln general, he profiles showa gentledown-core
decreag of up to 3wt.%in the upper 4&cm. However,in the EMB0O58ares 22, 32 ard 4-2,
the TOC contenihcreases suddenlyby 1.52.6wt.%below 28cm sediment depthThe upper
15cm of the basin mudsontain2.02-2.38kg/m? TOC, Wile the sands and siltsontain0.55
1.74kg/m? (Tah 3.1).

The TN content is highly correlated to TOC and the profiles run nearly pérail€l4). They
also follow the sudden TOC increase of the Bb@&ores 22, 32 and 42. The average surface
sediment value i8.72+0.16w:t.% in the basin muds, 0.59+0.08.% in the fine fraction of the
sands and.24-0.47wt.% in the fine fraction ofhe TromperWiek, the Sassnitz Channel and
the southrwesternedge of theArkona BasirfFig.3.6). The total TN inventorgown to15cm
sedimentdepth is247.73291.35g/m?in the basin muds and 71.€200.45g/m? in the sandy
areas(Tah 3.1).

TheTOC/Nratio at the surfaceof the basin mudss 7.98.3 andincreasegently to maximal
9.6in the upper 4cm of sedimeni(Fig.3.4, 3.7). The surface of the sands and silkgsan
average ratio of7.5+0.2that increases as well, but in a more irregular mantethe cores
POS475/24 from the FalsteRigen sand plain and EMBO7&2 from the Tromper Wiek
the TOC/N ratias highest(9.0-9.6)between5 and 15cmand then slightly decreases again. In
core AL434/364 from Stolterg the TOC/N ratio increases suddenly front & values
between 10.2 and 13.8 below £m sediment depth. And a similar sudden increase from 7.8
to values between 8.4 and 10i4 visiblein core EMB058/12 from the Sassnitz Channel

below 29cm sediment depth.
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3.2.3 Sulphur

The TS content in the basin muds has an average surface sediment value of 0.90:26.28
and increases to aroundt.% in the upper 4@m of sedment (Fig.3.4). In general, the
strongest increase occurs untdgcm, while there are also peaks in deeper sections of some
cores. The values in the Arkona Basin are slightly lower than in the Mecklenburg Bight,
especially in core EMB058&from the ®uth-western edge of Arkona Basin with a maximum
value of 0.95nvt.% at 14cm sediment defh. The average surface valuetbé finefraction in

the fine sands is 0.88+0.5#.% and the ¥ content increases to maximal 3\28%. In the
Sassnitz Channel (EMB01-2), the TS content ithe fine fraction of the surface sediment is
0.23wt.% and increases to 0.75+0.20.%. In the Tromper Wiek (EMB0764/21), the values
fluctuate at 0.44+0.09vt.%. The total TS inventodown to 15cm sedimentdepth is 0.36
0.89kg/m?in the muds of the Mecklenburg BigH?,31-0.51kg/m? in the Arkona Basin muds
and 0.170.55kg/m? in the sang areaq(Tab.3.1).

3.2.4 Phosphorus
The Tksh content in core EMB058£2 from the Mecklenburg Bight is highest at the surface

with a value of 0.1%t.% and declines more or less exponentially to 0.09+Q:0% with
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increasing sediment deptli-(g.3.8A). The values of Bigestfollow the same trend of P, but
with lesser variation. The total ZRinventorydown to 15cm sedimentdepth is 54.7@/m?
(Tab.3.2). In core EMB058/1-2 from the Arkona Basir-(g.3.88), the TRsh content at the
surface iswith 0.29wt.% higher than in the Mecklenburg Bight, but alstecreases
exponentially to ®wt.% with increasinglepth. The total TRn inventory down to 15cm
sediment depth is 37.8@/m? (Tab.3.2). In core EMB058/12 from the Arkona Basin
(Fig.3.8Q, the TRsh content at the surface is with 0.341t.% similar to that at site 172, but
the values strongly fluctuate untdOcm sediment depth, where a maximum of 0M8% is
reached.The content is gb elevated between 6 and X3n, beforeit gently increasstowards
the maximum.Below that, the content decreases exponentially to 0\@0%. The Thgest
values follow thesame trend and are slightly higher by an average of 0.007+@v0.22. The
total TRshinventorydown to 15cm depth is 65.4%)/m? (Tab.3.2). The SEMEDX analysis of
this core revealed many small particles of iron oxide rich in phosphorus at the surface, while
less but larger particles of reduced iron phosphage(vivianite)were foundin 20cm depth
resulting in the observed peaks the TPcontent. Furthermore, a large amount pyrite
crystals as well as ingpbtash feldspar and titanium mineralgere found at the same depth.
In line with thissthe iron contentthat hasmaximaat 9 and 20cm sediment depth(Fig.3.13).

EMB058/2-2 (MB EMB058/17-2 (AB EMB058/15-2 (AB
A /2-2 (MB) B /17-2 (AB) C /15-2 (AB)

P [wt.%) P [wt.%) P [wt.%]
0 01 02 03 04 05 0 01 02 03 04 05 0 01 02 03 04 05

5 S F‘ 5

Depth [cm]

~-TP(Digest) =+=TP{Ash)
40 40

Figure3.8. Thigstand TRsh profiles of the studied cores from the Mecklenburg Bight (A) and the
Arkona Basin (B, Gtranged from west (left) to east (right). Notice the strong variation between the
surface andhe maximum at 2@m sediment depth in core EMBO0O58£P5

The geochemical maps confirm higher surface TP contents in the muds of the Arkona Basin
than in the Mecklenburg BighE(g. 3.9, while the coarser sediments in general contain little
phosphorus. @ly the TP content in the fine fraction of the sands on the Oder Bank indicate

a much higherelative proportion compared to the other area&if. 3.10).
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3.2.5 Biogenic silica

TheioSIQ content is generally well correlated to TOC and the profiles run nearly parallel
(Fig.3.11). They also follow the sudden TOC increase of the EMB058 c@re32and 42.
The average surface sediment value is 3.9%0.% in the muds of the Mecklenburg Bight and
5.3+0.9wt.% in the Arkona Basimwhile the coarser sediments contain naturally IesSiQ.
But therelative proportions in the fine fractiof the sands athe Oder Banlre again much
highercompared to the other areg$ig.3.12). Most notable differences to TOC are tySiQ
peaksin the core EMB058£2, one at 1115cm sediment depth with up to 10\8t.% and a
smaller one at 121 cm depth with up to 6.1vt.%. The totahioSiQ inventorydown to15cm
sedimentdepth is 1.72.74kg/m? in the Mecklenburg Bight and 1.3986kg/m? in the
Arkona BasinTab.3.1).

A EMBO058/1-4 EMBO058/2-2 EMBO058/3-2 EMBO058/4-2
1105105, TOC [wt.%] w0505, TOC [Wt.%] 1105i0,, TOC [Wt.%) 4ioSi03 TOC [wi.%]
0 3 6 9 12 0 3 6 9 12 0 3 6 9 12 0 3 3 9 12
0 0 0 0
5 5 5 5
10 10 10 10
15 15 15 15
E 20 20 20 20
-
B
S 25 25 25
30 30 30 30
35 35 35 35
40 40 40 40
45 a5 a5 45
B EMB058/6-2 EMB058/17-2 EMB058/16-2 EMB058/15-2 EMBO058/11-2 (SC)
bio107s [wt.%] bioS102 [wt.%] bioS102 [wt.%] bio3102¢ [wt.%] 110310z [wt.%]
0 3 6 9 12 0 3 6 9 12 0 3 6 9 12 0 3 6 9 12 0 3 6 9 12
0 0 0 0 0
5 5 5 5 5
10 10 10 10 10
15 15 15 15 15
E 20 20 20 20 20
£
&2 25 25 25 5
o
30 30 30 30 30
35 35 35 35 35
40 40 40 40 40
45 45 45 45 a5

Figure3.11. 1ixSiQ and TOQrofilesof the studied cores from the Mecklenburg Bight (A), the Arkona
Basin (B) and the Sassnitz Channel (SC).
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Figure3.12. ,iSiQ content in the fine fraction X3 um) of the surface sediments-@cm) in the
GermanBaltic Sea areand the Arkona Basin. FRS: Fal&égen sand plain. Notice the high values on
the Oder BankPublished in thé3altic Sea Atlas (2014)

3.2.6 Aluminium ironand heavy metals

The heavy metals Cd, Cu, &id Zn highly correlate with Hg in botimalysedcores.In core
EMBO058/22 from theMecklenburg Bigh¢~ig.3.13A), all profiles show geogenic background
valuesbelow 17 cm sediment depth(0.26mg/kg dry weightCd, 19.48ng/kg dry weight Cu,
30.33mg/kg dry weight Pb,80.97mg/kg dry weight Zrand 19.56ug/kg dry weight Hy
followed by asteep increase to the maximat 6-10cm (1.18mg/kg dry weight Cd,
39.62mg/kg dry weight Cu, 118.3fig/kg dry weight Pp247.23mg/kg dry weight Zrand
185.58ug/kg dry weight Hgand agentler decreag to the sediment surfac.65mgkg dry
weight Cd,30.15mg/kg dry weightCu,78.47 mg/kg dry weightPh 136.04 mg/kgdry weight
Zn and 136.15ug/kg dry weightHg). The total anthropogenic induced inventories are
29.20mg/m? Cd, 0.659/m? Cu, 3.28/m? Pb, 5.67g/m? Znand 6.69mg/m? Hg(Tah 3.1, 3.2).

In core EMB058/12 from the Arkona BasinF(g.3.13B, all profiles show geogenic
background values below 29n (0.24mg/kg dry weight Cd, 33.4%g/kg dry weight Cu,
43.54mg/kg dry weight Pb, 105.748g/kg dry weight Zn and 30.7#&/kg dryweight Hg),
followed by a sudden increase to a plateau with little to no decline towards the surface

(0.74mg/kg dry weight Cd, 47.98g/kg dry weight Cu, 107.28g/kg dry weight Pb,
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186.45mg/kg dry weight Zn and 260.1ig/kg dry weight Hg). The total #imopogenic
induced inventories are 11.98g/m? Cd, 0.4@/m? Cu, 1.92/m? Pb, 2.26g/m? Zn and
13.38mg/m? Hg (Tab.3.1, 3.2). The Al content stayrelative stable at 5.2%t.% in core
EMBO058/22 and 6.04vt.%in core EMB058/12, thus running straighbver the mentioned
gradients withminor changesonly (Fig.3.13. The Fe content fluctuates little bit more and
liesataround3.28wt.%in core EMB058/22 and 4.22nt.% in core EMB058/13. In the latter,

the Fe profile shows maxima atand 20cm sedinent depth.

Despite the high correlation between Hg and the other investigated heavy metals, there are
some differences in their deposition patterns in the somtbstern Baltic SeaVhile Hg, Cu,

Pb andZnnaturallyshowhigher contents in the basin mudisan in the sandy areashe hot

spots donot alwayscoincide This is most noticeable with Cu that ha$iot spot in the
northern rather than in the eastern Arkona Basimly a little one in the Libeck Baydquite

a fewothers which are ony visiblein the fine fraction of the sandy areasi(.3.14). Hot spots

of Pbcan be found at the same locations as those from Hg irLtleck Baynd the Arkona
Basin Fig.3.15 andfor Zn, only the one in the Lubeck Bay is recognisabie.3.16).
Furthermore all show higherelative proportions in the fine fraction of the fine sands in the

Pomeranian Bight, but with different extent.

Table3.2. Total anthropogenic induced inventorigser square metrepf Cd,Cuy Pb,) t /and Zn as
well as the inventories down to 1&m sedimentdepthof TRl YR 1t ! I |0 &aGlFGA2ya
Bight and the Arkona Basiarranged from west (left) to east (right).

Inventory ‘Station EMBO058/14 EMBO058/22 EMBO058/62 EMBO058/172 EMBO058/152

antnCd [mg/nf] 29.20 11.90
anthCU [g/nT] 0.65 0.40
anthPb [g/nT] 3.28 1.92
anthZN [g/n7] 5.67 2.26
vt/ . Y3k 116 1.08

TRsh[g/m?/15cm] 54.70 37.80 65.45
1Vt ! &Mdam  89.37 83.56
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EMBO058/2-2 (Mecklenburg Bight)

A
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Figure3.13. Al, Feas well asTOC normalised Hg, Cd, Cu, Pb and Zn profiles of the EMB058-2ores 2
from the Mecklenburg Bight (A) and-PSfrom the Arkona Basin (B).
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Figure3.14. Cu content in the fine fractiottp3 um) of the surface sediments-@cm) in the German
Baltic Sea areand the Arkona Basin. FRS: Falftégen sand plain. Notice the high values on the Oder
Bank.Published in thé3altic Sea Atlas (2014)
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3.2.7 Organic pollutants

The organic pollutantsPCB angPAHalso highly correlate with Hg in both analysed cohes.

core EMBO058/#4 from the Lubeck By (Fig.3.174), all profiles show natural background
valuesat around 30cm sediment depttfno PCBK).23ug/g dry weighy t !'ahd 27.06ug/kg

dry weightHg), followed by a varyinghcreaseto the maxima atl5cm (0.16ng/g dry weight

1t/ . Zug/g dryweighty t !ahd 258.41ug/kg dry weightHg) and asimilarly varying
decrease to the sediment siace (12.66g/g dry weigh{ tB, 1.54ug/gdryweighy t ! I | Yy R
157.16ug/kg dry weightHg. The total anthropogenic induceithiventories are 1.1@1g/m?

1t/ .2 mgm@pdty!nl Iy g/ Hgddhly 3.1, 3.2). The total inventories until
15cmdepth are0.79mg/m2y t / . I ynRy/mintdnlpd

In core EMBO058/@ from thesouth-westernedge of the Arkona Basin, the 8t long profiles

2F 1t/ . | nbtReagh thé natur® Background that the Hg profile shows belowr5

(Fig.3.1B 3.17A. The maximum lies between 19 and@4 (15.74/ 3k 3 RNE 6 SA IK
238k Ak 3 RNE ¢ S A 3 Kjig/kg dryweight-Hg) Rnd i petoddylaper one between

9 and 1km (13.41ng/g dry weighty t / . >x 3wdar nRNE ¢ SA A K jgkydry! | | YR
weighl 30® ¢KS 1t! 1 LINRTA{®Y A KRKgAal S yi2tiaKdsall yLBS |17 :
minimum at that depth.In general, all profiles decrease from the overall maximum to the
sediment suface (5.10/ Ak 3 RNE ¢ S Md@gkdiy weight/ t. 'Bhd 8216Qug/kg dry
weightHg). The total inventoriesown to15cmdepth are 0.5ang/m?y t / . | yny/mépn ®m n

1 t ! Tab.32).

Organotin compounds were found in all surface sediment samples3(17C) anddown to

20cm depth in core EMB058/ (Fig.3.17B). In the Mecklenburg Bight, their content is
dominated by DBT and is higher than e tArkona Basin, where MBT dominates. Atib

depth lies the maximum and in general, the values are decreasing towards the surface. Only
atthelocalY  EA YdzY 2 7F 1 t /cm ddpii,khe prgahotin compounals are slightly

higher again.
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and of core EMB058/2 from the southrwestern edge of the Arkona Basin (B) compared to TOC
normalised organotin compounds in core EMBO058/@) and in surface sedimentg.(@rganotin data
from Abraham et al. (2017)

3.3 Sedimentary fabric

The negative Xadiographs show density differences within the sedimeith brighter parts
representng denser material Deeper buried and thusompacted sedimentsre generally
denser thansurface sednentsdue to smallercontents in water and organic materiglso

coarse sediments are denser than femdiments

In the cores POS475/84and 5710 from the Mecklenburg BighFig.4.1), areasof laminated

to thin-bedded sometimesbright-to-dark (upward) graded layers alternate with diffuse
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mottled areas The latter aresporadicallyinterspersed withsubhorizontal, tubularstructures
of darker material witror without brightlinings (tube wall) Occasionally, discordant surfaces

(angular unconformitiesare recognisable in both cores.

In contrast, he cores POS475/17, 192 and 221 from the Arkona Basiare nearly entirely
mottled with fewer tubular structuresHig.4.2). Sooradially, convex laminatedtsuctures up
to 3cm in widthare visible Only inthe cores POS475/177 and 192, a fewgraded layers and
discordant surices appear. Moreover, the densty suddenly increases at around &6
sediment depthin core POS475/12 from the southrwestern edge of the Arkona Basin

indicating a chang® coarsemmaterial.
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4 Discussion

4.1 Sediment mixing

The profiles of the various pollutants, especially the comparison of Hg'*#@d,reveal a
strong sediment mixinglown to a depth ofapprox. 25cm (Fig.3.1, 3.13 3.17). Instead of
expected sharp3’Cs peaks and characteristic Hg profitae data often show blurred signals
that in some cases correlatendicating a disturbance of these stratigraphic signatsevent
pulse, e.g.the ¥'Cs fallout succeeding the Chernobyl accident in 1986, depositadsié
with randomsedimentation raé and no mixings buried progressively deeperthe sediment

in its original shape andoncentration if no decay processempply €ig.4.1A Johannessen
and Macdonald, 200)2The same pulseleposited at a sitevith the same sedimentation rate
andadditionalcontinuousmixing is immediately mixed downwarahd its peak concentration
getsreduced, so that the inventory is preserved (decay dependéiter one year, the pulse
is unevenly distributed throughout the mixed sediment lay@p profile inFig.4.1B). After
ten years,the pulse has become more aevg distributed with a slight decline near the
sediment surface due to subsequent deposition of less or unpolluted mafedatre profile

in Fig.4.1B). With progresing time, the pulse concentration gently increases downwards to a
maximum, folleved by astrong decrease t@re-depositional valuegbottom profile in
Fig.4.1B). An additionakecentin-depth mixing event causes an even distribution throughout
the affected layer with no decline towards the sediment surfadeg(4.1Q. The mixing
induceddistribution proposes aighersedimentation rateand prevents a direct relation of a
certain depth to a specific timgohannessen andacdonald, 201 Changes over time in the
pollution input, the mixing intensityand the sedimentation rateas well as erosial events
deform the distribution profile even moréHence, such profiles are not suitable for a reliable
age determinaibn and the calculation ahassaccumulation ratesNeverthelessthe general
pollution trends angrobably the relative timing of different pollution eventan be obtained

if there was enough timéor an event pulse to pass thmixed layer before anotheone is
deposited. Furthermore, it is still possilie calculate a maximaedimentation rate along
with the actualinventoriesof natural and artificial materialJohannessen and Macdonald,
2012. In particular the heavy meta(Fig.3.1; 3.13), organic pollutan{Fig.3.17) and artificial
radionuclide(Fig.3.1) profilesdown to 3640 cmallow a distinct separation ajeogeniqre-
industrial background valugsom the anthropogenic impact during the last 14®0 years

TOC and sedimesatiastic proxies likgrainsize distribution and Al run straight over the shown

Discussion 59



gradients in tle core profiles without change3hisindicatesno sigificant change in theasic
sedimentationregime over theobserved periodOnly he mentioned oarseningelow20cm
in coreEMB058/62 (Sect.3.1) or below16cm in core POS475/13(Sect.3.3) points tomore
energetic conditionsat the south-westernedge ofthe ArkonaBasinin the past In contrast,
the finingbelow 17cm in core AL434/362 (Sect.3.1) indicatescalmer conditions at Stoltera

just east of the Mecklenburg Bight basmthe past.
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Figure4.1. Theoreticaltracer profiles of a single, ongear pulserecorded insedimentcores with
constant sedimentation rat (0.25cm/a) and (A) no mixingB) a mixing rate of 8m?/a down to 7cm
and(C) an additional recent mixing event down tof. Within the first year, theracer is distributed
throughout the mixed layer and after 58 years, the tracer distribution bears little resemblance to the
original pulse. The penetration depth in the mixed ®igegreater than in the core withoutnixing,
while the peak concentrain ismuch lower Modified afterJohannessen and MacdongkD12).
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In the following sections, the different mixing processes that are affecting the sediments in
the south-western Baltic Seawill be discusseddistinguishing betweerbiogenic, hydre

dynamic and anthropogenic impact.

4.1.1 Bioturbation biogenicmixing

According ¢ Kristensen et al. (2012faunal bioturbation in aquatic environments is defined
as alltransport processesarried out by animals that directly or indirectly affect sediment
matrices mainly through foraging and construction of burrows, amcludng both particle
reworking (displacemenbr biomixing of particlesand burrow ventilation(displacement or
bioirrigation of water). Biomixing occurs either lodglby frequent andrandom particle
displacements over short distancésnalogous to diffusionor nontlocaly (advective)over
longer distances in discrete stefl3oudreau, 1986a1986ly Boudreau and Imboden, 1987
The samalsoapplies tabioirrigation(Shull et al.2009), but is not further investigatedvithin
this study, although it is clear that moving watean also move particles and vice versa
(Kristensen et al., 20)2Local biomixings caused by so calldmodiffusorsandoccurs mainly
within the uppermost sediment layer and distwlor completely erasge pre-existing
structures.Thisleads to anore or lessiomogeneous sedimentary fabifé/etzel, 198). Non-
local biomixings caused by infaunal mactarganismse.g.upward and downward conveyors
that transport sediment from deeper horizons to the surface or vice varss processan

leave tracesnd structuresaccording tahe living andfeedingbehaviourof macro organisms

The diffuse mottled areas the negative XadiographqFig.4.2, 4.3) indicate that thebasin
muds are locally biomixedby indistinct background burrownottling of benthic organisms
with sporadic discrete tubular structures orburrows (Virtasalo et al., 201)] probably
indicating nonlocal biomixing. The archetypalCruziana R Q h Nb A 3 yiéhaofacies/ n H

predominateswith varioussubsurface and/or surface depo$éeding structuregTab.4.1).

Arenicolites PalaeophycusPlanolites Rhizocoralliumand Skolithosare produced by worm

like organisms (e.g. polychaetes), while bivalves produce the observed convex laminated
structures (bivalve biodeformation) and pleswole tracegKeighley and Pickerill, 19%6naust,

2013 Pemberton and Frey, 1983chlirf and Uchman, 200Virtasalo et al., 20L1Werner,

2002 Werner et al. 1987 Winn, 2006.
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with interpreted sedimentary structures, arranged from west (left east (right). The dark ovals are
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Table4.1. Ichnogenera and other biorbation structures identified in the studied cores. Modified
after Virtasalo et al. (2011)

Biaurbation structure Description and ethology

ArenicolitesSater, 1857 Weakly lined, flat tshaped burrows generally less thammdn in
diameter with less dense (darker) fill than the sediment matrix in
negative Xradiographs. The traces represent reinforced domicile:
surface or subsurface depodeeding worm-like organismgSchlirf
and Uchman, 2005

Bivalve biodeformation Structures of variabbpriented convex lamination up to@n in width.
These structures are formed by bivalves such iasecolabalthica
while burrowing, turning and adjusting their position in the sedim
(Werner, 2002Winn, 2006.

Palaeophycuslall, 1847 Lined, sukhorizontal, straight or gently curved tubular structur
<3 mm in diameterThe burrows occasionally branch. The traces
produced by subsurface or surface depdsiding wormlike
organismgKeighley and Pickerill, 1998emberton and Frey, 19%2

PlanolitesNicholson, 1872 Subhorizontal, cylindrical, gently curved, tubular structure8 rm
in diameter with sharp margins but no distinct wall. The burrc
occasionally branch. Their fill is generally less dense (darker) tha
sediment matrix in the negative -bédiographs. The traces al
produced by depositeeding or carnivorous wortike organisms
(Keighley and Pickerill, 1998emberton and Frey, 1982

Plaugh-sole trace A thin, fining upward layer producedy a bivalve burroing (or
oplought y)3léng the sediment surface. The bivalve moves by u
its downward protruding foot with the support of pumping motiol
of its shell, leaving behind a furrow. The movement mayl leaa
liguefaction of the furrow walls, resulting in a gravitative graire
differentiation and settling, producing a thin, graded layer witt
sharp base. Subsequent hydrodynamic events may result in the
passive filling of the furrofWerner, 2002Werner et al., 198)

Rhizocorallium commune Subhorizontal, Ushaped marginal tulbewith more or less paralle

Schmid, 1876 limbs (or arms) and an actively filled spreite between them. The tri
are most likely produced byispension or depositeeding wormlike
organismgKnaust, 2018

SkolithosHaldeman, 1840 Steeply oriented to inclined, nelbranching, straight to slightly curve
tubular burrows with a thick wall lining. They are dwelling burrow:
susgension or surface deposieeding wormlike organismgqSchlirf
and Uchman, 2005

Thisagrees with recenthacrozoobenthistudies inthe area(Gogina et al., 203, Morys et al.,
2017 Schiele et al., 201%Zwicker, 201} suggesting thathe western Baltic Sea basins are
mainly populatedand bioturbatedby infaunal bivalves €.g. Abra alba Arctica islandica
Kurtiella bidentataLimecolabalthica), the crustaceamiastylis rathkeas well as polychaetes

like Capitella capitateNepthtys hombergiand Scoloplos armigeFurthermore,Morys et al.
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(2017, 2016did parallelphotometric measurements d@ghe natural particle tracechlorophyll

h s gKAOK toldhavé like sirfinfeiit particles amgick the mixing of fresh organic
matter (Maire et al., 208). Based on exponentially decreasing chlorophytioncentrations

and macrozoobenthos abundancesetauthorsfound a dominance of surficial biodiffusors in
the Mecklenburg BightIn the Arkona Basin, thi@® SLIG K RAAGNA O dziA2Y
(subsurface maxima) and organisms (most importantly bivalves and polychaetes) iradicate
dominance non-local mixing. The resulting mixg depthsrange between 5.2+1.7 and
7.1+1.6cm (Morys et al., 201); matching the strongest increase of TS content in the top 5

9 cm in mostcores This points talecreasing oxygen supppwn to thisdepth, counteracting

the diageneticformation of pyrite Fig.3.4).

The ongoing bioturbation is responsible for the slight perturbations of the geochemical
profiles describedbove(blurring of maxima), which still alle®a recognition of the relative

timing of events (offset between Hg af¥ICs) and associated trends in most coiés (3.).

4.1.2 Hydroturbation hydrodynamienixing

Hydroturbation refers to alsedimentmixing andtransport processes that are induced by
water movements causedby wind, seacurrentsand other naturaltriggers The influence of
tides is neglidple in the Baltic Sea due to isinor connection to the world oceauring fair
weather conditions, he influenceof waves is insignificardit the bottom of the basins
because the wve energydecreasesstrongly withincreasing watedepth and is moreower
absorbed by internal density boundes (pycnocline¥of the waterbody(Kirstin Schulz 2017,
NIOZ peronal communicatior). However, he situation might be different during a major

storm event.

In the southrwesternBaltic Seaseveral automated measuring statioosllectmeteorological
and hydrographicatata, such asind velocity and direction,flow velocity, salinity and
turbidity of the water They are part of theGermanMarine Environmental Monitoring
Network (MARNEDperaed by theFederal Maritime and Hydrographic Agency (B3ttke

of these stationspn the FalsteiRiigen sand plai(25km east of theDarss Sj] in the Arkona
Basin(location of the cores POS475f24and POS475/17 inFig. 2.1 respectivelyand on
the Oder Bank, are maintained by thehysical Oceanography and Instrumentation
department oflOW. Theyprovided data recorded during tretorm dXavek in earlyDecember

2013.During this stormyind velocitiegeachedup to 25m/s and led tameanhorizontal flow
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velocities of over 5@m/s in the bottom water of both thé-alsterRlgen sand plaiat 18 m
water depth(Fig.4.4A, O andthe Arkona Basin &2 m water depth(Fig.4.5A, O. Tre linkage
between wind and flow velocitis confirmedby the correlationof the lower surface and the
higher bottom water salinit with similar values during the time of highest velocities,
indicating ahomogenisation of the water columfirig.4.4B, 4.58). The higher surface water
turbidity during the sane time suggests that material véasuspended in and transported by
the water (Fig.4.4D, 4.5D). While the turbidityat the Darss Sill station was up to 16 times
higher han normal, it was only around threenes higherat the station in the Arkona Basin

most likdy due to itsgreaterwater depth and volume.
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Figure4.4. Meteorological and hydrographical data of the automated measuring stafarss S#l

on the FalsterRiigen sand plaiduringthe storma - | @nS¥dember 2013. A) Wind veltycat sea
surface. B) Salinityn the surface (2n) and bottom water (19n). C)Mean lorizontal flow velocity
component in the bottom water (181). D) Turbidity in the surface water 1f). Notice the higher
surface water tubidity and the alignment of surface and bottom water salinity during the wind and
flow velocity maxima on 6 Dec 20I3ata fromBSH/IOW?2013)
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MARNET station “Arkona Basin”
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Figure4.5. Meteorological and hydrographical data of tagtomated measuring statioim the Arkona
Basinduring the storm 6Xavek in December 2013. A) Wind veitycat sea surface. B) Salinitythe
surface (2n) and bottom water (43n). C) Mean trizontal flow velocity component in the bottom
water (42m). D)Turbidity in the surface water (2). Noticethe higher surface water turbidity aritie
alignment ofsurface and bottom water salinigfter the wind and flow velocity maxima on 6 Dec 2013.
Data fromBSH/IOW2013.

As part of theSECOS®roject, resuspension experimentaith natural sedimentsusingan
annular flumewere conductedduring joint research cruisesn June{uly (EMB076)and
October2014(POS475)he flume wa similarto that described byViddows et al(1998)and
modified afterPeine (2005 )Figure4.6 shows theresults in the form oflow velocities at which
the first particles of a specific mean grain sizre separated from theedimentat different
locations.For the basin mudsthe sandy silts of the Tromper Wiek and the fine sands of
Stolterg sediment mobilisatioroccurredat 7-10 cm/s, whilethe fine sands on the Oder Bank
resuspended at around 2€m/s (Caudia Morys, University of Rostockunpublshed. The
Hjulstrom diagram confirmghat these flow velocities are sufficient to erode and transport

sediment particles of the respective siggulstrom, 193%

Discussion 67



resuspension of particles

25 - 200
sand { silt sandy silt
o)
5 20 -
- 150

E o
9 I july 2014
5 15 - B oct 2014 =
o ® mean grain size =2
) o)
= - 100 N
“= 7

10 1 £
S o
7] o
c
2
g - 50
2 °
o

®
0 T T T 0
STOL OB LB MB AB ™

Figure4.6. Flowvelocitiesat which the first particlesf a sgecific mean grain size (red cirdlegere
separated from the sathent of different locationsduring SECO®&searchcruises inJuneluly (light
green)and October (dark green) 2014B: Arkona BasjhB: Libeck Bay, MB: Mecklenburg Bight, OB:
Oder BankSTOL.: Stoltera, TW: Trompaliek. Unpublished data frontlaudia Morys, University of
Rostock

In comparison with theverageddottom flow velocities of up t&0 cm/s at the Darss Sill and
Arkona Basin station (Fig.4.4, 4.5), the data indicate that stormsiave the potential to
resuspendand laterally transport sediments in éhwestern Baltic Sea, evext 50 m water
depth.This is also evident from tigeochemical aureolearound the pollutiorhot spots (e.g.
in Fig.3.2) stretching to thenorth-east.According toKersten et al(2005), such storm events
occurapproximatelysix times a yeafmainly duringthe winter season)based on wind data
obtained at Cape Arkona from 1980 to 206Rrthermore, ths studyfound storm-generated
sediment mixing down to 16m in the Mecklenburg Bigh{around 23m water depth)by
interpreting activity profiles of the shorlived natural radionuclidé®*Thin sediment cores
Milkert and Werner (199@eported on a storm event in August 1989 that eroded up toc3r3
and deposited about 2m of silty clay at the same positiat ~24m water depthin the
Eckernférde Baylhey also identifiedther storm-generatedevent layersn deeper sediment
sections that they associated with major storms 1854 and 1977/78The event layer

formationdependson the intensity, direction and most importantly the durationtbé storm
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(Milkert and Werner, 1996 The preservation, however, depends on the depth, intensityg

style of subsequent mixing, as well as on the sedimentation(Eatetley and Nittrouer, 1999

The laminated to thirbedded, brighito-dark graded layers in the negativeradiographs
(Fig.4.2, 4.3) represent sucleventlayers Thelaminationor beddingis formed by the rapid
deposition ofsediment layes that are thick enough to bury the prexisting surface and
temporallyinhibit the benthic community, thus creating a shavpsal contac{Bentley and
Nittrouer, 1999 Nittrouer et al., 1998 An angular unconformity between the pexisting
surface and the newly deposited layisrproof of erosion prior to depositiofe.g. at 3acm in
core POS475/17; Fig.4.3). The gradation representsnaupwardfining from coarse (bright)
to fine silt to mud (dark) due to the decreasing flow velocity of a ceaminegt A dark mud
layer indicates a completed event, otherwise the different event layers calslsbelong to
one single event witkarying flow velocitye.g at 10cm in core POS475/510; Fig4.2). After
the event, the benthic community restablishes itself and consequently mixes the event layer
to the bioturbation depth, which creates a gradational upper confattirouer et al., 199%
While the occurrence of multiple event layers in the cores from the Mecklenburg @ogirt
to around 20cm (Fig.4.2) confirms the impact of hydroturbatiomt that locationat least in
the lastcirca 100 years, the lag afuch layersn cores from the deeper Arkona Basiig(4.3)
couldindicateeitherno event layer depositiofless hydroturbationdr mixing or totl erasure

by potentially more intenséioturbation or direct anthropogenic impac{Sect.4.1.3).

Another important type of hydrodynamic everg the occasionabccurringMBIs of highly
saline water from the North SeMARNETata showmeanhorizontal flow velocities of up to
50 cm/s on the FalsteRiigen sand plain and still up to &/s in the Arkondasinduring the
last MBI in December 201%his is sufficientnough to resapend and laterdy transportlocal
sedimerts, probably formng an event layeRecently, song MBIs occur only once in a decade
(Mohrholz et al., 201p

This episodic hydroturbation contributes tohe slight perturbations of the geochemical
profiles by bioturbationand probably further decreases the temporal resolution due to its
greatermixing depth. Furthermore, it might be responsible for the local deviations from the
general trend of decreasing pollutant contents towards the sediment surface a¢ &round

10 cmdepth in the cores EMB058/@, 172 and AL434/42-8 (Fig. 3.1B, 3.17), due to

reworking ofsub-recent, more polluted deposits. In the Sassnitz Channel (core EMBD29/
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a hole package of even older unpollutédre-industria) material lies between younger
polluted sediments and thusiust have beememobilisedafter the start of industrialisation,

possildy dueto asubmarinelandslide(Fig. 3.1%

4.1.3 Anthroturbation anthropogenianixing

Anthroturbation in aquatic environmentsefers tothe disturbance of sediments by human
activities such as bottom trawlingpnstruction, dredgingnd anchoringSoulsby et al., 2007

as well as sathent samplingBerner, 197h While the latter four aagvitieshavea potentially
strong butlocal impact bottom trawling affectsvide areas of the Baltic Sdbor (HELCOM,
20109. Figure 47 illustrates the bottom trawl effort in thesouthrwestern Baltic Sealuring

the first quarterof 2013 the mainfishingseasorfor that gear(ICES2015 von Dorrien et al.,
2013. In the three montts, the complete Arkona Basin and most parts of the Mecklenburg
Bight were influenced by bottom trawling for 11%0 hours Most of thecoresstudied within

this projectwere takenin theseareas
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Figure4.7. Map of the south-western Baltic Sea showing the fishing effort with mobile bottom
contacting gear in the first quarter of 2013 and coring locations (coloured circles). FRS:FRadgn
sand plain. Dataset fronCE$2015)based on vessel monitoring system (VMS) and logbook data.

Besides the intendednd incidentakxtraction of benthic fauna, bottom trawlinigas several
direct physical effects depending on gear wei@t to severahundred klogrammes), towing

speed sedimer type and strength oturrents(Jones, 199 Especiallyhe otter boards leave
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distinct traces by scraping and ploughinghey disturb the benthic communitiesand
resuspend and mix the sedimefituplisea et al., 20G2ennings et al., 200Krost, 1990Krost
et al., 1990 Rosenberg et al., 200.3rhe resuling furrowsrange in width from apprarately
0.2 to 2m and can reach a penetration depth of 8t (Krost et al., 199)) The wires cause
only a slight scraping, while the ground ropes and fletsen the sediment surface between
the otter boards.Scraping/ploughing and flattening are two opposing actiongh the first
havinga largerimpact on fine sediments and the latter on coarse sedimégBtsith et al.,
2003). According toMain and Sangster (19819tter boards cause a strong undertow of-40
80 cms, which is sufficient to erode the sedimefitig.4.6). Coarser sediments are primarily
displaced, while finer sediments rather resuspend aotentially remain in suspension for
long time in particular if theycontain highamounts ofTOQKrost, 1990 Werner et al. (1990)
calculatedthat a 0.5m wide track suspendedlayer of mudwith a thickness of at leadtcm.
Furthermore, they provided evidence feemobilisation of nutrientscomplete perturbation
of the age sequences and chemical concentmafiwofilesas well as destruction of the original
sedimentary fabridown tothe meanpenetration depth of 1=m (maxmal 23 cm). Indirect
effects of bottom trawling include podishing nortality and longterm trawl-induced changes
to benthic fauna(Jones, 199 It can be assumethat dredging and trenching have similar

impacts.

In the Kiel Bight wat of the Mecklenburg Bighirost et al. (290)mapped bottom trawl tracks
by side scan sonar and foupatterns stretching over severafjuare kilometresn intensely
trawled regions The track frequencygenerally increasel with water depth andwith
decreasing mechanical resistancetioé sediment Hence, he track densitywas highest in
mud areas below 2fh. The width of the otter board trackswas usuallyaround 80cm,
sometimes between 1 andi®, probablydue to jumping otter boardsThepenetration depth
ranged fromcirca2 cm in sandd around15cm in mud Deeper trackf up to 30cm inmud
were associated withumping otter boards(Krost, 199). The roller gear attached to the
ground rope of the netleft tracks with awidth of 3-8 cmanda penetration depth of 25 cm
in mud, as observed byideo cameras and diver&rost et al. (1990¢oncluded thatsome
areasof the Kiel Bightire ploughed at least once a year byestboards (based on fishing

effort data)and that areas with abundant tracks are more or less completely disturbed.

On behalf of theBSH the Marine Geologydepartment oflOWmonitors the BalticSeafloor

with various geophysical methods.g. side scasonar imagingand hasprocesseda large
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amount of respectivedata. For thisstudy, Franz Tauberprovided several de scan sonar
images of the sefloor at some ofthe SECOS8oring locations (208 200m) to visualisethe
morphology of the sediment surfae (Fig.4.8; Franz Tauber 2015, IOW, personal
communicatior). They reveal a strongnthroturbationof the muds in the Mecklenburg Bight

and the Arkona Basiwith multiple crosscutting tracks.

Figure4.8. Side scan sonar images of the #iear around coring sites EMB05823in the Mecklenburg
Bight from 2005 (left) and EMB058/3-2 in the Arkona Basifrom 2009 (right) revealmultiple
generatons ofbottom trawl, dredgeandor constructiontracks (Franz Tauber 2015,I0W, personal
communicatior.

The peservationof such tracksdependson the intensity ofsubsequentbio-, hydro- and
anthroturbation, besideshe gearweight,towing speedand sediment typeln shallow sang
areas, they oly have ashort preservation period due tihe low penetration depth as wekls
stronger rearrangement by waves and currefsost, 199). In deeper muddy areashey

can persist for a much longer timgcological investigations in tleentext ofthe construction

of the Nord Streangas pipeline from the Bornholm Basin to the Greifswald Lagoon had shown
that in deep areas (below 2@ water depth) the marks and traces of the workings on the sea
floor were freshly recognisabland almost unchangethree years after theconstruction
(ThomasLeipe 2017, I0OWperonal communicatior). An otter boardtrack inthe sandy mud

of the Eckernférde BagwesternKiel Bighxcould be identified foalmost fiveyearsin an area
with minor fishing activity(Bernhard, 1989Krost et al., 1990 An old trackin the veryfine
sandof the eastern Mecklenburg Bight ~19 m water depth whichexistedalready beforea

dumping test during the DYNASproject Oynamics of Natural and Anthropogenic
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