',\' frontiers

in Marine Science

ORIGINAL RESEARCH
published: 08 November 2018
doi: 10.3389/fmars.2018.00413

OPEN ACCESS

Edited by:
Elinor Andrén,
Sdodertdrn University, Sweden

Reviewed by:
Boris Chubarenko,
P.P. Shirshov Institute of Oceanology
(RAS), Russia
Bjorn Griineberg,
Brandenburg University of Technology
Cottbus-Senftenberg, Germany

*Correspondence:
Marko Lipka
marko.lipka@posteo.de
Michael E. Bottcher
michael.boettcher@io-warnemuende.de

TPresent Address:
Bo Liu,
Section Marine Geochemistry, Alfred
Wegener Institute Helmholtz Center
for Polar and Marine Research,
Bremerhaven, Germany

Specialty section:
This article was submitted to
Coastal Ocean Processes,
a section of the journal
Frontiers in Marine Science

Received: 30 April 2018
Accepted: 17 October 2018
Published: 08 November 2018

Citation:

Lipka M, Woelfel J, Gogina M,
Kallmeyer J, Liu B, Morys C, Forster S
and Bottcher ME (2018) Solute
Reservoirs Re ect Variability of Early
Diagenetic Processes in Temperate
Brackish Surface Sediments.

Front. Mar. Sci. 5:413.

doi: 10.3389/fmars.2018.00413

Check for
updates

Solute Reservoirs Re ect Variability
of Early Diagenetic Processes In
Temperate Brackish Surface
Sediments

Marko Lipka **, Jana Woelfel 2, Mayya Gogina 2, Jens Kallmeyer #, Bo Liu *', Claudia Morys ®,
Stefan Forster ¢ and Michael E. Bottcher *

1 Geochemistry and Stable Isotope Biogeochemistry Group, Mame Geology, Leibniz Institute for Baltic Sea Research (LG),
Warnemiinde, Germany? Trace Gas Biogeochemistry, Marine Chemistry, Leibniz Ingite for Baltic Sea Research (LG),
Warnemiinde, Germany;? Benthology, Biological Oceanography, Leibniz Institute fBaltic Sea Research (LG), Warneminde,
Germany,* Section 5.3 Geomicrobiology, Helmholtz Center Potsdam Genan Geophysical Research Center (GFZ),
Helmholtz Association of German Research Centers (HZ), Patam, Germany,® Estuarine and Delta Systems, Royal
Netherlands Institute for Sea Research (N10Z), Den Burg, Nethiands, ° Institute for Biosciences - Marine Biology, University
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Coastal marine sediments are a hotspot of organic matter degdation. Mineralization
products of early diagenetic processes accumulate in the pee waters of the sediment,
are subject of biological uptake and secondary biogeochensal processes and are
released back into the water column via advective and diffuge uxes across the

sediment-water interface. Seven representative sites inhé shallow coastal area of
the southern Baltic Sea (15-45 m water depth), ranging from grmeable sands to
ne grained muds, were investigated on a seasonal basis forheir key mineralization
processes as well as their solid phase and pore water compo#ibn to identify the drivers
for the variability of early diagenetic processes in the fifrent sediment types. The
sandy sediments showed about one order of magnitude lower aranic carbon contents
compared to the muds, while oxygen uptake rates were similain both sediment types.
Signi cantly higher oxygen uptake rates were determined irntwo near-shore muddy
sites than in a deeper coastal muddy basin, which is due to higer nutrient loads
and the corresponding addition of fresh algal organic mattein the near-shore sites.
Pore water concentration pro les in the studied sediments vere usually characterized
by a typical biogeochemical zonation with oxic, suboxic, ad sul dic zones. An up to

15 cm thick suboxic zone was sustained by downward transportof oxidized material
in which dissolved iron and phosphate indicate an intensiveeduction of reactive Fe
with the release of adsorbed phosphorus. While the geochema zonation was stable
over time in the muds of the studied deeper basin, high varidlty was observed in the
muds of a near-coastal bay probably mainly controlled by seidhent mixing activities. The
sediments can be characterized by essentially two factors &sed on their near-surface
benthic solute reservoirs: (1) their organic matter mineliaation and solute accumulation
ef ciency and (2) their redox-state. Benthic solute resemirs in the pore waters of the
top decimeter were generally higher in the muddy than in theady sediments as the
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more permeable sands were prone to an intensive exchange beteen pore water and
bottom water. The three studied muddy sites showed great disimilarities with respect to
their predominating redox-sensitive metabolites (disseéd iron, manganese, and sul de).
Surface-near advective transport like irrigation of pernable sands and rearrangement
of cohesive muds had a particularly strong in uence on earldiagenetic processes in the
studied sediments and were probably the most important caue for the spatiotemporal
variability of their benthic solute reservoirs.

Keywords: Baltic Sea, pore water, benthic solute reservoir s, nutrients, sediment mixing, surface sediment,
advective transport, early diagenesis

1. INTRODUCTION like burrowing animals (bioturbation and bioirrigationhydro-
irrigation or anthropogenic in uences (bottom trawling ohg
Coastal seas constitute only about 1.7 % of the oceans surfaghchors) e ectively relocate particles and pore water in the
area but provide around 18 % of total oceanic net primarysurface sediment&ggleton and Thomas, 2004; Kristensen et al.,
production (Field, 199% The seabeds serve as the maim(1). These processes, collectively referred to as “advective
locations of modi cation and accumulation of particulate e processes” in this study’ transport organic matter and reacti
incorporated into the sediments on depositidRi(Ikotter, 2005 metals into and pore water solutes out of the sedimehitsg(tel
Coastal sediments are inherently highly dynamic systehey t et al., 1996; Huettel and Rusch, 2000; Rusch and Huettel).2000
display highest sedimentation rates, are a ected by wavesa@rn  The pore water chemistry of marine sediments is largely
shore currents and beyond that continuously exposed to humajh yenced by the presence of iron and manganese minerals,
interventions {(alley et al., 2001 which are widely distributed in the environment and common
Mineralization of organic material is carried out by in marine sediments. These minerals are introduced into the
microorganisms using oxygen, nitrate, manganese/irofnarine system via rivers and over the air and play a major
(oxyhydr)oxides, or sulfate as terminal electron acceptorgole as electron shuttle in suboxic processes, especiallyiitbn
(Froelich et al., 1999 Thermodynamically, oxygen is the most its diverse binding forms in di erent oxidation statesigese,
favorable terminal electron acceptor for microbial degtamta  200§. Iron and manganese naturally occur in two oxidation
of organic matter. Due to transport limitations and low states, reduced Mn(ll) and Fe(ll) (ferrous iron) and oxidize
saturation concentration of oxygen in sea water, its abditg  Mn(111/IvV) and Fe(lll) (ferric iron). Ferric iron phases are
in marine sediments is often limited to the tOp millimeters t h|gh|y reactive toward sul de. Sedimentary iron may also be
centimeters depending on sediment permeability, irrigatéoml  associated with clay minerals, however, these iron phases are
bioturbation activity Revsbech et al., 1980; Glud, 2p@elow |ess reactive to microbial activity or reactivity towarddnggen
the thin oxic zone, anaerobic bacteria use alternativetrelec syl de than iron (oxyhydr)oxides oulton et al., 2004 Also
acceptors to decompose organic matter. Sulfate reduction &me sulfate reducing bacteria are known to contribute to
the most important anaerobic degradation process in reduceﬁe_reduction in coastal marine sedimen]g)(ﬂey et al., 1993;
marine sediments Jgrgensen, 1982; Howarth, 1984; IsakseReyes et al., 20).6Thus, in reactive iron-rich layers (suboxic
and Jorgensen, 19pHighest sulfate reduction activities were zone) dissolved sul de is hardly present in pore waters altfou
observed in estuarine and shallow sea ecosystems, aguwpuntsylfate reduction occurs; instead dissolved iron accupeslin
for 20-40 % of the global sulfate reductioBkfring, 198).  the suboxic zone(an eld, 1989; van de Velde and Meysman,
Microbial sulfate reduction is reported to contribute to the 2014. Therefore, the occurrence of dissolved ¥ the pore
organic matter mineralization in continental shelf sedim@by  waters marks the suboxic zone, which forms a bu er between
more than 50 % Jgrgensen, 1982; Can eld et al., 1993; Wanghe often very thin oxic and the sul dic zone. This zone has
and Van Cappellen, 1996; Bowles et al., 3014 ecosystematic relevance for benthic ora and fauna, whioh d
Post-depositional processes, including the consumption afiot tolerate hydrogen sul de \{fang and Chapman, 1999
terminal electron acceptors, the release of mineralizatioBuried Mn-oxides can be reduced by %gliberating Mrf*
products (dissolved inorganic carbon, nitrogen, and phospispr into the interstitial waters Fostma and Appelo, 20p@nd also
into the sedimentary interstitial waters, as well as subeaty ammonia oxidation by Mn-oxides was suggestetydcinthe
reactions of produced metabolites (hydrogen sul de, digsdl et al., 200). Mn?* and Fé&* in return can be reoxidized on
iron, and manganese) are re ected by the chemical compasitiocontact with nitrate or oxygenSchippers and Jgrgensen (2001)
of the solid phase and associated pore waters. Since maridescovered a mechanism of anoxic pyrite oxidation by MnO
organic matter is mainly composed of carbon, nitrogen, andiia an Fe(ll)/Fe(lll)-shuttle, so that no direct contacttbeen
phosphorus, its mineralization releases dissolved inomanihe two solid phases is required. Via this redox cascade, ofost
carbon, nitrogen, and phosphorus into the sediment pore watershe produced sul de is reoxidized by oxidizing agents likenir
The dissolved substances in the pore water migrate upwar@xyhydr)oxides, manganese oxides, nitrate, and nallygen
and downward along concentration gradients via di usion and(Aller and Rude, 1988; Caneld et al., 1993; Schippers and
other transport mechanisms. Non-di usive transport processesgrgensen, 20D2
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Consequently, the geochemical composition of the porevater depths (<50 m), diverse sediment conditions (grain
waters is determined by microbial organic matter mineratian, size distribution and organic matter content) and a strong
transport processes at the sediment-water interface anshlinity gradient from west (~20) to east (~8). There are two
secondary reactions within the surface sediments. Multirecent sediment accumulation areas, tBay of Mecklenburg
element pore water solute analysis allows for a detailednd the Arkona Basin with maximum water depths of 26
biogeochemical characterization of the studied sedimentsnd 49 m, respectively. In the accumulation areas, about
Pore water concentration pro les are usually used to cateula 90 % of the sediment dry weight are clastic components,
di usive solute uxes across the sediment-water interfacgam organic matter makes up ~10 % of the dry weighteipe
identify zones of biogeochemical transformations andneste et al., 201). The occurrence of sandy sediments in the
the transformation rates in the sediment. The accuracy @f thsouthern Baltic Sea is concentrated along the coasts and in
result of such estimates highly depends on the depth resalutiolarger areas between thigay of Mecklenburgnd the Arkona
of the surveyed pore water concentration pro les, which i®oft Basin as well as on theOder Bank a wide at east of
limited due to methodological constraints. The conclusion Rigen island Kigure 1). The sandy sites are characterized
that can be drawn from such calculations are correspondinglpy ne and medium sands (125-500m) and low organic
con ned. In this study we derive a di erent parameter from pore carbon contents (<1 % of the dry weighteipe et al,
water concentration pro les, the benthic solute reservdio  201J).
our knowledge, a quanti cation of the benthic solute resers, Seven study sites in the German Baltic Sea region were
i.e. the accumulated amount of dissolved substances in thetensively studied Kigure 1 and Table 1) on a seasonal basis
upper centimeters of the sediment, has not yet been used tturing ten ship-based expeditions between July 2013 and March
characterize sediments regarding their early diageneticgsses. 2016 (R/V Alkor: 2014-03; R/V Elisabeth Mann Borgese: 2014-06
Near-surface benthic solute reservoirs are sum paramete?915-01, 2015-04, 2015-08, and 2016-03; R/V Poseidon: 2014-0
for the characterization of porous sediments concerningR/V Maria S. Merian: 2016-01; s8eipplementary Materialfor
biogeochemical reactions and transport processes. Unlikedetailed list of cruise expeditions). The sites are reptatiga
di use uxes or transformation rates, the calculation of it of the major depositional environments. Major events of the
solute reservoirs is robust even with lower sampling resofuti year, namely spring- and autumn algal blooms, stagnation
and less dependent on the pore water concentration pro lgperiods with bottom water hypoxia and winter dormancy
shape at the dynamic sediment-water interface , i.e., due twere covered. Two sites within thgay of Mecklenburgvere
short-term changes in bottom waters. Instead, the mukireént sampled, M-M1 in the inner bay and M-M2 in the outer
benthic solute reservoirs directly re ect mineralizatiawstivity, bay.
subsequent biogeochemical reactions and transport proe@sse  The sampling site M-A was situated in the deepest part of the
the considered depth interval. basin inside the exclusion zone for shipping around a monitgri

This study aims to quantify the variability of solute resars  station (Figure 1).
in the surface sediments of dierent sediment types of the Sandy sediments were investigated at two near-coastal site
southern Baltic Sea and to identify the reasons for th€S-S and S-D) between the main accumulation areas and on
variability in the di erent early diagenetic processes infage the Oder Bank(S-O), a non-depositional sand at northwest
sediments, including organic matter mineralization, sedary of the Oder Rivermouth (Figure 1). The Oder Banksediments
biogeochemical reactions and transport processes. are very organic-poor, occasionally overlain by thin uE(meis

Previous biogeochemical studies in the Baltic Sea haws al., 1998 A strong variability in sediment type and benthic
mostly concentrated on the deep anoxic basins, Gdansk Bagommunities is reported byaima et al. (1999jor the Oder
and the Gulf of Finland. However, the southern Baltic Sed@ank
oers a gradient system, that allows to compare muds and An intermediate sediment type with low permeability
sands under di erent salinity regimes and, as a consequencgomparable to mud) and low organic matter contents (similar
di ering benthic fauna. In addition to spatial variabilityhere to the studied sandy substrates) was studied at the siltitd,
are also great temporal dynamics in temperature, salinitysituated in a shallow bay at the shoulder of northern Rigens Th
and oxygen availability in this shallow coastal area. Mossite is a ected by sediment rearrangement during storimsiiha
studies on benthic ecosystem services lack such seasoaghl., 200).
aspects. The Baltic Sea is also under great pressure from
anthropogenic activity (e.g., nutrient input via rivers, ghing  2.2. Sediment Sampling
tra ¢). Potential environmental controlling factors respsible Up to eight parallel short sediment cores were collected
for spatial variability or temporal dynamics in the benthidige with a multicorer in acrylic tubes of 60 cm length and
reservoirs of the studied coastal surface sediments azastisd. 10 cm internal diameter. Special care was taken to discard

sediment cores potentially disturbed during sample

2. METHODS collection indicated by e.g., a lower lying or inclined
' sediment water interface and missing characteristic
2.1. Study Area structures like ripples or macrozoobenthos induced

The study area is situated in the southern Baltic Sea regiostructures in the surface sediments compared to the parallel
(Figure ). This coastal region is characterized by shallowcores.
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FIGURE 1 | Sampled sites and sediment type distribution in the souther Baltic Sea. Sediment distribution map is redrawn fronTauber (2014) Abbreviations in the
legend follow the Wentworth classes: Cl, clay; U, silt; S, sal; G, gravel with graduations of very ne (vf), ne (f), mediunim), and coarse (c). Sediment sorting classeg

range from very well sorted (vws) over moderately sorted (o very poorly sorted (vps). The red area in thArkona Basin marks the 500 m exclusion zone around a
BSH MARNET monitoring station.

TABLE 1 | Sampling sites, their sediment types and typical bottom wadr temperature, salinity and oxygen concentration investated in the present study.

Site Type Lat. [ N] Long.[ E] Depth [m] T[ C] Sal Oxygen [mL/L]
M-M1 Mud 54.1103 11.1336 24 414 1823 17

M-M2 Mud 54.2084 11.6069 28 414 20-24 0-7

s-s Sand 54.2531 11.9309 19 414 16-22 2-8

sD sand 54.6879 12.6774 22 5-15 13-19 38

T silt 54.6448 13.5870 29 4-16 9-10 58

M-A Mud 54.8848 13.8528 48 5-15 13-24 26

s-0 Sand 54.4401 14.0568 17 2-18 8-9 59

2.3. Sediment Solid Phase Analysis (determined by weight loss upon vacuum freeze-drying) whith t

Sediment surface chlorophydl (ChlA) contents, a proxy for empirical relationship suggested Bjemming and Delafontaine

organic carbon export to the sediments, were analyzed in 6—-12000) Sediment porosity was calculated from the water content

parallel cores per site during four cruises in 2014-09, 201,5-0(mwet  Mgry), the salt corrected sediment dry weighigsiq)

2015-04, and 2015-08. According to the method described ihased on the methods suggestediaey et al. (1992jhe DBD

Morys et al. (2016)sediment samples of the top 5 mm wereand the density of sea water)

extracted for chlorophyll with 96 % ethanol and the extractsev

analyzed photometrically. Vwater Mwater= (Mwet  Mgry) DBD
Sediment samples were retrieved from short cores in 1-2 cm Viotal Msolic=DBD Msolid

slices. The outer 1 cm rim was immediately timmed o eachesli

to avoid cross contamination from adjacent horizons. Sesfim  Sediment permeability was directly measured on sub-cores

slices were transferred into plastic tubes and frozen at €20 using a falling head permeametescha er and Collins, 1966

immediately for subsequent laboratory analysis. Hydraulic conductivity, K, was derived from seven to ten
For the classication of the study sites into permeableconsecutive readings of the falling head vs. time, averéged

and impermeable sediments, the dry bulk density (DBD) ofach measurement (standard deviatioB—20 % of the mean).

the sediment samples was estimated from the water contefermeability (k) was calculated from hydraulic condudgivi
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measurements (K) with the following equation: overlying the sediment in the incubated core (with constant
K surface area of the coreD 78.5cnt).
kD —— For an assessment of the inuence of macrozoobenthos

on the investigated processes, species abundance and biomass

where is the dynamic viscosity, density of sea water, agthe ~ Were determined after the incubation. Sediment cores were
gravitational acceleration. carefully washed on board through a 1 mm mesh sieve and the

For a general characterization of the biogeochemicafl mm fraction was stored in 4 % bu er formalin solution.
composition of sediments, freeze-dried sediment sampld4acrozoobenthos species were then sorted in the laboratory,
were analyzed for total carbon (TC), total nitrogen (TN),dan identi e_d at the hlgh(_ast possible taxoqomlc resplutlo_n (spsc
total sulfur (TS) contents with a CHNS-@lemental Analyser |€vel with the exception of gend&horonisand familyNaididag
EuroEA 3052rom EuroVector Combustion was catalyzed by following the World register of Marine Species (WORMS),
added divanadium pentoxidethe resulting gaseous products counted and weighted. Overall 30 taxa were recorded in
were chromatographically separated and measured via infrarétl incubated cores. Species abundance and biomass was
spectrophotometry. standardized to the area of 12m

Total inorganic carbon (TIC) was determined withMacro- . o
Elemental Analyser multi EAAnalytik Jeny by transferring 2-4-1. Sulfate Reduction Activity _ _
inorganic carbon with 40-50 % phosphoric acid into §@hich In order to determine the proportion of anaerobic processes in

was then measured by infrared spectrophotometry. the total mineralization gross sulfate reduction rates (SR&k
Total organic carbon (TOC) contents were calculated froe th @nalyzed by thé>s radio-tracer injection techniquelgrgensen,
di erence of TIC and TC contents. 1979 in the laboratories of the German Research Centre

Sedimentary C, N, and S contents were corrected for salinitfo” Geosciences (GFZ). Intact sediment short cores for the
compiled and provided by Dennis Bunke (availableBanke —analysis were sampled during a summer (August 2015) and
etal., 2013 a winter (January 2016) campaign from sandy (S-S and S-O)

Reactive iron (F§ contents were analyzed on freeze drie@nd muddy (M-M1, M-M2, and M-A) sites and stored with
sediment samples, extracted with 0.5 M HCI solution undeSUPernatant water and head space of air atGiuntil start of
constant gentle agitation for 1 hKpstka and Luther, 1994 the experiments (November 2015 and February 2016). Rates of
Filtered extracts (0.45mm Minisart syringe lters) were 353-sul de formation were measured by incubation experiments
analyzed either via photometric analysitgokey, 19700r by ~ With 3550 radio-labeled sediments aftéossing (1995and
inductively coupled plasma optical emission spectrometry {iIcpi<allmeyer etal. (2004)

OES) analysiSCAP 6300 Duo Thermo Fisher Scienti ¢ Sediment incubations were performed either in glass tubes
Precision and detection limits are given in the(6 cm long and ~1 cm inner diameter, November 2015) or
Supplementary Material in sub-cores (3.5 cm inner diameter, February 2016). Temsf

of sediment sub-samples into glass tubes was carried out in

2.4. Oxygen Uptake an inert gas (Ar) atmosphere two days before the start of the

Total oxygen uptake (TOU) is a proxy for the total mineralizatio incubation experiments. Sub-sampling via sub-cores ocdurre
activity of a sediment and was studied @g-situsediment core right before the tracer injection with small liners haviriicone-
incubations monitoring oxygen concentrations in the overty  lled injection ports arranged vertically at 1 cm intervalswlo to
bottom waters. Intact short cores were incubated at cortstarlls cm.
temperature (5 or 10C, depending on ambient bottom water ~ Volumes of 15mL 3°SQ? tracer solution Hartmann
temperature) and under dark conditions for 5-10 d. The bottomAnalytic GmbH Braunschweig, Germany) with a speci ¢ activity
water was slowly stirred via magnetic stirrers driven bytating ~ of 2.6-5.2 kBgmL ! were injected into each glass tube or
magnet outside the core. injection port so that each sediment sub-sample or sub-core
Bottom water oxygen concentrations were monitored ininterval contained a radiotracer activity of about 39-781kB
high resolution (sampling rate of < 60 s) using in-core Sub-cores or glass tubes were incubated under dark conditio
attached optode spots with a FIBOX oxygen sensor spot systeth near in-situ temperature (chosen on the basis of eld
(PresensRegensburg, Germany). Two-point sensor calibrationmeasurements in the bottom water) for 8 h (at 1€ in
was performed with aerated sea water (100 % atmosphefdovember 2015) or 14.5 h (at AC in February 2016). The
saturation) and sea water mixed with sodium dithionite (0 %sediment sub-cores were sliced into 1 cm (upper 5 cm) or
oxygen). Linear oxygen declinB{> 0.85,p < 0.1) during oxic 2 cm (5-15 cm) sections after incubation. Sediment slices or
(>89mM O5) and hypoxic (< 89nM O5) incubation phases were contents of incubated glass tubes were immediately mixeal wi
used to calculate TOU rates in the respective incubation ghas@ 20 % ZnAc solution to x sul des and inhibit further sulfate

as follows: reduction activity.
1o0y) The cold chromium distillation procedureK@limeyer et al.,
TOUD 1t h 2009 was used to recover radio-labeled sulde from the

sediment. Radioactivity of°S was determined using a liquid
Where% is the concentration gradient over time (slopes ofscintillation counter Packard 2500 TRwith a counting window
linear model ts) andh D V=Ais the height of the water column of 4-167 keV.
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2.5. Pore Water Sampling Precision, accuracy and detection limits of the analysés ar
Immediately after recovery of the sediment short cores, porgiven in theSupplementary Material

water samples were extruded from about 1, 2, 3, 4,5, 7, 9, 11,

15, and 20 cm below as well as from bottom water right above th2.7_ Calculations and Statistics

sediment-water interface through pre-drilled holes usirg&ens Calculations and statistical analysis were conducted u$ing

(Rhizosphere, Wageningen, Thg Netherlari®tszberg-Elverfeldt version 3.42 R Core Team, 20)6 Averages are given as
etal., 200pattached to clean syringes/{nde etal., 201% APOUI . mean one standard deviation. To test for statistical signi cance
10 mL pore water were extracted from each depth after dlscgrdmOf the di erence between means of group sampRaxtletts test

the rst 1-2 mL. Additional Itering of the water samples wasto was used to check the homogeneity of variances, normaliy wa

necessary, as the Rhizon samplers consist of microporous IUbﬁwecked withShapiro-Wilk teston the ANOVA residuals. As
with a pore width of 0.2nm. The water samples were transferred, \;5y/a assumptions were not met, thé&uskal-Wallis H testa

into di erent sample containers for later analysis: Withoutalg non-parametric alternative to one-waNOVA, andDunn's post-

. 0 ) . \
f2 antOf portle watefr W?;e xed W't? 5t.VO|' go Zn laceftate S(_)rl:jt'onhoc testwas performed. Unless otherwise stated, hypotheses were
or later analysis of sul de concentration. Samples for maj tested at a 0.05 level of signi cance.

trace element analysis were lied into pre-conditioned (wit % Benthic solute reservoirs were calculated from the pore

o : L 0
nitric acid) 2 .mL sample tl.Jt.".eS and aC|qI| ed 10 2 vol.% HNO water concentration gradients of the respective soluteshas t
for co_n_servgtlon. Three milliliters Exet_amer_s_ (pre-cledveith integrated concentration in the top 10 cm. This corresponals t
2 % nitric acid, subsequently washed with MilliQ water) prepareqhe cumulated substance quantity in this layer. An inteigrat

with 25 mL saturated mercury chloride solution were lled with depth of 10 cm was chosen to avoid the exclusion of some short
no head space for later analysis of dissolved inorganic mrb%andy cores from the comparative analysis

(DIC). Principal component analysis (PCA) were performed on

benthic solute reservoirs (DIC,4$, F&*, Mn2*, NH4*, POy, and

2.'6' Water Ar.]alySIS . H4SiOy). Data was zero-centered and scaled to unitary variance
Dissolved Na, Si, S, Fe, Mn, and P in the water samples WELRtore the analysis

analyzed with an ICP-OESIGAP 6300 Duo Thermo Fisher

Scienti 9. Water samples were diluted with 2 % HNQo

a target salinity of 3, 6, or 12 depending on the salinity o3 RESULTS

the samples, estimated from bottom water salinity (measured ) ]

with a ship based CTD system, e @11+ Sea-Bird Electronics 3.1. Sediment Solid Phase

USA). Measurements were validated with the certi ed seawate3.1.1. Porosity and Permeability

reference standard€ASS-50r SLEW-3 (National Research Sediment porosity in the southern Baltic Sea sampling sites wa

Council of CanadaOttawa, Canada). An additional reference>80 % in muddy sites and ~40 % in sandy sitégy(re 2).

standard mixed with spike solution containing P, Fe, and S waPorosity pro les showed highest values at the sediment-vate

routinely used, since concentrations of these elementshean interface and decreased with depth due to compaction.

distinctly higher in pore water samples than in the reference The sandy sites S-O and S-S display permeability valkesf (

material (Kowalski et al., 2093 10 10 2m?and 4.2 10 2m? respectively, while permeability
Dissolved ammonium (Nig*) concentrations were analyzed in the muddy sites M-A, M-M1, and M-M2 was 2-3 orders of

shipboard using standard photometric methodaéssho etal., magnitude lower ki D 4.5 10 ** m? 8.2 10 14 m? and

2009 on a QuAAtro multianalyser systemSeal Analytical 3.6 10 % m?, respectively). S-D and I-T were not analyzed

Southampton, UK) within hours after sampling and checked withfor permeability, but they displayed porosity valuésglre 2)

a multi-ion standard solution Bernd Kraft GmbH Duisburg, and grain size distributions (pers. comm. Dennis Bunke, IOW)

Germany\Winde et al., 201/ comparable to the S-O and M-A sediments, respectively. Hence,
Dissolved inorganic carbon (DIC) was measured by meanthe sandy sites S-S, S-D, and S-O can be classi ed as permeable

of continuous- ow isotope-ratio-monitoring mass spectrotne  while the muddy and silty sites M-M1, M-M2, M-A, and I-T must

(CF-irmMS) using aThermo Finnigan MAT 253yas mass be considered impermeable.

spectrometer coupled to @hermo Electron Gas Benchvik a

Thermo Electron Con o INnterface. In an aliquot of the water 3.1.2. Surface Sediment Chlorophyll

samples, DIC was transferred to gaseous, ®® the manual Chlorophyll a (ChlA) contents in the top 5 mm of the studied

injection of supersaturated phosphoric acid inftxetaineran  sediments, representing input of fresh organic matter to the

a thermo-constanGas BenchSolutions were allowed to react sediments, ranged between 2 and g cm 2 during four

for at least 18 h before introduction into the mass spectranet cruises between 2014-09 and 2015-08 capturing di erent $saso

(Winde et al., 2014 Aqueous NaHC® solutions and solid (Figure 9). Surface sediment ChlA contents were overall lowest

carbonates were used for concentration calibration. at the sandy site S-O (3.8 1.1 mg cm 2), signi cantly
Dissolved sulde concentrations in pore waters werehigher in the M-A muds (5.1 1.7mg cm 2) and S-S sands

determined in 5- to 100-fold diluted samples by the(5.5 2.6mg cm 2) and highest at the muddy sites M-M1

methylene blue techniqueC{ine, 1969 using a Spekol 1100 (10.3 3.5mg cm 2) and M-M2 (9.4 3.0mg cm 2). The

spectrophotometerinalytik Jenx silty site |I-T was only analyzed once during this study and
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FIGURE 2 | Depth dependent dry mass content of sediment total inorgarmi carbon (TIC), total organic carbon (TOC), atomic TOC:TN iiat reactive iron (Fe*), and
acid extractable manganese (Mn) irfA) silty/muddy and (B) sandy sediments. Each bar represents one sediment sample,dr heights indicate the sampling interval.
nd, not determined.

showed comparatively high ChlA contents (8.90.6mg cm 2)  occasionally showed surface peaks of more than 2 % (e.g., S-D in
statistically indistinguishable from the M-M1 and M-M2 muds. September 2014 and S-S in June 2014), indicating temporally or
spatially variable input of organic matter. Sedimentary TOR/
3.1.3. Sediment Solid Phase Composition ratios generally increased with depth, suggesting a preferred
Muddy sediments (M-M1, M-M2, and M-A) were statistically degradation of organic nitrogen compounds, thus depletion of
indistinguishable in their TIC, TS, and TOC contents of theN in the more refractory organic matter fraction.
top 15 cm, indicating a largely homogeneous geochemical The silty site I-T showed mud-like composition in the top
composition. However, the muds were characterized by about gparts of the sediments and a more sand-like composition at
order of magnitude higher mean contents of TOC (5.9.7 %) depth. Besides, the depth gradients of TOC and the TOC/TN-
compared to the sandy sites (S-S, S-D, and S-O) with TOGtio were large compared to the other sites, indicating a-non
contents of 0.3 0.3 % in the top 15 cnigure 2). The sandy sites  steady-state during the single sampling occasion.
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Reactive iron and manganese contents of up to approximate

22 mmolm2d?!and 49 38 mmolm?2d?!?

5.1

2.5 and 0.07 %, respectively, were measured in the studied muds muddy and sandy sites, respectively (statistically not
and about an order of magnitude lower contents were foundlistinguishable). Within the studied muds, TOU in the

in the organic-poor sands and siltFigure 2. F€ and acid

extractable Mn usually showed peak contents at the sedimenmtere signi cantly higher (7.3

sites M-M1 and M-M2 of the muddyBay of Mecklenburg
3.0 mmol m?2 d ! and

surface exponentially decreasing with depth within the top5.9 1.1 mmol m 2d 1, respectively) than in the muddy site

2—7 cm. Occasionally, another peak with contents above thd-A (3.6

background value occurred below. While pyrite does not bglon
to the still reactive iron fraction (F§, as it is not dissolved during
acid extraction, amorphous mono-sul de (FeS) doesaése,
2009. Fe-sul des may additionally contribute to the reactiveri
fraction due to reoxidation prior to extractionB@ttcher and
Lepland, 2000

3.2. Organic Matter Mineralization
3.2.1. Total Oxygen Uptake
Total oxygen uptake (TOU) is a measure of organic matte

mineralization in sediments underlying oxygenated bottom
water. The initial TOU rates of the studied sediments in the

southern Baltic Sea ranged from 1.5 to 15.5 mmol?md !
(Figure 3). These rates are at the lower end of previously reporte

values in coastal muddy and sandy sediments, which varylyvide
from 4 to ~50 mmol m2 d 1 (Jargensen, 1977; Balzer, 1984

Jargensen and Revsbech, 1989; Mackin and Swider, 1989; Je
etal., 1995; Conley etal., 1997; Rysgaard et al., 200 Edahak,
2005; Almroth et al., 2009; Bonaglia et al., 2014

During summer, bottom water conditions were often alread
hypoxic or the transition to hypoxic situations occurred
during the incubations. Considering only incubation phase
with oxic bottom water conditions, average TOU were

FIGURE 3 | Seasonal record of total oxygen uptake (TOU) rates in southe
Baltic Sea sediments obtained via core incubation. Summed(ne—October)
and winter (January—April) season are highlighted by red drblue shaded
areas, respectively. Horizontal blue lines represent the @an total oxygen
uptake rate over all incubations for each site.

Yy

S

0.8 mmol m 2 d 1). Oxygen uptake rates of the
studied sandy sites S-S and S-O (3.8.7 mmolm 2d ! and
53 4.7 mmol m 2 d 1, respectively) were statistically not
distinguishable.

Exceptionally high infauna biomass was responsible for
particularly high total oxygen uptake rates in one of the canes
April 2015 Figure 4). The di erences within the muds did not
correlate with macrozoobenthos abundance or biomassyath
very low bioturbation potential of the enclosed macrozoolberst
in the incubation cores of the site M-M1 prevailed. More details
pn benthic infauna and their in uence on the biogeochemistiy
the studied sediments can be found in Gogina et al. (in reyiew
(this issue).

.2.2. Gross Sulfate Reduction

he proportion of sulfate reduction, the most important

naerobic degradation process in reduced marine sediments,

as investigated via gross sulfate reduction rate analysis
N, . . X

the studied sediments. The radio-tracer experiments rexkeal

microbial sulfate reduction in all cores, muddy and sandithw

volumetric rates ranging from ~1 to ~100 nmol ¢ind 1

al

(Figure 5). Sulfate reduction rates (SRR) of ~100 nmol¢ah 1
are typical for organic-rich, muddy sediments in eutrophic
coastal environments, while much lower rates are usuallydoun
in continental slope and deep sea sedimeriisi( eld et al.,
2005. The downward decreasing trend of SRR was not due to
sulfate limitation but indicates exhaustion of labile ongapools
with depth Boudreau and Westrich, 198dnd a decrease in cell
numbers of active sulfate reducing bactetiéopet-Brossa et al.,
2002; Al-Raei et al., 20pSharp local maxima in the top mm

below the sediment-water interface followed by a broadaself

FIGURE 4 | Total macrozoobenthos abundance and biomass (ash free dry
weight) in the incubated short cores. Points and errorbarsepresent means
one standard deviation of 2 to 4 cores.
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FIGURE 5 | Vertical distribution of sulfate reduction rates measureth muddy (M-A, M-M1, and M-M2) and sandy (S-S and S-O) study &s in summer and winter.
Values are given as mean and range of two replicates except f&-O, where only one core was incubated. Areal SRRijmol m 24 11 are shown separately for
summer and winter as depth-integrated sulfate reduction rees in the top 15 cm of the sediments.

reduction zone below are frequently reported in the literatu likely the dominating mineralization pathway here.
(Moeslund et al., 1994; Kristensen, 2000; Sawicka et al).2012 Werner et al. (2006)eported integrated SRR (top 15 cm)
Highest rates (~100 nmol cthd 1) at the surface of M-A of ~2.2 mmol m?2 d ! for the Janssand intertidal sand
muddy sediments during summer 2015 may be explained byt (Spiekeroog, North Sea, Germany), which is close to
increased organic matter supply from algal bloom detritus. M-M1the value observed in the sandy S-O sediments during this
and M-M2 sediments, however, did not show a clear depttstudy. In contrast, integrated sulfate reduction rates -1
dependence in sulfate reduction but overall higher values i84 mmolm 2d ! were reported for the top 15 cm of temperate
depths >5 cm compared to the site M-A. intertidal sediments in the German Wadden Sea of the souther
Overall lowest values were measured in the sandy site S-S.  North Sea Boticher et al., 2000; Kristensen, 2R0AI-Raei
Depth integrated SRR in the top 15 cm measured duringet al. (2009)reported seasonally dynamic integrated SRR in
this study ranged from 0.9 to 5.0 mmol A d ! (Figure5. North Sea intertidal surface sediments (top 15 cm) ranging
These measures are in good agreement with average sulfé@m ~6 — 30 mmol m2 d ! (mixed type sediments) to ~1 —
reduction rates for non-depositional (1.1 mmol rad ) and 16 mmol m 2 d ! (sands). Although obtained from a coastal
depositional (4.7 mmol m? d 1) shelf sediments compiled by sea in the same climate zone in sediments with similar TOC
Caneld et al. (2005) Thode-Andersen and Jgrgensen (1989)contents, these rates are considerably higher than thoselfiou
reported integrated sulfate reduction rates (top 15 cm) ire n the Baltic Sea sediments during this study. In the compitatio
grained organic-rich coastal sediments (Aarhus Bay, Dekjna of sulfate reduction rates from di erent marine depositional
of 1.1-3.8 mmol m?2 d 1, which matches the measured SRRsettings Can eld et al., 200} intertidal sediments showed two
at site M-A (2.6 and 3.0 mmol n? d 1) but is distinctly to tenfold higher values compared to the listed shelf sedisien
lower than the values observed for the sites M-M1 and M-M2
(4.4 and 5.0 mmol m? d 1; Figure 5. In the central deep 3.3. Pore Water Pro les
basin of the Baltic Sea, tlgotland Deepvith organic-rich silty = The pore water concentration pro les{gure 6) were consistent
sediments and usually anoxic bottom waters, depth integratewith the typical pore water zonation below mostly oxic bottom
SRR (20 cm) of 4.8 mmol nf d ! (Al-Raei & Béttcher, unpubl. waters (grgensen and Kasten, 2)0Bi erences between the
results) and 3.8-7.6 mmol n¥ d * (Piker et al., 1998were prole shapes of parallel cores are usually small compared
reported. These measures are comparable to southern Badtic Se the temporal variability of the pore water proles so that
SRR found at muddy sites in this study. Considerably hightessra  spatial homogeneity can be assumed within the individual
(13.5mmolm 2d intop 20 cm)were observed in thendsort  sites. Most pronounced in muddy sediment§igure 6A),
Deep(Al-Raei et al. unpublished). Both sites are located in thg@ore water proles in the top 20 cm were dominated by
deep basins with temporarily anoxic bottom waters and weréntense net sulfate reduction, indicated by decreasing?SO
anoxic at the time of sampling. Hence, sulfate reduction wastm and increasing HS concentrations with increasing depth.
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FIGURE 6 | Multi-parameter pore water concentration pro les in(A) soft sediments and (B) sandy sediments.

Active manganese and iron reduction were indicated by theul de (up to 150mM) were found at depths >10 cm. Active

presence of dissolved manganese ffJnand iron (F€*) manganese and iron reduction was indicated by increased

in the pore waters. The appearance of,3H consistently Fe&* and Mr?* concentrations and also primary mineralization

coincided with Fé&* depletion at depth. All organic matter products (DIC, NH*, H4SiQ4, and PQ) accumulated at depth

mineralization processes released dissolved inorganibonar to a lesser extent.

(DIC, mainly HCO; at pH 8), ammonium (NH*) and

phosphate (mainly as HP$ at pH 8) into the interstitial 3.4. Benthic Solute Reservoirs

waters. Especially the primary products of organic matter mineraliaati
Orders of magnitude lower concentrations were found indissolved inorganic carbon (DIC), dissolved inorganiaoifen

sandy and organic-poor sedimentsigure 6B). No decrease in (DIN, mainly NH4"), and dissolved inorganic phosphorus (DIP,

sulfate with depth and only low concentrations of dissolvedmainly PQy), accumulate in surface sediment interstitial waters
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(Figure 6). Also sul de (H»S) concentrations were usually high 4. DISCUSSION
in pore waters of the muddy sites, as sulfate reduction is a . . i

important process in the studied mudsi@ure 5). Consequently, 2"1' Organlc Matter Mmerahzatlog] 1

these solutes showed orders of magnitudes higher condantsa O*Y9€n uptake of 5.0 2.9 mmol m = d * and depth

in the pore waters compared to the overlying water column'megr"jltecl (té)p }5 c.m) gross sulfate. reduction .rates. of .0'9_
forming substantial solute reservoirs in the surface sedits 5'_0 mmol m _d |nd|_cat§ active organic matt_errr_nnerahz_aﬂon
(Figure 7). Benthic reservoirs of all considered solutes Sy with substantial contribution of sulfate reduction in theuslied

NH 4+ Pd; DIC, sul de, F&*, and M) in the top 10 cr,n muddy and sandy sediments. The study sites di ered primarily
surface sediment were generally higher in studied muds than in their sediment type which is re ected most clearly in their

the sandy study sites, while the silty site I-T showed intediate varying permeability and organic matter contents. Organic
values Eigure 7) matter content in sediments can be described as a reactive

Benthic solute reservoirs were largest in the organic-ricr‘?ontin“um'Where rapid degradation of freshly deposited aiga

and impermeable muds, smaller in the intermediate silt andnatter takes place near the sediment surface, while a large

close to zero in the sandy sedimenEgure 7). DIC formed by fraction of deeper buried organic matter is rather refragtor
far the largest benthic solute reservoirs (about 450 mmoFm (Berner_, 198D _Sands have ofter_l been treated as gener_ally
in the muds), followed by WSiQs and NHs* (about 42 unreactive sediments due to their lack of TOC and reactive

and 25 mmol m2 in the muds: C:Si:N = 106:10:6). This iSsubstances. However, recent studies show that substantial

approximately in line with the Red eld-Brzezinski composit®n mineralization of highly degradable organic matter occins

of marine organic matter or diatoms, assuming that organic's"’}ndy §ed_|ments while _accumulanon of aged _materlal and
matter mineralization products are released into the poreansat mineralization products is prevented by advective transport
with a ratio of C:Si:N:P = 106:15:16R(d eld, 1958: Brzezinski, ProcessesHoudreau et al.,, 2001; Huettel et al., 20Huettel
1989. Smaller Si and N reservoirs compared to C in theand Gust (1992and Ziebis et al. (1996gdemonstrated strong

pore waters may be attributed to limited solubility of biogen ad:j’?“"’e dporr;\] waterd fh'tr)‘g docl)wn lto several centlmeteri
silica and ammonium reoxidation via nitri cation. Phospleat sediment depth cause y boundary layer Ows over a roug
reservoirs, on the other hand, were on average 15 mmdl m sea oor. Such bedform-induced interfacial ows also lead

the muds (C:Si:N:P = 106:10:6:4). Due to a higher degratyabil to uptake of particulate organic matter into permeable shelf
of organic P and N components, these can be preferential ediments duettel et al., 1996; Huettel and Rusch, 2000; Rusch

released relative to C during the initial stages of organattey ~ 2"d Huettel, 2000) which is the source of the reactive organic
mineralization. In the long run, however, metabolites aften matter for mineralization processes. Occasu_)nally |n(3d_as
released in stoichiometric relation of the bulk compositioh TOC contents throughout the top 2-5 c¢m in the studied

reactive organic matter8urdige, 2005 High PQy reservoirs sandy_ sediment; indicate such ;hort-term incorporation of
relative to DIC indicate the release of adsorbed P fronPr9@nic matter Eigure 2, e.g., S-S in 2014-06 or S-D in 2014-

reactive Fe phases rather than through mineralization o&nig )'_ ) .
matter. Signi cantly increased TOU rates and SRR were measured

The redox-sensitive pore water constituents (sul de2Fe " the Bay of MecklenburdM-M1 and M-M2) compared

and Mr?*) only accumulate to considerable reservoirs in thel® the Arkona Basin(M-A), although TOC contents of the
ne-grained sediments di erent muds were statistically indistinguishablé-igure 2).

A Principal Component Analysis (PCA) based on the benthid TOWever, statistically_signi cant higher C_hIA contents ree
solute reservoirs (DIC, Nif, PQy, HaSiOs, sul de, F&*, and detected at the sedlmgnt surface of sites M-I\/I21 and M-
Mn2*) of the studied sediments revealed that the rst two M2 _(9'5 3.1 mg cm “ and Sf’ q 33 n];\g cm ) thanf
principal components explain 89 % of the observed varianc@t_ site M'A_ (46 1.7 mg cm ) uring four Cruises o
(Figure 8B) allowing for a virtually undistorted two-dimensional S Study Figure 9A). There was also signi cant correlation
visualization of the dissimilarity between the study sit#s between the oxygen uptake rates and the ChiA contents in the

di erent points in time (Figure 8A). Sandy sites clearly cluster t‘?p 0.5 cm Of,the ?’t“d,'ed, mUdS_F(q“re 98). Consequently,
on the left and muddy sites on the right hand side of the y_dl erences in mineralization |nten_5|ty betW(_eent_he studiadds _
axis, while silt situates between these two clustBiguge 8A). were rather contrplled by spatially varying |n_put of readily
Variability, represented by the size of the spanned areas ﬂegraﬁat,"e organic mattelr than by the sf[andlng TOC, stock.
Figure 8A was highest in the muds and considerably smalle his is in ac_cordance_ with se_veral studies after which t_he
within the sandy sites. Strikingly, the individual siteg almost SqulY of labile organic maFenaI _fror_n the watgr CO'L%m” IS
completely distinguishable in the PCA ploEigure 84). The a main factor controlling mlnera!lzatlon rates in sediments
results were practically independent of the chosen sedimet‘M'ddelburg’ 1989; Graf, 1992; Middelburg et al., 1993; Arndt
depth over which the substance quantities were cumulated " al., 2018

benthic solute reservoirs (tested on values between 5 aoth20 . L .

Using benthic solute reservoirs of the top 15 cm as a basis fé-2- Benthic Solute Reservoirs in Different

the PCA analysis (instead of 10 cm), the number of availablad Sediment Types

(especially from sandy sites) is reduced but results arergiipne The PCA analysis of the benthic solute reservoirs revealad th
very similar (seSupplementary Materia). the variability between the studied sediments can be expddss
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FIGURE 7 | Benthic solute reservoirs of the top 10 cm of the southern Baéic Sea sediments calculated from the pore water pro les show in Figure 6 and visualized

by boxplots. Each boxplot summarizes the data from multiplgpore water pro les for each site and parameter. The lower and pper hinges of the boxes correspond to
the 25 and 75th percentiles, the line within the boxes represnts the median. The whiskers extend from the hinges to the tgest and smallest value inside the 1.5-fold
inter-quartile range. Labeled mark the arithmetic mean reservoir size of each subset (one standard deviation, number of cores in brackets).

essentially two principal components. The principal componenaccumulate these solutes in form of benthic reservoirssThi
PC1 alone explained 68 % of the variabilityFigure 8B).  mineralization and solute accumulation e ciency factor wa
All considered parameters substantially contributed tosthi above average in low-permeable and organic-rich muds and
component but the primary organic matter mineralization below average in the sandsgure 8A).

products DIC, NH;*, PQy, and H;SiQ; dominate Figure 80). Although substantial gross sulfate reductidfigure 5) and

As similar rates of organic matter mineralization were alveel  oxygen uptake Kigure 3) rates were observed at site S-O,
in sand and mud, similar amounts of mineralization productsthese sands showed the lowest benthic solute reservoirs of
must be released into the pore waters. The signi cantly senall all studied sites Rigure 7), signi cantly lower than the other
reservoirs in the studied sands therefore indicate the nethof  studied sands. Thus, the S-O sands were least accumulative
mineralization products from the pore space back into the watefor benthic solute reservoirs. This is in accordance witle th
column via advective transport processe€1can therefore be comparatively highest porosityFigure 2 and permeability
regarded as a factor representing the degree of organic mattealues of the S-O sediments, which facilitates the exchange
mineralization and subsequent release of dissolved subs$a with the bottom water in the presence of advective processes.
into the pore waters and the potential of the sediment toS-S and S-D clustered indistinguishably further right ineth
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FIGURE 8 | Principal component analysis (PCA) of southern Baltic Seaelthic solute reservoirs in the top 10 cm(A) Each dot represents the mean benthic solute
reservoir ofDIC, NHE, POy, H4SiOy4, sul de, Fe2C, and MnZC from parallel cores of each sampling campaign. Shaded areasnvelop the expansion of variability of
each study site in the two-dimensional space. Dashed linesannect points of the same sampling time(B) Explained variance by different principal components. The
rst principal component alone explains 68 % and cumulative poportions of the rst two principal components explain 89 % d the total variance.(C) Loadings of the
major two components of the principal component analysis. Aconsidered parameters substantially contribute to PCIPC2 is loaded with the redox sensitive
parame(t:ers dissolved sul de HyS), Fe?C, and Mn2C (note the anticorrelation betweerH, S and dissolved metalsFe2C and Mn2C) with minor contributions ofDIC
and NHy .

PCA plot (Figure 8A), indicating a higher organic matter the mineralization rates were analyzed at site I-T, it ramsai
mineralization and/or solute accumulation potential. 28-S unclear whether a di erent mineralization e ciency or solute
clearly showed lower oxygen uptake rategy(re 3) and gross accumulation potential of the silty sediment had the larger
sulfate reduction ratesF{gure 5 compared to S-O sediments, in uence on the di erence to the muds.

these di erences must be attributed to a higher benthic-pelag  Further right in the PCA plot, the muddy M-M1 and M-M2
solute exchange at the S-O sediment-water interface ratheediments spanned a wide range, indicating great temporal
than lower mineralization activity. M-A muds and I-T silts and/or spatial variability. The highest benthic reservoirere
situated in central positions on the x-axis of the PCA plotstored in these organic-rich muds, which are impermeable,
(Figure 8A), suggesting an average organic matter mineralizatiofocated in regions with rather calm deposition conditionsdan
and/or solute accumulation potential. Although the I-T silt therefore less prone to pore water irrigation. M-M1 sediments
had intermediate TOC contents$igure 2), ChlA contents were showed signi cantly higher pore water sul de reservoirs et
signi cantly higher in I-T than M-A sediments which might top 10 cm compared to the other studied muds, which can be
indicate higher mineralization rates at this site. Theng th partly explained with the comparatively high sulfate reduction
comparatively low reservoirs would suggest a lowered solutates at this siteRigure 5). The di erences between the benthic
accumulation potential than in the studied muds, especiallysolute reservoirs of the sites M-M1 and the M-M2 were highest
the site M-A. However, since neither the permeability norand the reservoirs were overall largest during summer (the
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The second principal componenP(C2 Figure 8A) explained
further 21 % of the variancd-{gure 8B) and was mainly loaded
with the redox sensitive parameters sul de?Fand Mn?* with
minor contributions of DIC and NH™* (Figure 8C). Negative
correlation between sul de and the reactive metals Fe and Mn
was due to the close redox coupling between these elemerds. Th
existence of free B&and sul de in the pore water are mutually
exclusive, as the two species precipitate as FeS. Considerable
reservoirs of F& and Mré* can only form by reduction of
reactive metal (oxyhydr)oxides where these oxidized phases
frequently or continuously buried by sediment mixing proses,
otherwise dissolved sul de accumulates instead. The biitia
of near-surface reactive iron contents was likely conttblle
by particulate inputs from the water column, suggesting an
intensive benthic-pelagic Fe turnover. The overall low eois
of reactive iron and manganese in the top 10 cm sediments
at site M-M1 compared to M-M2 and M-ARigure 2) suggest
that this location was decoupled from this cycling for example
due to hydrodynamic reasons or hindered bioturbatidforys
et al. (2016)examined the same sites that are covered in this
study and found lowest intensities of sediment mixing ansbal
lowest macrozoobenthos abundance and biomass at the M-M1
site. Furthermore, overall highest ChlA contents and SRRegal
were detected in M-M1 sediment§igure 5 which shifts the
suboxic zone closer to the sediment-water interface andomes
it as well. Due to the lack of reaction partners for secondary
redox-reactions below the suboxic zone, dissolved sulaldd
accumulate in the interstitial waters to high concentragpwhile
the benthic solute reservoirs in the top 10 cm of the sites M-M2
and M-A were rather controlled by suboxic processes.

Therefore, by the second principal component, mainly the
muddy sediments were further classied according to their
predominating redox metabolites in the top 10 cm. Highest
dissimilarities were evident between summer situationshef
adjoining sites M-M1 (sul dic) and M-M2 (suboxic).

The multi-parameter PCA analysis on the basis of southern
Baltic Sea benthic solute reservoirs allowed to clearly dnéiate
between the studied sites and indicated wide disparities dxtw
the di erent sediment types but also within the studied muds,
re ecting fundamental di erences in sedimentation conditis,
mineralization activity and mixing processes.

FIGURE 9 | (A) Chlorophylla contents in the top 5 mm surface sediments. 4.3. Environ mental COﬂtrOl Factors

Each boxplot summarizes data from multiple sediment cores foone cruise. 4.3.1. Bottom Water Salinity Oscillation

The left and right hinges of the boxes correspond to the 25 and@5th The southern Baltic Sea is highly a ected by frequent salewat
percentiles, the Ilr?e within the boxes represents the med@ The whiskers in ows from the North Sea so that the bottom water salinity
extend from the hinges to the largest and smallest value irde the 1.5-fold . ) L .
inter-quartile range. Arithmetic means of the groups usechi(B) are marked by IS usua”y SUbJeCt to temporal Va”ablllty' Thgkona Basinis

a . (B) Total oxygen uptake rates vs. mean chlorophyt contents in the top the deepest basin in the southern Baltic Sea study area, deep
5mm of the studied muddy and sandy sediments. Horizontal lies represent enough that regular storms do not a ect the sediment surface,
the range of values from which the arithmetic mean was calcated. but shallow enough that seasonal temperature changes rbach t

bottom waters and also the surface sedimehts{e et al., 2008

The salinity in theArkona Basiris in uenced by the freshwater

in ows of the nearby enteringdder Riveias well as by salt water
point pairs furthest to the right irFigure 8A). This was likely in ows from the North Sea. A stable strati cation of the wate
supported by the higher temperatures during summer in thecolumn in the basin is the consequence of these water sources
comparatively shallow stations of tBayy of Mecklenburand can  with di erent salinity. A major Baltic in ow event occurred
therefore be regarded as seasonal e ect. at the end of 2014 N\ohrholz et al., 201pand the resulting
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bottom water salinity changes were recorded at the monipri at depth Eigure 2). This characteristic shape, a sharp maximum
station MARNET Arkona(BSH, 201j The site M-A, situated at the sediment surface, a broader minimum below followed by
close to theMARNET monitoring buoy (igure 1), was visited a second peak at depth, was also found for FeS precipitation
four times during this study between January 2015 and Januain a model study byvan de Velde and Meysman (201&Yho
2016 after the major Baltic in ow. Bottom water temperature simulated bioturbation in an idealized coastal muddy sesfitn
and salinity during these visits ranged from ~5-15 and 13— The lower peak was situated at the suboxic-sul dic interface,
24 respectively, re ecting the variability that is knownrinche ~ where downward di using dissolved Eeand upward di using
decade-long measurement series atAnkona Basin MARNET sul de meet. Expansion and shrinking of the suboxic zone lead
station BSH, 201) Bottom water salinity variability during this to a vertical shift of the suboxic/sul dic transition zone shat
study was clearly higher in thaArkona Basin(13—-24) than in increased iron sul de contents are distributed over a braade
the Bay of Mecklenbur§18-24). These bottom water salinity interval. Manganese is less reactive toward sul de andetioee
changes were observed to also a ect the pore waters in more th@emains in solution at depth.
10 cm depth below the sediment-water interface (&mure 6. Also pro les of sedimentary mercury (Hg) re ect severe
Na* pro les at site M-A). Pore water concentration pro les of sediment disturbance in the M-M2 sediments (Bunke et al., in
dissolved sodium, representing pore water salinity, quatitiely  review). This type of pro le can be found in the sediments of the
re ect the in uence of bottom water salinity variability opore  M-A and S-S site §unke et al., 2018unke et al., in review).
water concentration gradients. Considerably higher $gliand  Going from bottom to top, undisturbed sediments show natural
thus also higher sulfate concentrations (about 15 mM) werdackground Hg values at depth (50mg kg 1), a steep increase
available in the interstitial waters of the top 5 cm duringdary  marking the beginning of the industrialization (about 19@®d a
2016 compared to September 2015 (about 10 mM sulfate). Thidg maximum followed by constantly decreasing contents toward
implies a strongly enhanced concentration of sulfate, theced the sediment-water interface due to again reduced pollution
for sulfate reduction, in the top 5 cm of the sediments. Still(Leipe et al., 20)3Also the site M-M1 was characterized by a
gross sulfate reduction rates were higher in the summeasitn ~ sharp maximum with highest mercury contents at 18 cm depth.
(Figure 5), when bottom water salinity was lowest, compared toThis site is located near a known dumping site of industriastea
the winter situation with much higher bottom water salinitthn ~ material, highly enriched in various contaminants inclogi
addition, generally little variability could be found ineéhdepth  heavy metalsKersten et al., 2005; Leipe et al., 20¢owever,
gradients of dissolved hydrogen sul de and the concentragiof ~sediments at the site M-M2 do not show typical Hg gradients,
organic matter mineralization products (DIC and ammonium) but display instead a thoroughly mixed zone with virtually
during four visits of the site M-A close to thMARNET constant Hg contents in the top ~20—-25 cm. Here, the traoaiti
station (Figure 6 site M-A). Despite the serious changes infrom natural background to the anthropogenically a ected zon
environmental parameters, the organic matter mineral@ati might not mark the beginning of the industrial Hg pollution
derived pore water solutes at site M-A were in a steady-stateut the depth down to which sediments were thoroughly mixed,
during this study. Accordingly, we can assume that neither t suggesting that these sediments were a ected by deep-raachin
considerable changes in temperature nor in salinity were th€25-30 cm) and intensive rearrangement at least once after
cause for the great spatiotemporal variability in the studiaedls  deposition.
of sites M-M1, M-M2, and M-A.

4.3.2.1. Causes of sediment mixing
4.3.2. Sediment Mixing The site M-A is an aphotic muddy sediment dominated by
Reactive iron contents considerably above the estimatddmecola balthica(Schiele et al., 20),5a sur cial modier
background levels were detected far below the di usive omygepenetrating muds and sands up to 5-6 cm de&wgina and
penetration depth of ~1.5-4 mni{gure 2), indicating an active Zettler, 201). Morys et al. (2016found Limecola balthicartica
downward transport of oxidized material. The ‘Feroles islandica and Scoloplos armigebeing the dominant species
often showed a characteristic shape with a maximum close o M-A muds and responsible for sediment mixing. Advective
the sediment water interface, a minimum at ~5-10 cm depthransport processes across the sediment-water interfatediec
and a second, often broader peak below. Decreasing conteritee sediment reworking and water irrigation by the activify
of reactive Fe and Mn with depthF{gure 2) indicate active benthic infauna Qller, 1982; Ziebis et al., 1996; Kristensen et al.,
reduction of the oxidized phases, either sul de-mediatedriar 2005 and other processes. Under oxygenated bottom waters,
microbial dissimilatory metal reductionLpvley, 1991; Reyes bioturbation, including the transport of both particles analstes
etal., 201Y. Released Béand Mr?* migrate up and down along by living organisms either by local (di usion analog transport
pore water concentration gradient&igure 6) and precipitate or non-local (directed convective transport) mixing processe
as oxides or (oxyhydr)oxides on contact with oxygen near thenay be the most important sediment mixing process. Layers
sediment surface. Precipitation reactions are more likelyacur  in uenced by bioturbation usually reach 5-10 cm depth, rarely
in the sediment than in the water column, because they arap to 15 cm in surface sediments of coastal marine envirortsien
favored by iron and manganese oxide particles and micrgbiall(Aller and Rude, 1988; Aller, 1990, 1994
mediated (hamdrup et al., 1994 Precipitation on contact with However, sediment rearrangement can also be triggered by
hydrogen sul de from sulfate reduction, either as iron meno other processes than bio-mixing. At the site M-M2, Hg pro les
sul de (FeS) or pyrite (Fe$, forms solid phase sulfur reservoirs indicate intensive sediment rearrangement with mixing dhept
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of more than 20 cm, which is too deep for most bioturbatingS from being recycled within the sediment column and resgiti
infauna. The seabed in this region shows lots of bottom trawin an overall loss of both solid phase and dissolved Fe and S in
traces, which are clearly recognizable by Side-Scan sBoak¢ irrigated sediments. The sandy site S-O seems to correspond t
et al., in review)Hopkins (2004 observed imprints in Baltic Sea this pattern as it always showed low sedimentary TS and Fe
muddy bottoms of about 0.5-1.0 m depth and 1.0-1.5 m widthcontents Figure 2) and mostly also particularly small pore water
It is so far unknown how long these traces last, but signittan concentrations. The site S-O may thus act as a ow reactdn wit
sediment reworking through bottom trawling must be assumede ective transportation of involved reactants, both eductslan
Bunke et al., (in review) suggest anthropogenic mixing &@gtiv products, through the surface sediments.
(shery) as a major sediment rearrangement process in the Interestingly, the site M-M1 showed only small subsurface
southern Baltic Sea. Since the bottom trawls mix the sedimenE€ contents Figure 2), shallow sul de appearance depths
only locally, this mixing process may also explain the remialka (Figure 6), and overall highest mineralization rates (TOU:
redox-dynamics in the M-M2 sediments. In view of the largeFigure 3 and SRR:Figure 5 and benthic solute reservoirs
number of traces and the intensity of the impact on the seabedFigure 7). Thus, neither bio-mixing nor bio-irrigation seems to
anthropogenic mixing viatrawl shery may be the main sedirhen play an important role here although it is near the presumably
mixing process at this site. mixing controlled site M-M2. Particularly low bioturbation
The site M-A was the by far most constant of all studied sitepotentials were reported for this region, which was attrilalite
in this study regarding the sediment pore water signatures io regularly recurring hypoxia and a resulting reduced infau
the top 15 cm Figure 6). The study site is located inside the abundancel{lorys et al., 201%
exclusion zone for ship tra c of theArkona Basin MARNET In the muddy sediments, benthic solute phosphate reservoirs
monitoring station Eigure 1). It can be assumed that this site is were considerably higher than mineralization of organic teat
rather una ected by marine tra c as sidescan sonar recordirig ~ with the common element ratios of marine organic matter
this region revealed essentially no traces of bottom trashling  would suggest (subsection 3.4). At comparatively lowesthien

(personal communication Franz Tauber, IOW). DIC and NH4* reservoirs, the M-M2 station showed the
highest phosphate reservoirs of the investigated mEdgife 7).
4.3.2.2. E ects of sediment mixing Sedimentary iron oxides control phosphate reservoirs in pore

Signi cantly higher mineralization rates (TOU and SRR) werewater and solid phase by reversible and irreversible adsorpti
measured in the coastal near sites of Bay of Mecklenburdpan  (Froelich et al., 1982; Sundby et al., 1992; Jensen et al., 1995;
in the deepeArkona BasinIncreased mineralization activity of Slomp et al., 19964,bThese reactive iron phases form a barrier
the coastal near muds of thgay of Mecklenburgs attributed against di usive phosphate transport toward the sediment-wate
to enhanced input of fresh organic matter during algal bloomsinterface, leading to an accumulation of P in the coastalasg
However, also bioturbation a ects early diagenetic processe sedimentsifaese, 2006 As long as the reactive iron phases are
modifying the overall reactivity of the sediment&i¢ysman not completely reduced or saturated with phosphate, the “iron
et al., 2006; Karlson et al., 2007; Kristensen et al.,)202 curtain” e ciently retains phosphate in the sediments. Satimat
sediments underlying oxygenated bottom water, most of miga of the adsorptive surface in the sediments with phosphate is only
matter decomposition takes place within the bioturbated zonereached at pore water phosphate concentrations of 10-15 mM
and mixing induced redox-oscillation enhances organicterat (Carman and Wul, 1989, which is far above the observed
decomposition compared to constant oxic or anoxic conditionsconcentrations in this study and is thus not likely. Stronglixed
(Aller, 1993. Regular mixing leads to the incorporation of muddy sites like the M-M2 site may thus be an e ective sink for
fresh organic matter and oxidants and a continuous removaP in coastal Baltic Sea sediments.

of inhibitory metabolites which leads to an overall increds

degradation of organic material(ler, 1999. This applies not

only to bioturbation but in principle to all sediment mixing 5. CONCLUSION AND OUTLOOK

processes.

We observed both, downward shifts of the sul de appearanc®©xygen uptake and sulfate reduction rates were similar in snud
depth (Figure 6 and subsurface reactive iron reservoirsand sands, observed variability could essentially be at&ibu
(Figure 2) in the sediments of the muddy sites M-M2 and to spatially heterogeneous organic matter inputs. Multi-elemen
M-A and also at the sandy site S-S. A model studyvieym pore water concentration gradients in the muds mainly reestt
de Velde and Meysman (201@&emonstrated the opposing sulfate reduction and consecutive redox-reactions. Suxies
impact of pure particle transport (bio-mixing) and pore water of varying extents suggested active downward transport of
ushing (bio-irrigation) on the development of a suboxic zeim  oxidized material. Coastal basin muds showed most stable
coastal marine sediments. The authors conclude that bixingi  geochemical zonation over time, while near-shore bay muds we
strongly promotes redox-reactions and cycling of Fe and S, semarkably dynamic. Orders of magnitude lower pore water
that stronger and deeper mixing of the top sediment columnconcentrations were detected in the sandy sediments, itidiga
leads to downward shifts of the sul de appearance depth andtrong and frequent irrigation of the top centimeters, while
to larger reactive iron reservoirs in the sedimevdn de Velde mineralization products only accumulated below.
and Meysman (2016&urther conclude that bio-irrigation rather The studied sands were, hence, not unreactive substrates bu
removes reduced solutes from the pore water, preventing Fe anually rather unable to preserve the mineralization products.
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Sands may have a huge importance in coastal marine systewissediment rearrangement through bottom trawl shing on
but are underrepresented in most studies and methodoldgicalthe biogeochemistry of coastal sediments is not su ciently
dicult to investigate. Early diagenetic processes and theunderstood and must be further studied, since a large portibn
impact of intense benthic-pelagic exchange in such shallowoastal sediments is regularly a ected by trawling equipment
marine environments is still poorly understood. Further dies

are needed to better understand the driving forces in thesAUTHOR CONTRIBUTIONS

environments and their impact on the coastal marine system.
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