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ABSTRACT19

The Baltic Sea is characterized by the largest area of hypoxic (oxygen (O2) < 2 mg L-1) bottom20

2-depleted21

waters largely depends on episodic Major Baltic Inflows from the adjacent North Sea. In 201422

and 2015, two such inflows led to a strong rise in O2 and decline in phosphate (HPO4
2-) in waters23

below 125 m depth in the Eastern Gotland Basin. This provided the opportunity to assess the24

impact of such re-oxygenation events on the cycles of manganese (Mn), iron (Fe) and25

phosphorus (P) in the sediment for the first time. We demonstrate that the re-oxygenation26

induced the activity of sulphur (S)-oxidising bacteria, known as Beggiatoaceae in the surface27

sediment where a thin oxic and suboxic layer developed. At the two deepest sites, strong28

enrichments of total Mn and to a lesser extent Fe oxides and P were observed in this surface29

layer. A combination of sequential sediment extractions and synchrotron-based X-ray30

spectroscopy revealed evidence for the abundant presence of P-bearing rhodochrosite and Mn(II)31

phosphates. In contrast to what is typically assumed, the formation of Fe oxides in the surface32

sediment was limited. We attribute this lack of Fe oxide formation to the high flux of reductants,33

such as sulphide, from deeper sediments which allows Fe(II) in the form of FeS to be preserved34

and restricts the penetration of O2 into the sediment. We estimate that enhanced P sequestration35

in surface sediments accounts for only ~5% of water column HPO4
2- removal in the Eastern36

Gotland Basin linked to the recent inflows. The remaining HPO4
2- was transported to adjacent37

areas in the Baltic Sea. Our results highlight that the benthic O2 demand arising from the38

accumulation of organic-rich sediments over several decades, the legacy of hypoxia, has major39

implications for the biogeochemical response of euxinic basins to re-oxygenation. In particular, P40

sequestration in the sediment in association with Fe oxides is limited. This implies that artificial41
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ventilation projects that aim at removing water column HPO4
2- and thereby improving water42

quality in the Baltic Sea will likely not have the desired effect.43

Keywords: Manganese, iron, phosphorus, re-oxygenation, Baltic Sea, Major Baltic Inflow44

1. INTRODUCTION45

Oxygen (O2) depletion in marine environments is increasing worldwide (Diaz and Rosenberg46

2008; Altieri et al. 2017; Schmidtko et al. 2017). In coastal systems, bottom water hypoxia (O247

<2 mg L-1; <63 µM) and anoxia (O2 = 0 mg L-1) can48

characterized by mass mortality of marine life due to the lack of O2 and, in some cases, by the49

presence of highly toxic hydrogen sulphide (H2S) (euxinia; Diaz and Rosenberg 2008). The50

spatial extent of these dead zones has increased drastically in coastal marine waters since the51

1960s (Diaz and Rosenberg 2008). Furthermore, hypoxia and anoxia have greatly altered the52

sedimentary cycles of key nutrients, such as manganese (Mn), iron (Fe), phosphorus (P) and53

nitrogen (N) in many coastal systems (Ingall and Jahnke 1994; Vahtera et al. 2007; Howarth et54

al. 2011; Lenz et al. 2015).55

The semi-enclosed brackish Baltic Sea is the -induced hypoxic/anoxic56

water mass (Carstensen et al. 2014a). While hypoxia/anoxia was restricted to a surface area of57

~10,000 km2 before 1950, the O2-depleted areas expanded to more than 60,000 km2 in recent58

years due to eutrophication and global warming (e.g. Carstensen et al. 2014b). The Baltic Sea is59

naturally susceptible to hypoxia because submarine sills limit horizontal water exchange, also60

with the adjacent North Sea, and pronounced vertical stratification in the water column prevents61

the supply of O2 to waters below the permanent halocline, which is located at 60-80 m water62

depth in the Central Baltic (Mohrholz et al. 2015).63
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Natural ventilation of deeper waters in the Baltic Sea depends on large-scale episodic inflow64

events of oxygenated waters from the North Sea. Such episodic events, so-called Major Baltic65

Inflows (MBIs) are regulated by wind and air pressure related variations in sea level (Gustafsson66

and Andersson 2001). During MBIs substantial amounts of saline and O2-rich water enter the67

Baltic Sea through the Danish Straits and subsequently ventilate the deeper basins. However, the68

inflow of saline water enhances stratification, ultimately resulting in reduced vertical mixing of69

O2 across the halocline, thereby contributing to the expansion of hypoxia (Conley et al. 2002).70

Considering the fact that natural ventilation occurs rarely and episodically, there have been calls71

to artificially ventilate the deep basins in order to increase O2 levels in the deeper water layers72

(Stigebrandt and Gustafsson 2007; De Brabandere et al. 2015; Stigebrandt et al. 2015).73

Re-oxygenation of the bottom water following an MBI alters the water column and sediment74

biogeochemistry. Sedimentary rhodochrosite (MnCO3) is typically formed after an MBI when75

Mn oxides precipitate in the water column (Turnewitsch and Pohl 2010) and are deposited onto76

the sediment where they undergo subsequent conversion to MnCO3 (Huckriede and Meischner77

1996; Lenz et al. 2014). Ventilation of the bottom water also is thought to result in the formation78

of Fe(oxyhydr)oxides (henceforth termed Fe oxides) in the water column (Turnewitsch and Pohl79

2010) and in the surface sediments (Mort et al. 2010). The cycling of P is particularly sensitive to80

changes in bottom water O2 concentrations, since Fe oxides, Mn oxides and MnCO3 can all bind81

dissolved phosphate (HPO4
2-; Mort et al. 2010; Jilbert and Slomp 2013). Sediment molybdenum82

(Mo) is an indicator for the presence of H2S near the sediment-water interface and hence serves83

as an excellent proxy for the oxidation state of the sediment (Helz et al. 1996; Scott and Lyons84

2012).85
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Changes in bottom water O2 concentrations also have an impact on bacterial communities in the86

Baltic Sea (Steenbergh et al. 2014; Noffke et al. 2016). In particular, bottom water re-87

oxygenation enhances the activity of sulphur (S)-oxidising bacteria belonging to the family88

Beggiatoaceae (Noffke et al. 2016). These bacteria are chemotrophic species using sulphide as89

an electron donor and O2 as an electron acceptor (Teske and Nelson 2006). Their activity can90

lead to the development of a suboxic zone, which may contribute to the preservation of Mn91

oxides and Fe oxides in the surface sediment (Sulu-Gambari et al. 2016b). These bacteria can92

incorporate P in their cells by taking up pore water HPO4
2-, subsequently storing it as93

polyphosphate in their vacuoles which may regulate HPO4
2- fluxes at the sediment-water94

interface. However, when dissolved O2 reaches low levels (<10 Beggiatoaceae may release95

HPO4
2- into the pore water (Goldhammer et al. 2010; Brock and Schulz-Vogt 2011; Dale et al.96

2013).97

Recently, the third largest MBI since 1880 was observed. From December 2014 to January 201598

a total estimated water volume of 320 km3 entered the Baltic Sea (Mohrholz et al. 2015),99

followed by a second smaller MBI in November 2015 (Mohrholz et al. 2016). These events re-100

oxygenated the bottom waters in the Central Baltic Sea (Holtermann et al. 2017; Neumann et al.101

2017), which had been euxinic since 2005. The changes in bottom water O2 concentrations had a102

direct impact on the nutrient dynamics in the Baltic Sea. Thus, for example, the exposure of the103

sediments in the deep basin to O2 rich water was suggested to lead to a 5-33% reduction in the104

release of P from sediments in the Baltic Proper based on in-situ measured benthic fluxes and105

water column profiles (Hall et al. 2017; Sommer et al. 2017). In July 2015, an orange surface106

layer was observed in sediments from the deep basin in the Central Baltic Sea (Rosenberg et al.107

2016; Stigebrandt et al. 2017). Based on the visual observations, this layer was suggested to be108
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enriched in Mn oxides and Fe oxides that were formed as a result of the re-oxygenation109

(Rosenberg et al. 2016). In April 2016, this layer had become thinner, which was suggested to be110

related to the reductive dissolution of Mn oxides and Fe oxides following a decline in bottom111

water O2 concentrations (Stigebrandt et al. 2017). As described above, the details of the112

sedimentary cycles of Mn, Fe and P following an inflow have so far been deduced from water113

column sampling, benthic flux measurements, visual observations of the sediment and from114

chemical sediment data after the re-establishment of euxinic bottom water conditions. As a115

consequence, the chemical and mineralogical nature of the Mn-, Fe- and P-bearing deposits in116

the surface sediments formed directly after re-oxygenation remains unknown. The impact of117

bottom water re-oxygenation on the forms of Mn, Fe and P in Baltic Sea sediments and their118

dynamics has not yet been assessed.119

In this study, we present pore water and solid phase data for sediment cores retrieved from six120

sites and water column data along a water depth gradient in the Eastern Gotland Basin. Our121

samples were collected in June 2016. Additional samples taken in June 2009 prior to the recent122

inflows were used for comparison. The objective of this study is to assess the impact of the123

recent MBIs on the cycling of Mn, Fe and P in surface sediments of the Eastern Gotland Basin,124

using bulk geochemical analyses, synchrotron-based micro X-ray fluorescence (µXRF) and X-125

ray absorption spectroscopy (XAS). We show that the recent MBIs led to the development of a126

surface sediment layer enriched in P-bearing rhodochrosite (Mn-carbonate) and Mn(II)127

phosphates in the deepest parts of the Eastern Gotland Basin, with only a relatively minor role128

for Fe oxide bound P. We estimate that only ~5% of the water column HPO4
2- removed from the129

Eastern Gotland basin as a result of re-oxygenation was sequestered in the sediment.130
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2. MATERIALS AND METHODS131

2.1. Study area and sampling132

The Eastern Gotland Basin is located in the Central Baltic Sea (Fig. 1.a). In June 2016, six sites133

located along a water depth gradient in the Eastern Gotland Basin were sampled during a134

research expedition with R/V Pelagia (Fig. 1.a; Table 1). Sediment cores were retrieved with a135

multi-corer (Oktopus GmbH, Germany) at each site. Duplicate bottom water samples were taken136

directly from the overlying water using 20 mL syringes. At each site, one core was sectioned in a137

nitrogen purged glovebox for sediment and pore water collection (0.5 cm resolution for the first138

2 cm; 1 cm resolution for 2 to 5 cm). For each depth interval a sediment sub-sample was placed139

in a pre-weighed glass vial for porosity and solid-phase analysis. The glass vials were transferred140

to nitrogen purged aluminium bags and stored at -20 °C. The remaining sediment for each depth141

interval was placed in a 50 mL centrifuge tube and subsequently centrifuged at 4500 rpm for 25142

min to collect pore water. A second core was subjected to high resolution depth profiling of143

dissolved O2, H2S and pH. At site BY15, located in the deepest part of the basin, a third core was144

taken for sediment micro analysis ( XRF and XAS).145

Water column depth profiles of dissolved O2 were obtained at five sites (Fig. 1.a), using an O2146

sensor (Sea-Bird) attached to a CTD-Rosette. At site BY15, water column samples were147

collected using an ultra-clean CTD system with 24 ultra-trace metal clean PVDF samplers of 24148

L in two rows of 12 samplers mounted onto a rectangular titanium frame (developed and built by149

the Royal Netherlands Institute for Sea Research (NIOZ), Texel), which was deployed with a150

Kevlar hydrowire (De Baar et al. 2008; Rijkenberg et al. 2015). All water column samples were151

retrieved by applying nitrogen pressure at the top of the sampler. Samples for H2S and HPO4
2-152

were collected with 20 mL syringes and filtered (0.45 µm Teflon). To avoid loss of H2S, the153
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aliquot for H2S analysis was transferred into a N2 purged 8 mM NaOH solution immediately154

after filtration. Acid-washed LDPE bottles (NalgeneTM) were rinsed three times with the sample155

collected using acid-washed LDPE tubing connected to the top of the sampler. For the156

determination of dissolved Mn and Fe, seawater was filtered through a 0.2 µm Sartobran 300157

cartridge with a cellulose acetate membrane (Sartorius), pre-rinsed with 0.5 L of seawater.158

Unfiltered samples for total dissolvable Mn and Fe (henceforth termed total Mn and total Fe)159

were also collected. Samples for Mn and Fe analyses were acidified to pH 1.8 with distilled HCl160

and stored at 4 °C until analysis.161

Suspended matter samples from the water column at site BY15 were collected through in-situ162

pumping for 1-4 h at four water depths (85, 175, 200 and 220 m) using four McLane pumps (3x163

WTS-LV; 1 x WTS-LV dual Filter). The water on the filters was removed directly upon retrieval164

by vacuum pumping and the filters were placed in petri-dishes, sealed in plastic bags and stored165

at -20 °C until analysis.166

Monthly time-series data for dissolved O2, H2S and HPO4
2- in the water column at BY15 for167

January 2002 to September 2018 were obtained from the Swedish Ocean Archive (SHARK)168

database at the Swedish Meteorological and Hydrological Institute (SMHI;169

http://sharkweb.smhi.se). Sediment and pore water from a sediment core collected at site BY15170

during an expedition with R/V Aranda in June 2009 (Jilbert et al. 2011) were analysed for their171

Mn and P composition, and are assumed to be representative for pre-inflow conditions.172

2.2. Water column analyses173

Water column samples were analysed colourimetrically for H2S and HPO4
2- based on methylene174

and molybdate blue complexes, respectively, using QuAAtro (Bran+Luebbe) gas-segmented175
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continuous flow analysers on board ship (Murphy and Riley 1962; Grasshoff and Ehrhardt176

1983). Water column Mn concentrations were determined using Inductively Coupled Plasma177

Mass Spectrometry (ICP-MS; Nexion, Perkin Elmer), after sample preparation using a SC-DX178

SeaFAST S2 (Elemental Scientific). Acidified samples (pH ~2) were pre-concentrated on the179

SeaFAST system and eluted directly into the ICP-MS and measured online (Lagerström et al. 180

2013). The blank was 1.012 ± 0.155 nM Mn. Three reference materials were used (NASS-6,181

SLRS and SLEW) and the overall recovery was 102.4 ± 10.6% (n= 24). Water column Fe182

concentrations were determined by flow injection using a mixture of luminol and183

triethylenetetramine with pre-concentration on an iminodiacetic acid resin (Obata et al. 1993;184

Klunder et al. 2011; Rijkenberg et al. 2014). All Fe in the samples was oxidized to Fe3+ by185

adding 0.1% hydrogen peroxide more than 12h prior to analysis. The blank of acidified ultrapure186

water (pH = 1.8) was 25 pM ± 1 pM (n= 30). To ensure the accuracy of the analyses, the system187

was checked daily using a GEOTRACES standard or an in-house reference material (acidified188

seawater at pH 1.8). For GEOTRACES SAFe D1, we measured an average value of 0.69 ± 0.26189

nM (n=37) consistent with the community consensus value of 0.67 ± 0.04 nM (Johnson et al.190

2007; www.geotraces.org (2013). Forms of Fe in suspended matter were determined on a quarter191

of every filter using a 5-step sequential extraction procedure targeting the following phases: (1)192

ferrihydrite, (2) labile Fe(III) oxides and Fe(II) (iron monosulphide (FeS) + siderite FeCO3) (3)193

crystalline Fe oxide minerals, (4) magnetite and (5) pyrite (194

Table 2). Concentrations of Fe were analysed spectrophotometrically (Shimadzu, UV-1800)195

using the 1-10, phenanthroline method (Cleceri et al. 1998). All extracts, except nitric acid196

extracts, were passed through a 0.45 µm nylon filter prior to analysis. Concentrations of Mn197

were measured colourimetrically using a mixed ammonia/formaldoxime reagent, as described in198
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Brewer and Spencer (1971). The sum of all Mn phases extracted in the five Fe extraction steps199

was assumed to represent reactive Mn (Mn oxides and Mn carbonates; Sulu-Gambari et al.200

2016a).201

2.3. Pore water collection and analysis202

Bottom water and supernatant from each centrifuged sample were filtered through nylon filters203

204

Immediately after retrieval of the pore water, samples for sulphide analyses (0.5 mL) were205

placed in glass vials filled with a nitrogen purged 8 M NaOH solution (1.5 mL). Samples for206

HPO4
2- were acidified with 4  of 5 M HCl per mL. Concentrations of both H2S and HPO4

2-207

were analysed as described for the water column samples. Samples for metals were acidified208

HCl (35%) per mL and analysed for Mn and Fe by Inductively Coupled209

Plasma-Optical Emission Spectroscopy (ICP-OES; Spectro Arcos). Pore water data for Mn and210

Fe, are assumed to represent Mn2+ and Fe2+, although some Mn3+ (Madison et al. 2013) or211

colloidal and nanoparticulate Mn or Fe (Boyd and Ellwood 2010; Raiswell and Canfield 2012)212

might also be present. Concentrations of molybdenum (Mo) were determined by ICP-MS213

(XSeries II, Thermo Fisher Scientific). Samples for NH4
+ were analysed on board with a Quattro214

gas-segmented continuous flow analyser following the phenol-hypochlorite method (Koroleff215

1969). Pore water Mn2+ and HPO4
2- in the 2009 samples were determined by ICP-OES as216

described previously by Jilbert et al. (2011).217

2.3.1. High resolution depth profiling218

High-resolution depth profiles of pore water O2 (50- 0- and total H2S (50-219

were retrieved using microelectrodes and a 2D micromanipulator (Unisense A.S., Denmark) with220

a step size of 50 to 100  For the O2 sensor, a 2-point calibration was performed (100% O2221
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saturated and N2 purged artificial seawater) using a calibration chamber (Unisense A.S.,222

Denmark, CAL300). For the calibration of the pH sensor, 3 NBS standards (pH 4, 7 and 10)223

were used. A TRIS buffer was used to correct for salinity effects (Dickson 1990; Dickson et al.224

2007). The pH is reported on a total scale. For the H2S sensor calibration, a 5-point calibration225

was performed with NaS2 standards. Total H2S ( 2S = H2S + HS- + S2-) was calculated from226

the observed H2S, pH, temperature (T) and salinity (S) (Millero et al. 1988; Jeroschewski et al.227

1996).228

(1)

(2)

229

2.3.2. Diffusive fluxes230

Diffusive fluxes of O2, HPO4
2-, 2S and NH4

+ across the sediment-water interface and upward231

fluxes of 2S into the suboxic zone (Berner 1980):232

(3)

where  represents the diffusive flux [mmol m-2 yr-1],  expresses the sediment porosity,233

represents the sediment diffusion coefficient [m-2 yr-1],  is the concentration of O2, HPO4
2-,234

2S or NH4
+ [mM] and  stands for the sediment depth [m]. The diffusion coefficient for the235

ambient tortuosity, temperature, pressure and salinity at each station was calculated using the R236

package marelac (Soetaert et al. 2010), which implements the constitutive relations listed in237

Boudreau (1997). For sectioned cores, the concentration gradient at the sediment-water interface238
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was calculated from the difference in concentration in the bottom water and that of in the first239

sediment depth interval (0-0.5 cm). For micro-electrode profiles, the linear gradient immediately240

below the sediment-water interface was taken (Malkin et al. 2014). Upward diffusive fluxes of241

2S into the suboxic zone were calculated in a similar manner.242

2.4. Solid phase analysis243

Surface sediments were analysed on board directly after core collection using a stereomicroscope244

to assess which S-oxidising bacteria were present at the different sites in the Eastern Gotland245

Basin. Sediment samples from core slicing were freeze-dried, homogenised and ground to a fine246

powder with an agate mortar and pestle in an argon purged glovebox. Depth profiles for porosity247

were derived from the weight loss after freeze-drying, assuming a sediment dry density of 2.65 g248

cm-3 (see Supplementary Information, section 1.1). Sediment weights were corrected for salt249

content. The amount of salt was calculated from the gravimetric water content and salinity. The250

freeze-dried samples were stored in air tight jars which were kept in an argon atmosphere at all251

times to prevent oxidation artefacts (Kraal et al. 2009; Kraal and Slomp 2014).252

2.4.1. Organic carbon content253

Aliquots of ~300 mg of freeze-dried sediment were decalcified with 2 wash steps of 1M HCl as254

described in Van Santvoort et al. (2002). The samples were subsequently dried at 60 °C, 255

powdered and analysed for carbon using a Fisons Instruments NA 1500 NCS analyser. The256

organic carbon content was calculated after correction for the weight loss during decalcification.257

The measurements were normalized to in-house standards, acetanilide, atropine and258

nicotinamide. Average analytical uncertainty based on duplicate analyses of sediment samples259

was 0.01 wt. % for organic carbon.260
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2.4.2. Total manganese, phosphorus and molybdenum contents261

For the analysis of the total Mn, P and molybdenum contents ~100 mg freeze-dried sediment was262

digested overnight at 90°C in closed PTFE vessels, using a mixture of HF (40%) and 2.5 mL263

HClO4-HNO3 (ratio 3:2)  Subsequently, the acid solution was evaporated at 140°C until a gel264

was formed. The gel was then dissolved overnight with 1 M HNO3 at 90°C. Finally, the Mn, P265

and Mo concentrations in the 1 M HNO3 solutions were measured by ICP-OES. To assess the266

accuracy and precision of the measurements, we used ISE-921 as reference material. The267

accuracy varied between 97 and 104%, and the relative errors were <4% for all measured268

elements. The average analytical uncertainty of duplicate samples was 1% for Mn, 1.5% for P269

and 0.15% for Mo.270

2.4.3. Sequential P fractionation271

The SEDEX sequential extraction procedure (Ruttenberg 1992, as modified by Slomp et al.272

1996) was applied to determine the sedimentary P phases using ~100 mg of freeze dried273

sediment. Solid-phase P was fractionated into the following phases (Table 2): (1) exchangeable-274

P (Ex-P), (2) CDB-P (citrate-bicarbonate buffer), (3) authigenic P (carbonate fluorapatite275

(CFAP) + biogenic hydroxyapatite + calcium carbonate), (4) detrital P and (5) organic P.276

Dissolved HPO4
2- in all extracts, except CDB extracts, was analysed colourimetrically on a277

spectrophotometer (Shimadzu, UV-1800) applying the ammonium heptamolybdate ascorbic278

acid method (Strickland and Parsons 1972). Phosphorus concentrations in the CDB extracts were279

determined by ICP-OES.280

2.4.4. Sequential Fe fractionation281

Aliquots of ~80 mg of freeze-dried sediment were used for the Fe solid-phase fractionation using282

a combination of two extraction methods (Poulton and Canfield 2005; Claff et al. 2010) as283
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described by Kraal et al. (2017). Solid-phase Fe was fractionated into the following phases284

(Table 2; step 2 -5): (1) labile Fe(III)-oxides and Fe(II) (iron monosulphide (FeS) + siderite285

FeCO3), (2) crystalline Fe minerals, (3) magnetite and (4) pyrite (FeS2). Concentrations of Fe286

were analysed spectrophotometrically (Shimadzu, UV-1800) using the 1-10, phenanthroline287

method (Cleceri et al. 1998), except for the Fe in CDB extracts which were analysed by ICP-288

OES. All extracts were passed through a 0.45 µm nylon filter except for nitric acid extracts.289

2.4.5. Sequential S fractionation290

Aliquots of ~300 mg freeze-dried sediment were used to determine (1) FeS (Acid Volatile291

Sulphur, AVS, (2) elemental sulphur and (3) FeS2 (chromium reducible sulphur, CRS) (Table 2;292

Burton et al. 2006; Burton et al. 2008). The ZnS concentration formed in the Zn acetate traps was293

determined by iodometric titration (Cleceri et al. 1998). Elemental sulphur was determined using294

the cyanide-ferric chloride colorimetric method (Bartlett and Skoog 1954) and was measured295

spectrophotometrically (Shimadzu, UV-1800).296

2.4.6. Epoxy embedding and Desktop µXRF mapping297

A vertically intact sub-core from the upper 7 cm of the sediment was taken from a sediment core298

at site BY15 and embedded with epoxy resin under an argon purged atmosphere for high-299

resolution elemental mapping (Jilbert et al. 2008; Jilbert and Slomp 2013; Egger et al. 2015).300

Subsequently, the epoxy-embedded sub-core was split vertically with a rock saw and polished301

. A navigation grid was drilled in the surface of the sub-core, with302

a micro drill. Exposure time to O2 was limited to prevent oxidation artefacts (Kraal et al. 2009;303

Kraal and Slomp 2014). High-resolution (30 µm) elemental maps for Mn, Fe, Ca and P were 304

retrieved using a Desktop305

dwell-time, equipped with a poly-capillary le306
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2.4.7. XAS and Synchrotron-based µXRF mapping307

Suspended matter samples from the water column and epoxy embedded sediments were308

examined for their Mn and Fe mineralogy at the European Synchrotron Radation Facility (ESRF)309

in Grenoble, France, using X-ray Absorption Spectroscopy (XAS). The filters with suspended310

matter samples were analysed at the Dutch-Belgium beamline (DUBBLE, BM26; Borsboom et311

al. 1998; Nikitenko et al. 2008). The sediments were analysed at the ID21 beamline (Salomé et312

al. 2013). At BM26, X-ray Absorption Near Edge Structure (XANES) and Extended X-ray313

Absorption Fine Structure (EXAFS) spectra were collected on samples in Kapton® tape with an314

unfocused beam in fluorescence mode using a 9 element Ge detector, and four spectra per315

sample were merged. Samples were measured within the energy range of 6.50-6.90 keV for Mn316

and 7.00-7.65 keV for Fe. Levels of Fe in suspended matter were too low to obtain Fe-XANES317

and Fe-EXAFS spectra of sufficient quality. Therefore, only those for Mn are presented.318

At ID21, high-resolution elemental maps of Mn, P, Ca and Fe for epoxy embedded sediment319

from site BY15 were made. Focusing of the X-ray beam (0.35320

Kirkpatrick-Baez mirrors system. Identified hotspots of Mn and Fe from the synchrotron-based321

322

XANES spectra were collected within the corresponding energy range, 6.50-6.90 keV for Mn323

and 7.00-.7.65 keV for Fe, respectively. For both measurements, the calibration of the324

monochromator energy was based on the maximum intensity of the first derivative of Mn foil at325

6.53862 keV for Mn and Fe foil at 7.11198 keV for Fe. High-resolution elemental maps were326

processed using the PyMca X-ray Fluorescence Toolkit (Solé et al. 2007). Subsequently, the327

ATHENA software package was used to subtract the background and normalise XANES spectra328

(Ravel and Newville 2005). Reference standards for hureaulite (Mn2+
5[PO3OH]2[PO4]2 · 4H2O)329
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and Mn(III)PO4 were obtained from Manceau et al. (2012). Collection of EXAFS spectra at330

ID21, using a continuously moving monochromator, did not result in spectra of sufficient331

quality, because of a high noise ratio in the spectra. Therefore, only XANES spectra are332

presented.333

3. RESULTS334

3.1. Water column geochemistry335

Depth profiles of dissolved O2 in the water column of the Eastern Gotland Basin, retrieved in336

June 2016, show saturated levels of O2 (340  380 µM) in the upper 50 m of the water column337

(Fig. 1.b). From 50 m down to 80 m water depth, the O2 levels decrease rapidly, reaching a338

minimum of ~10 µM (Fig. 1.b). Below 80 m water depth the concentrations of dissolved O2339

increase, reaching levels up to 50-80 µM, as a result of the deep water renewal (Fig. 1.b).340

Monthly time-series of dissolved O2 depth profiles for the time period January 2002 until341

September 2018 show that the upper 80 m of the water column at site BY15 always contained342

saturated concentrations of O2 (Fig. 2.a). However, below 80 m water depth, sulphide was343

generally present, except for two time periods, namely after the MBI that occurred in 2003 and344

the recent MBIs that took place in December 2014/January 2015 and November 2015. These345

MBIs consequently led to a removal of all free sulphide in the water column (Fig. 2.b) and a two-346

fold lowering of water column HPO4
2- (Fig. 2.c).347

The impact of the MBIs on the water column chemistry is further illustrated by the contrasting348

depth profiles of O2 and H2S at BY15 in December 2014 and June 2016 (Fig. 3.a). While in349

December 2014, O2 was only present in the upper part of the water column, in June 2016, O2 was350

found below 80 m water depth and reached levels up to ~40 µM. At this time, free H2S was no351
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longer present in the deeper part of the water column (Fig. 3.b). The deep water renewal led to a352

two-fold decrease in water column HPO4
2- (from ~4.6 to ~2.5 below 125 m water depth353

(Fig. 3.c).354

Concentrations of total Mn in suspended matter in the water column at BY15 increased with355

water depth from 80 nM (85 metres below sea surface; mbss) to 650 nM (220 mbss; Fig. 4.a).356

The concentration of total Fe in suspended matter in the water column showed the opposite357

pattern, with the highest Fe at 85 m water depth (25 nM; Fig. 4.b). Further down in the water358

column, at 175 m water depth, the concentration of Fe in suspended matter was only 1 nM and359

below this depth Fe in suspended matter was below the detection limit. Concentrations of total360

and dissolved Mn were low in surface waters and increased with water depth up to 350 nM and361

1840 nM, respectively (Fig.4.c). Total and dissolved Fe concentrations were low in surface362

waters, reached a maximum between 70 and 85 m, and were low again below 85m (Fig. 4.d).363

The normalized Mn-XANES and Mn-EXAFS spectra of the suspended matter from the water364

column collected at site BY15 (85, 175, 200 and 220 m water depth) are very similar with365

respect to the positioning of the peaks and post-edge oscillations (Fig. 5). Both the Mn-XANES366

and Mn-EXAFS spectra of the suspended matter show great similarity with those of birnessite367

(Fig. 5). The increase in quality of the spectra with water depth reflects the amount of Mn on the368

filters. In summary, the Mn-XANES and Mn-EXAFS spectra of the water column samples369

indicate that birnessite is the dominant Mn phase in suspended matter in the water column at site370

BY15.371
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3.2. Microscopy and high resolution depth profiles of pH, O2 and H2S372

Microscopic observations of the surface sediments revealed that Beggiatoaceae were present at373

all sites (Table 1; Supplementary Fig. S1). Another type of S-oxidising bacteria, more commonly374

known as cable bacteria, belonging to the family Desulfobulbaceae, was visually observed at site375

1 (Supplementary Fig. S1). Oxygen was present in the bottom water at all sites with376

concentrations varying from 5 to 50 Fig. 6; Table 1). Bottom water O2 concentrations were377

. The oxygen penetration depth at site 1, 2, 3 and 4 varied378

from 1 to 3 mm (Fig. 6; Table 1). At BY15 and site 5, O2 did not penetrate into the sediment379

(Fig. 6). 2S in the pore water with depth in380

the sediment at all sites (Fig. 6). Sulphide was present near the sediment water interface at site381

BY15. Site 1 and 2 are characterised by a suboxic zone (~4 mm) that lacks both dissolved O2 and382

2S. At sites BY15, 1 and 2, a pH maximum was observed in the surface sediment, followed by383

a pH decline with depth in the surface sediment. The strongest pH excursion was found at site 1384

where the pH increased by 0.7 units (from pH 8 to 8.7) near the sediment water interface and385

decreased by 1.2 units (from 8.7 to 7.5) in the upper 5 cm of the sediment. At sites 3, 4 and 5 the386

pH remained rather constant with depth (Fig. 6). The combination of the pH, O2 and H2S profiles387

at sites BY15, 1 and 2 is typical for an active Beggiatoaceae community in surface sediments388

(Supplementary Fig. S2).389

3.3. Pore water profiles390

Dissolved Mn2+ in the pore water was highest at sites BY15 and 1, reaching values up to 450391

 35 to 80  were found at sites 2 and 3 respectively392

(Fig. 7). At sites 4 and 5, dissolved Mn2+ in the pore water was below the detection limit.393

Dissolved Fe2+ was only present in the pore water at site 5 where it reached concentrations up to394
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Dissolved HPO4
2- generally increased with depth in the sediment at all sites. Only at395

site BY15, very little HPO4
2- was present in the upper 1.5 cm of the sediment. Dissolved396

sulphide appeared at ~2 cm depth at sites BY15, 1 and 2 reaching concentrations up to .397

These three sites are thus characterized by a sub-oxic zone. Sites 3 and 4 contained sulphide398

throughout the entire depth of the sediment. The shallowest site 5 had low background399

concentrations of 2S . Dissolved NH4
+ levels increased with depth in the sediment at400

Our results are indicative of the release of Mo401

into the pore water at BY15 and site 1. A comparison of pore water profiles of Mn2+ and HPO4
2-402

for 2009 and 2016 (pre- and post-inflow, respectively) at site BY15, suggests that the403

oxygenation of the bottom water led to an increase in dissolved Mn2+ and a decrease in HPO4
2- in404

the upper 5 cm of the sediment (Fig. 8).405

3.4. Diffusive fluxes406

The estimated uptake of O2 by the sediment ranged from 0.11 to 4.90 mmol m-2 d-1 (Table 3).407

The estimated benthic release of H2S ranged from 1.13 to 4.17 mmol m-2 d-1. Upward diffusive408

fluxes of H2S into the suboxic zone ranged from 0.12 to 2.02 mmol m-2 d-1. The higher H2S409

fluxes derived from the micro electrodes in comparison to the H2S fluxes calculated from pore410

water concentrations from core sectioning can be explained by sulphide loss during core slicing.411

Benthic release of HPO4
2- ranged from 0.01 to 0.27 mmol m-2 d-1, whereas benthic NH4

+ fluxes412

ranged from 0.90 to 2.76 mmol m-2 d-1. Benthic fluxes of Mn2+ were highest at site BY15, 1 and413

2 and decreased with water depth, ranging from 6.5 mmol m-2 d-1 at site 1 down to 0 mmol m-2 d-414

1 at site 5. A comparison of the sediment-water exchange rates of HPO4
2-, NH4

+ and Mn2+ for415

2009 and 2016 at site BY15 (pre- and post-inflow, respectively), suggest a decline in the benthic416
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release of HPO4
2- (from 0.04 to 0.01 mmol m-2 d-1) but an increase in that of NH4

+ (from 0.5 to417

2.2 mmol m-2 d-1) and Mn2+ (from 0.1 to 4.4 mmol m-2 d-1) due to the re-oxygenation.418

3.5. Solid-phase profiles419

Strong enrichments in total Mn were observed near the sediment-water interface at sites BY15420

-1) and site 1 -1), but very little Mn was present in the sediment at421

depth at these sites and throughout the profiles at the other four sites (Fig. 9). Sites BY15 and 1422

are also characterized by enrichments in labile Fe(III) oxides near the sediment-water interface423

(~45 and -1, respectively; Fig. 9). In contrast, sites 2, 3, 4 and 5 do not show such an424

enrichment and are largely devoid of labile Fe(III) oxides. Concentrations of iron monosulphide425

were low at site BY15, 1 and 4, highest at site 2 and 3 and below the detection limit at site 5426

(Fig. 9). Pyrite concentrations mostly increased with depth in the sediment (Fig. 9). Sediments at427

site 4 and 5 were relatively low in pyrite -1). Sediment molybdenum was highest (~3428

-1) at the deepest site (BY15) and decreased with decreasing water depth along the429

transect (Fig. 9).430

We observed substantial enrichments in Ex-P and CDB-P at the deepest sites in the Eastern431

Gotland Basin (BY15; ~50 -1, site 1; ~ -1; Fig. 10). Levels of authigenic and432

detrital P in the surface sediments remained relatively constant with depth at all sites. Organic-P433

decreased with decreasing water depth along the transect (Fig. 10 10). Bottom water re-434

oxygenation led to an increase in total Mn, Ex-P + CDB-P and total P in the upper 2 cm of the435

sediment at site BY15 as revealed by the change in concentration between 2009 (pre-inflow) and436

2016 (post-inflow) (Fig. 11; Table 4). The increase in total P following the inflow led to a437

decrease in the Corg/total P ratio in the surface sediment (Fig.11.d).438
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3.6. XANES, EXAFS and high-resolution elemental mapping of surface sediment439

Desktop µXRF mapping of Mn, P, Ca and Fe using epoxy embedded surface sediment (upper 10440

mm), revealed that the spatial distribution of Mn at BY15 closely resembled that of P and Ca441

(Fig. 12). A well-defined layer strongly enriched in Mn, P and Ca was observed in the upper 1.5442

mm of the surface sediment of BY15, whereas a background in sedimentary Fe was found below443

1.5 mm. A secondary layer concentrated in Mn, P and Ca was observed at 3 mm depth.444

The normalized Mn XANES spectra collected at Mn-rich spots 1 to 5, in the upper 0.6 mm of the445

surface sediment, were very similar to the spectrum of rhodochrosite (Fig. 13.a; Fig. 14.a).  The446

Mn-XANES spectra in the interval between 4.6 and 4.8 mm were distinctly different from those447

collected in the upper 0.6 mm of the sediment. Spectra collected in Mn-rich spots 7 to 11448

resemble those of hureaulite, a Mn(II) phosphate (Fig.13.b; Fig.14.a). The spectrum collected at449

spot 6 (Fig. 13.b) is a hybrid signal that can be reproduced by linear combination fitting of the450

XANES spectra of rhodochrosite and hureaulite (Fig.14.a; Supplementary Fig. S4). In this part451

of the sediment Mn, P and Ca are strongly correlated (Supplementary Fig. S3.a and b).452

Deeper in the sediment in the interval from 7.5 to 7.9 mm, the enrichment of Mn was less453

pronounced (Fig.13.c). Relative enrichments in Mn in this depth interval coincided with high Fe454

and S contents. The Fe and S in these enrichments showed a strong correlation with Mn455

(Supplementary Fig. S3.c). The shape of the Mn XANES spectra resembled that of Fe in pyrite,456

which has been collected at the Fe K edge, suggesting that in this part of the sediment Mn is457

associated with pyrite (Fig. 14.b). A comparison of the available part of the Mn EXAFS458

spectrum to that of Fe in pyrite supports this interpretation (Supplementary Fig. S5). Other Mn459

XANES spectra collected at spots which did not show significant enrichments in Mn, Fe, P or S460

represented a fourth type of Mn in the surface sediment (Fig. 14.b). The position of the edge and461
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the shape of the XANES spectrum was similar to the spectrum interpreted as background Si-462

bound Mn in Lenz et al. (2014).463

4. DISCUSSION464

4.1. Impact of re-oxygenation on water column chemistry465

During MBIs, saline and oxygenated North Sea water mixes with and partly replaces the euxinic466

deep waters in the Eastern Gotland Basin (Schneider 2011). As a consequence, nutrient and H2S-467

rich waters from the deep basin are pushed upward in the water column and transferred laterally468

to the north and east while becoming distributed over a larger surface area (Reissmann et al.469

2009; Eilola et al. 2014). Changes in water column chemistry are thus the compound result of re-470

oxygenation and replacement of the deep water.471

Our results highlight that the deep water renewal in 2014 and 2015 indeed led to an increase in472

O2 and complete removal of H2S below 125 m water depth (Fig. 2). Research on previous473

MBIs has shown that increased O2 concentrations in the water column always led to major474

changes in its Mn, Fe and P chemistry (Turnewitsch and Pohl 2010). Prior to these MBIs,475

concentrations of dissolved Mn2+ and Fe2+ typically ranged from 5 to 15 µM and 1 to 1.5 µM476

(Dellwig et al. 2010; Turnewitsch and Pohl 2010; Dellwig et al. 2018), while particulate Mn and477

Fe concentrations generally were at least an order of magnitude lower (Turnewitsch and Pohl478

2010). Previous MBIs led to the removal of most of the dissolved Mn2+ and Fe2+ and formation479

of Mn oxides and Fe oxides in the water column (Huckriede and Meischner 1996; Turnewitsch480

and Pohl 2010; Yakushev et al. 2011; Pohl and Fernández-Otero 2012).481

In June 2016, approximately 7 months after the 2015 inflow, particulate Mn, which we show was482

in the form of the Mn oxide birnessite (Fig. 5), was still present in the lower part of the water483
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column at concentrations ranging up to ~1800 nM (Fig. 4). Almost no Fe2+ was present in the484

water column. The concentrations of Fe oxides and total Fe in the suspended matter in the water485

column (<70 nM) (Fig. 4.b and d) were much lower than those for Mn. The contrasting486

behaviour of Mn and Fe in the water column is the direct result of the less efficient sequestration487

of Mn in mineral form in the sediment under permanently anoxic conditions and the slower488

oxidation kinetics of Mn2+ with O2 when compared to Fe2+ (Burdige 1993). Furthermore, FeS489

formation upon contact of Fe2+ with sulphide prevents escape of Fe2+ from the sediment into the490

water column. As a consequence, an order of magnitude higher Mn2+ concentrations than those491

of Fe2+ build-up in the anoxic water column between MBIs, allowing more Mn oxides to be492

formed following an inflow. The relatively high abundance of Mn oxide in the lower water493

column at site BY15 (Fig. 4.a and c - 2+494

from sediment pore water (Fig. 7), formation of Mn oxides in the water column and redeposition495

of the Mn oxides (Adelson et al. 2001; Sulu-Gambari et al. 2017). To our knowledge, this is the496

first time that pore water and sediment depth profiles are combined with water column records497

for the Baltic Sea to show evidence for such Mn-refluxing after an inflow.498

We observed a strong decrease in water column HPO4
2- following the most recent MBIs (Fig. 2.c499

and Fig. 3.c). Based on analysis of water column profiles, various authors have concluded that500

most of the decrease in water column HPO4
2- below 125 m water depth following MBIs is due to501

replacement of the HPO4
2- rich, anoxic water by HPO4

2- poor, oxic water originating from the502

North Sea (Schneider 2011; Eilola et al. 2014; Almroth-Rosell et al. 2015). Both Mn oxides and503

Fe oxides are known to act as a carrier of P to the sediment (Dellwig et al. 2010). This implies504

that re-oxygenation could lead to an enhanced depositional flux of Mn oxides and Fe oxide505

associated P to the sediment, thus potentially contributing to part of the observed removal of506
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water column HPO4
2-. The role of the depositional flux of metal oxides in removing P from the507

water column is best assessed by analyzing the oxygenation state (section 4.2) and chemical508

composition (section 4.3) of the sediments.509

4.2. Impact of re-oxygenation on O2 penetration in the sediment and the role of S-oxidising510

bacteria511

The exposure of surface sediments to O2 rich water, as a result of bottom water ventilation, led to512

an O2 penetration into the sediment of up to 3 mm (Fig. 6; Table 1). The presence of O2 also513

induced the activity of S-oxidising bacteria belonging to the family Beggiatoaceae (Table 1).514

The activity of Beggiatoaceae is characterized by a distinct biogeochemical signature515

(Supplementary Fig. S2) with a low pH near the sediment surface due to proton formation and a516

high pH in the deeper sediment due to proton consumption by sulphide oxidation (Seitaj et al.517

2015). The pH gradients in the pore waters of sites BY15, 1 and 2, are indicative of a highly518

active Beggiatoaceae community. Prior to the 2014/2015 MBIs, these Beggiatoaceae were only519

observed in the hypoxic transition zone at 80-120 m water depth (Noffke et al. 2016). In our520

study, we found active Beggiatoaceae mats down to a water depth of 237 m, which is the result521

of the availability of O2 in the bottom waters (Table 1; Supplementary Fig. S1.a). Another recent522

study also observed that the activity of Beggiatoaceae extended to the deepest part of the Eastern523

Gotland Basin, as a consequence of bottom water renewal (Sommer et al. 2017).524

Microbial mats of Beggiatoaceae contribute to the benthic filter for sulphide in the Baltic Sea by525

linking the oxidation of dissolved H2S to the reduction of O2. This is complemented by chemical526

oxidation of H2S by Fe oxides and Mn oxides, where they are present in the surface sediment.527

The resulting suboxic zone (Supplementary Fig. S2) prevents the direct release of sulphide from528

sediments to the water column (Seitaj et al. 2015; Yücel et al. 2017). We found that the suboxic529
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zone only developed in the surface sediments at site BY15, 1 and 2 (Fig. 6; Fig. 7). The observed530

differences between the 2S obtained with micro-electrodes and after pore531

water sectioning at BY15 are attributed to spatial variability and could be due to spatial532

differences in the abundance and activity of Beggiatoaceae.533

Besides their role in oxidation of dissolved H2S, Beggiatoaceae are also capable of taking up534

pore water HPO4
2- and subsequently storing it as polyphosphate in their vacuoles (Goldhammer535

et al. 2010; Brock and Schulz-Vogt 2011; Dale et al. 2013). This mechanism might explain part536

of the removal of pore water HPO4
2- in the surface sediment at the deepest sites (Fig. 7; Fig.8.b).537

4.3. Impact of re-oxygenation on the sediment geochemistry538

Sediment records for the Gotland Deep show that deep water re-oxygenation events can lead to539

the formation of layers of Ca-rhodochrosite from Mn oxides (Heiser et al. 2001; Lenz et al.540

2015). We show that the deposition of Mn oxides related to the MBIs indeed resulted in541

enrichments in Mn in the surface sediment at site BY15 (~1000 µmol g-1) and site 1 (~2500542

µmol g-1), as revealed by the change in Mn concentration between 2009 (pre-inflow) and 2016543

(post-inflow; Fig. 11.a). The water depth dependence of the Mn enrichment is likely the544

combined effect of a greater overlying Mn-bearing water mass at deeper sites and a larger role545

for gravitational focussing of suspended material (Sulu-Gambari et al. 2017).546

We found no evidence for the presence of birnessite in the surface sediment in the resin-547

embedded core at site BY15, despite the fact that birnessite is the dominant Mn phase in548

suspended matter in the water column. The absence of birnessite is likely due to its rapid549

dissolution upon contact with H2S in the pore water (Burdige and Nealson 1986; Lenz et al.550

2015). Given the strong spatial variability in H2S concentrations near the sediment surface at site551
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BY15 (Fig. 6; Fig. 7), which is likely linked to the patchy occurrence of Beggiatoaceae, we552

expect that the distribution of birnessite was equally patchy. Thus, birnessite may have been553

present in the core used to determine the bulk geochemistry and likely was present in the surface554

sediments of the Eastern Gotland Basin.555

The penetration of O2 into the sediment led to major changes in its Mo, Fe and P geochemistry.556

Sediment Mo provides an excellent indicator for the oxidation state of the sediment (Scott and557

Lyons 2012). Molybdenum occurs as molybdate (MoO4
2-) in the water column, but when H2S558

concentrations exceed ~11 4
2-) and559

subsequent sequestration in the sediment is thought to occur (Helz et al. 1996; Erickson and Helz560

2000). Exposure of Mo-bearing sediments to O2 rich bottom water results in the release of Mo to561

the pore water (Crusius et al. 1996). Our results indeed show such a release of Mo from the562

sediment into the pore water at site BY15 and site 1 as a consequence of bottom water re-563

oxygenation (Fig. 7). Our results further show that sedimentary Mo is highest at site BY15 and564

decreases along the transect with a decrease in water depth, becoming undetectable at the two565

shallowest sites 4 and 5 (Fig. 9). The comparatively high solid-phase Mo observed at the four566

deepest sites can be attributed to the euxinic conditions that prevailed in the deep bottom waters567

of the Eastern Gotland Basin prior to the recent MBIs (Fig. 2.a).568

The re-oxygenation led to distinct surface enrichments in labile Fe(III) oxides in the sediment at569

site BY15 and 1 (Fig. 9). These Fe oxide enrichments were ~20-fold smaller than those in total570

Mn (Fig. 9). This difference can be partly explained by the 10- to 15-fold lower concentrations of571

Fe2+ in the water column prior to the re-oxygenation, when compared to Mn2+ (section 4.1). As a572

consequence less Fe oxides than Mn oxides were formed upon re-oxygenation, leading to a573

smaller Fe oxide flux from the water column to the sediment. In addition, formation of Fe oxides574
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from dissolved Fe2+ in the pore water was restricted by the high sulphide flux from the deeper575

sediment. We note that some Fe sulphides in the upper centimetre of the sediment may have576

been converted to Fe oxides. Importantly, we find little evidence for major downward oxidation577

of the sediment, as observed in other marine systems upon a bottom water redox change (Van578

Santvoort et al. 1996). We attribute this difference to the high upward fluxes of H2S and NH4
+ to579

the surface sediment and the corresponding high O2 demand of the sediment (Table 3). When580

taking into account that two moles of O2 are required to oxidize one mole of NH4
+ or H2S (Reed581

et al. 2011), it is evident that the O2 flux into the sediment (0.5-4.9 mmol m-2 d-1; Table 3) is582

currently insufficient to oxidize the upward flux of reductants at all sites (1.4  4.2 and 1.4  2.8583

mmol m-2 d-1 for NH4
+ and H2S, respectively; Table 3). This implies that NH4

+ and H2S will584

escape to the overlying water.585

The oxidation of the surface sediments at site BY15, 1 and 2 led to enhanced P sequestration, as586

inferred from the surface enrichments in Ex-P + CDB-P (Fig. 10 and Fig. 11.b). The sequential587

Ex-P step targets loosely sorbed P while the CDB-P targets Fe-oxide bound P. However, the588

observed P levels in the Ex-P + CDB-P extraction phases cannot solely be linked to Fe oxides.589

This is because the ratio of Fe oxides to Ex-P + CDB-P is ~1 (Fig. 9; Fig. 10) whereas the lowest590

stoichiometric ratio that has been observed in marine environments for Fe oxides : P is ~2591

(Gunnars et al. 2002). This implies that other minerals were co-extracted during the Ex-P +592

CDB-P steps in the SEDEX procedure. Phosphorus associated with CaCO3 may be co-extracted593

during the SEDEX CDB-step (Kraal et al. 2017). However, CaCO3 represents a minor pool (~2.5594

wt%) in the sediments of the Eastern Gotland Basin, implying that P sequestration by CaCO3 at595

our study sites is unlikely to be important. Previous studies of Baltic Sea sediments suggested596
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that P associated with MnCO3 minerals are also extracted in the SEDEX CDB step (Suess 1979;597

Manheim 1982; Jilbert and Slomp 2013).598

We indeed find that Mn enrichments in our sediments are strongly associated with P and Ca and599

not with Fe (Fig. 12; Fig. 13; Supplementary Fig. S3). This coupling between Mn, P and Ca is600

further supported by the XANES spectra, which reveal the presence of MnCO3 and Mn(II)601

phosphate minerals in these Mn-, Ca- and P-rich areas (Fig. 14). The Mn enrichments in the602

upper 0-0.6 mm of the surface sediment mainly consist of MnCO3 minerals associated with P603

(Fig 14.a; Supplementary Fig. S3.a). Based on the Mn spectra (Fig. 14), we observed a gradual604

transition from MnCO3-P into Mn(II) phosphates (Mn3[PO4]2) within the upper (0.5-4.8 mm) of605

the surface sediment (Fig. 13; Supplementary Fig. S3.b). The presence of Mn(II) phosphates in606

coastal sediments was previously documented for the Bothian Sea (Egger et al. 2015).607

Manganese(II) phosphates have a high capacity to bind P and their resistance to reductive608

dissolution in the presence of H2S will determine their contribution to the sequestration of P in609

the Baltic Sea. Below 7.5 mm depth in the surface sediment, the µXRF and XANES results610

indicate that Mn is primarily bound to pyrite and present in Mn-silicates (Fig. 13.c; Fig. 14.b). In611

summary, our results suggest a strong correlation between Mn, Ca and P in the surface sediment612

at site BY15 and a role for rhodochrosite and Mn(II) phosphates formation in P sequestration in613

the Eastern Gotland Basin.614

The P sequestration associated with mineral formation in response to re-oxygenation was615

estimated from the change in solid-phase Ex-P + CDB-P (averaged over 2 cm sediment depth)616

between 2009 and 2016 (Fig. 11.b). The details of the calculations are provided in the617

Supplementary Material, section 1.2. Here, we summarize the procedure. We first calculated the618

change in water column HPO4
2- (~2.07 µM) upon re-oxygenation in the deeper water layer619
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located below 125 m water depth based on the water column HPO4
2- profiles (Fig. 3.c). The620

deeper water layer below 125 m water depth contains 112,000 L per m2 of sediment. Assuming621

that the ~2.07 µM change in HPO4
2- in the deep water following the inflow was sequestered in622

the sediment, we calculate a total input of 232 mmol of P m-2 sediment. Applying the porosity623

(0.986) and sediment density (2.65 g cm-1) this gives an average increase in concentration of Ex-624

P + CDB-P of 313 µmol P g-1 over 2 cm per m2. However, the actual average increase in the Ex-625

P + CDB-P phase over the upper 2 cm per m2 of the sediment as a result of re-oxygenation was626

only 16 µmol P g-1 (or 12 mmol P m-2) which is equal to ~5% of the observed decline in water627

column HPO4
2. Re-oxygenation of the water column thus had a limited impact on the removal of628

HPO4
2- in the deeper waters of the Eastern Gotland Basin.629

Similar calculations were made for Mn and Fe, as described in the Supplementary Material,630

section 1.3. Briefly, we used water column records for dissolved Mn for site BY15 from Dellwig631

et al. (2018) to estimate the loss of Mn from the water column following the re-oxygenation. For632

Fe, we used water column records from Pohl and Fernández-Otero (2012) to estimate the change633

in dissolved Fe. The surface enrichment in total Mn and Fe oxides at BY15 was assumed to be634

deposited from the water column. Based on these numbers, we estimate that at most 60% of the635

water column Mn and 11% of the water column Fe was sequestered in the sediment, as a636

consequence of the re-oxygenation (Table 5). Importantly, these metal oxides were not effective637

as scavengers of HPO4
2- from the water column, since at most 5% of water column HPO4

2- was638

sequestered in the sediment.639

4.4. Implications640

Previous work has shown that the increased accumulation of organic matter and Fe sulphides in641

sediments linked to hypoxia enhances the benthic O2 demand (Turner et al. 2008; Reed et al.642
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2011).643

and more intense a period of hypoxia is, the more difficult recovery from hypoxia becomes644

because of the higher sediment O2 demand (Turner et al. 2008). Our results show evidence for an645

upward flux of H2S and NH4
+ in the sediment that at the time of sampling outpaced benthic O2646

647

Surface enrichments of Mn oxides and Fe oxides can act as a buffer for H2S, restricting its648

release into the overlying water (Kristiansen et al. 2002; Kristensen et al. 2003). Based on the649

inventory of total Mn and Fe oxides in the surface sediment, we estimated that at site BY15, this650

amount of metal oxides could, buffer the H2S for approximately two months (71 days for Mn651

oxides, 3 days for Fe oxides; Supplementary Material, section 1.4). The duration of the buffering652

by Mn oxides was likely shorter, since a significant proportion of the Mn consisted of Mn(II)653

minerals. The first sampling of the Eastern Gotland Basin by SMHI took place 7 weeks after our654

sampling campaign and revealed the reoccurrence of euxinia (Fig. 2). This is in accordance with655

a time scale of buffering by metal oxides of days to weeks. We suggest that, as a consequence of656

the high flux of reductants, the natural ventilation events in the Eastern Gotland Basin only had a657

minor effect on the oxidation state of the sediment, allowing only a thin suboxic zone enriched in658

Fe oxides, Mn carbonates and Mn(II) phosphates to develop. Thus, the highly reducing659

conditions in sediments of the Eastern Gotland Basin currently limit the extent to which Mn, Fe660

and P are sequestered in mineral form in the sediment following re-oxygenation. While for Mn,661

this was previously recognized (Lenz et al. 2015; Häusler et al. 2018)662

upon re-oxygenation has so far not been well-described. We663

show here, for the first time, that the high flux of reductants from deeper sediment layers plays a664
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role in restricting the penetration of O2 into the sediment and thereby the formation of Fe oxides665

and associated P sequestration.666

Our findings are of particular relevance to marine systems where a high P recycling contributes667

to a high productivity, as is the case in the present-day Baltic Sea (e.g. Gustafsson et al. 2012).668

Here, both the high O2 demand and the limited P sequestration in the sediment act to minimize669

the biogeochemical impact of re-oxygenation events.670

There have been calls to artificially ventilate the deep bottom waters in the Baltic Sea to reduce671

eutrophication (Stigebrandt and Gustafsson 2007). Several pilot studies have been carried out in672

an anoxic fjord to stimulate the formation of Mn oxides and Fe oxides for the purpose of P673

sequestration (Viktorsson et al. 2013; De Brabandere et al. 2015; Stigebrandt et al. 2015). A674

critical assumption in such artificial ventilation attempts is that oxygenation always enhances P675

sequestration significantly. Thus, for example, Gustafsson and Stigebrandt (2007) estimated that676

the seafloor below 150 m water depth in the Baltic Sea may bind ~93 mmol P m-2 upon re-677

oxygenation. Here, we show that only ~12 mmol P m-2 is sequestered at site BY15 (Table 5),678

which we attribute to the highly reducing nature of the sediment and possibly the gradual decline679

in bottom water O2 since the onset of re-oxygenation (Fig. 2).680

currently strongly limits the formation of Mn- and Fe minerals in sediments and their capacity to681

sequester P, these artificial re-oxygenation projects that aim at removing water column HPO4
2-682

and thereby improving water quality in the Baltic Sea will likely not have the desired outcome.683

Several modelling studies have shown that reducing P inputs to the Baltic Sea will eventually684

lead to a decline in water column HPO4
2- and a decrease in the hypoxic area (Conley 2012).685

Further reductions in P inputs from land thus are recommended over artificial re-oxygenation686

when aiming for an improvement of the water quality in the Baltic Sea.687
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5. CONCLUSIONS688

The recent Major Baltic inflows in 2014 and 2015 mixed and partly replaced the deeper euxinic689

waters in the Eastern Gotland Basin with saline and oxygen-rich water from the North Sea.690

These natural ventilation events led to a rise in oxygen (O2) and complete removal of sulphide691

(H2S) in deeper waters. We show that re-oxygenation led to formation of the manganese (Mn)692

oxide birnessite and Fe oxides in the water column and their deposition on the sediment. Only a693

relatively small proportion of the water column Mn (60%) and Fe (11%) was estimated to be694

sequestered in the sediment.695

The exposure of the surface sediments to O2-rich water induced the activity of sulphur-oxidizing696

bacteria belonging to the family Beggiatoaceae and an oxic and suboxic zone developed in the697

sediment at sites in the deeper part of the basin. In this thin surface layer, Fe oxides, Mn698

carbonates (and associated P), Mn(II) phosphates and possibly some Mn oxides accumulated.699

Strikingly, our results indicate that the P sequestration linked to the recent inflows accounted for700

only ~5% of water column HPO4
2- removal in the Eastern Gotland Basin, with most HPO4

2-701

being displaced and transported to other parts of the basin. We attribute the limited sequestration702

of P to the highly reducing conditions in the sediment, which inhibited the formation of Fe703

oxides.704

Our work shows that, the limited sequestration of P in the sediments of the Eastern Gotland705

Basin upon re-oxygenation forms an essential part of706

likely of relevance to many other euxinic basins subject to re-oxygenation. Finally, our research707

indicates that reducing nutrient inputs to the Baltic Sea is a better strategy when attempting to708

reduce the area of hypoxia/anoxia than artificial re-oxygenation.709
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TABLE AND FIGURE CAPTIONS981

Table 1. Characteristics of the sites sampled in June 2016.982

983

Table 2. Sequential P, S and Fe extractions for suspended matter and sediment samples. The984

ferrihydrite extraction step from the sequential Fe extraction was only applied to the suspended985

matter. Unless stated otherwise, all extracts from the sequential extractions were passed through986

a 0.45 µm nylon filter. The three sequential extraction procedures for P, Fe and S fractionation987

were performed under strictly anoxic conditions.988

989

1Ruttenberg (1992) as modified by Slomp et al. (1996); 2Raiswell et al. (2010); 3Claff et al.990

(2010); 4Poulton and Canfield (2005); 5Burton et al. (2006); 6Burton et al. (2008).991

992

Table 3. Calculated diffusive fluxes of O2, 2S, HPO4
2-, NH4

+ and Mn2+ at the sediment-water993

interface (unless indicated otherwise) for pre-inflow (2009; BY15 only) and post-inflow (2016)994

conditions. Note, that only the sites below 80 m water depth were subjected to bottom water re-995

oxygenation. The O2 fluxes and the H2S fluxes highlighted with a blue rectangle were996

calculated based on high resolution depth profiles obtained with micro electrodes, whereas all the997

other fluxes were calculated based on pore water profiles from core sectioning. Upward diffusive998

2S into the suboxic zone are highlighted in bold and underlined. N/A: not available.999

Negative and positive values indicate a downward and upward flux, respectively. *Data from1000

Jilbert et al. (2011).1001

1002
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Table 4. Comparison of sediment P speciation at site BY15 for pre-inflow (2009) and post-1003

inflow conditions (2016).1004

1005

Table 5. Proportion of water column P, Mn and Fe that was observed in the sediment.1006
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Fig. 1. (a) Map of the Baltic Sea (left) and bathymetric map of the Eastern Gotland Basin1007

showing the locations of the sites presented in this study (right), adapted from Ocean Data View1008

4 Schlitzer 2015. The purple star indicates the location of site BY15. Site characteristics are1009

given in Table 1. (b) The green-dotted lines represent water column profiles of dissolved O21010

concentrations for the Eastern Gotland Basin transect. Note that there are no water column data1011

available for site 1 (200 m water depth).1012

1013

Fig. 2. (a) Time-series of monthly water column depth profiles of dissolved O2 and 2S at site1014

BY15 for January 2002  September 2018. The red line indicates the boundary between O2 and1015

H2S (b) Time-series of monthly bottom water H2S concentrations at 225 m water depth for1016

January 2002  September 2018. (c) Monthly time-series (January 2002  September 2018) of1017

dissolved HPO4
2- in the water column at site BY15. The data presented in panel a, b and c were1018

derived from the Swedish Ocean Archive (SHARK) database at the Swedish Meteorological and1019

Hydrological Institute (SMHI; http://sharkweb.smhi.se). The dotted black line in panels a, b and1020

c indicates the time point at which the recent MBIs occurred. The green arrow indicates the time1021

of sampling.1022

1023

Fig. 3. (a) Comparison of water column O2 for December 2014 and June 2016. (b) Comparison1024

of water column H2S for December 2014 (from SHARK database) and June 2016 (c)1025

Comparison of water column HPO4
2- for pre-inflow conditions (averaged over a two year time1026

period covering 2013  2014) and post-inflow (averaged over a 5 month time period covering1027

February 2016  June 2016). These depth profiles of HPO4
2- were averaged to smooth the trend.1028

The deeper water layer affected by the inflow is below the grey line.1029
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Fig. 4. Water column depth profiles of total Mn (a) and Fe (b) in suspended matter at site BY151030

from four water depths in June 2016. Levels of Fe in the CDB and ammonium oxalate step were1031

below the detection limit. Water column depth profiles of total Mn, the Mn <0.2 µm fraction (c),1032

total Fe and the Fe <0.2 µm fraction (d) at site BY15 in June 2016. The difference between the1033

Mn and Fe contents in panels c and d is likely related to the difference in detection limit of the1034

methods used.1035

1036

Fig. 5. (a) Normalized manganese XANES spectra of birnessite and suspended matter in the1037

water column collected at 85, 175, 200 and 225 m water depth at site BY15. (b) Manganese k21038

weighed EXAFS spectra of birnessite and suspended matter in the water column at the same1039

water depths.1040

1041

Fig. 6. High resolution pore water depth profiles of dissolved O2 (green-dashed line), 2S (red-1042

dotted line) and pH (blue line) for six sites along the Eastern Gotland Basin depth transect (June1043

2016). The pH is reported on a total scale and corrected for salinity effects. The dashed-dotted1044

purple line represents the sediment water interface. The oxygen penetration depth and sulphide1045

appearance depth are reported in Table 1.1046

1047

Fig. 7. Pore water depth profiles of dissolved Mn2+, Fe2+, HPO4
2-, NH4

+, 2S and Mo for the1048

upper 5 cm of the sediment at sites BY15 and 1 to 5 (June 2016).1049

1050

Fig. 8. Comparison of pore water Mn2+ (a) and HPO4
2- (b) at site BY15 for 2009 and 2016 (pre-1051

inflow and post-inflow, respectively).1052
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Fig. 9. Depth profiles of sediment Mn, labile Fe(III) oxides, Fe monosulphide (FeS), pyrite1053

(FeS2) and molybdenum (Mo). The green diamonds represent the Mn extracted in the CDB step1054

of the SEDEX procedure.1055

1056

Fig. 10. Sedimentary phosphorus speciation (Ex-P, CDB-P, Auth-P, Detr-P, Org-P and Total1057

Extr-P) for the upper 5 cm of the sediment at sites BY15 and 1 to 5 (June, 2016).1058

1059

Fig. 11. Depth profiles of (a) total Mn, (b) Ex-P + CDB-P, (c) total P and (d) Corg/total P ratio at1060

site BY15 in 2009 (red; pre-inflow) and 2016 (green; post-inflow).1061

1062

Fig. 12. Desktop µXRF maps of Mn (green), P (blue), Ca (grey) and Fe (red) in the top 10 mm1063

of epoxy-embedded sediment at BY15. These maps are shown in true vertical orientation and the1064

brightness was adjusted to emphasize the features in the sediment. Zone A (0-0.6 mm), B (4.6-1065

4.8 mm) and C (7.5-7.9 mm) represent the sediment depth intervals that were mapped at ID21 at1066

the ESRF in Grenoble (Fig. 13).1067

1068

Fig. 13: Synchrotron-based high-resolution (1 µm) µXRF maps of Mn (green), P (blue), Ca1069

(white) and Fe (red) for the top 8 mm of epoxy-embedded sediment at BY15. These maps are1070

shown in true vertical orientation The colours accentuate relative count intensities that are1071

adjusted for brightness and contrast to emphasise the features in the sediment. These maps were1072

created using the PyMca X-ray Fluorescence Toolkit (Solé et al. 2007). The white labels with1073

corresponding numbers indicate the spots for which Mn XANES spectra were collected (Fig.1074

14). (a) Elemental µXRF maps of the 0 0.6 mm sediment depth interval. (b) Elemental µXRF1075
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maps of the 4.6-4.8 mm sediment depth interval. (c) Elemental µXRF maps of the 7.5-7.9 mm1076

sediment depth interval.1077

1078

Fig. 14. (a) Normalised Mn XANES spectra of the surface sediment at site BY15. XANES1079

spectra from spots 1 to 5 (red) resemble the spectrum of rhodochrosite. XANES spectra from1080

spot 7 to 11 (blue) are similar to the spectrum of Mn(II) phosphate. The spectrum from spot 61081

contains features of the XANES spectra of both, rhodochrosite and Mn(II) phosphate. (b)1082

Normalised Mn XANES spectra of the sub-surface sediment at site BY15. The Mn spectra from1083

spots 12 and 13 (gold) have a similar shape as the XANES spectrum of Fe in pyrite. XANES1084

spectra from spots 14 to 16 (grey) show features that are similar to the XANES spectrum that1085

was interpreted as background Si-bound Mn in Lenz et al. (2014).1086



Table 1. Characteristics of the sites sampled in June 2016.

Site
Water
depth
[m]

Coordinates
[N]

Coordinates
[E]

Bottom
water O2
[

O2
penetration
depth [mm]

2S
appearance
depth [mm]

S-oxidising
bacteria present

BY15 237 57°19.20' 20°3.00' 10 0 0 Beggiatoaceae

Site 1 200 57°25.51' 20°1.53' 15 2 6 Beggiatoaceae and
Desulfobulbaceae

Site 2 170 57°23.98' 20°29.46' 30 3 8 Beggiatoaceae

Site 3 140 57°24.42' 20°32.20' 50 1.5 1.5 Beggiatoaceae

Site 4 80 57°25.18' 20°36.74' 10 1 1 Beggiatoaceae

Site 5 65 5 0 2 Beggiatoaceae

Tables 1 to 5



Table 2. Sequential P, S and Fe extractions for suspended matter and sediment samples. The

ferrihydrite extraction step from the sequential Fe extraction was only applied to the suspended

matter. Unless stated otherwise, all extracts from the sequential extractions were passed through

a 0.45 µm nylon filter. The three sequential extraction procedures for P, Fe and S fractionation

were performed under strictly anoxic conditions.

Targeted mineral phase Solvent Time

SEQUENTIAL PHOSPORUS EXTRACTION1

1  Exchangeable P 1 M MgCl2 0.5 h
2  Easily reducible or reactive ferric Fe-bound P

       (CDB-P)
Citrate-bicarbonate-CDB buffered to pH 7.5
with Na citrate/Na bicarbonate 8    h

1 M MgCl2 (wash step) 0.5 h

3  Authigenic P 1 M Na-acetate buffered to pH 4 with acetic
acid 6    h

1 M MgCl2 (wash step) 0.5 h

4  Detrital P 1 M HCl 24  h

5  Organic P 1 M HCl, after ashing at 550 °C 24  h

SEQUENTIAL IRON EXTRACTION2,3,4

1  Ferrihydrite2 0.057 M ascorbic acid/0.17 sodium citrate/ 24  h

0.6 sodium bicarbonate

2  Labile Fe(III) oxides and Fe(II) 1 M HCl 4    h

       (iron monosulphide (FeS) + siderite FeCO3)3

 3  Crystalline Fe oxides (goethite, hematite)3 0.35 M acetic acid/0.2 M sodium-citrate 4    h

with 50 g/L sodium dithionite, pH 4.8

 4  Magnetite4 0.2 M (NH4)2C2O4/0.17 M C2H2O4 6    h

   5  Pyrite3 HNO3 (65-70%) 2    h

SEQUENTIAL SULPHUR EXTRACTION5,6

1  Acid-volatile sulphide (AVS) 6 M HCl 24  h

2  Elemental sulphur Methanol (99.8%) 16  h

      Acetone (wash step) 20  min

3  Chromium reducible sulphur (CRS) 500 g/L Cr(II)Cl2 in 32% HCl 48  h
1Ruttenberg (1992) as modified by Slomp et al. (1996); 2Raiswell et al. (2010); 3Claff et al.

(2010); 4Poulton and Canfield (2005); 5Burton et al. (2006); 6Burton et al. (2008).



Table 3. Calculated diffusive fluxes of O2, 2S, HPO4
2-, NH4

+ and Mn2+ at the sediment-water

interface (unless indicated otherwise) for pre-inflow (2009; BY15 only) and post-inflow (2016)

conditions. Note, that only the sites below 80 m water depth were subjected to bottom water re-

oxygenation. The O2 fluxes and the H2S fluxes highlighted with a blue rectangle were

calculated based on high resolution depth profiles obtained with micro electrodes, whereas all the

other fluxes were calculated based on pore water profiles from core sectioning. Upward diffusive

fluxes of 2S into the suboxic zone are highlighted in bold and underlined. N/A: not available.

Negative and positive values indicate a downward and upward flux, respectively. *Data from

Jilbert et al. (2011).

Site Water
depth [m]

O2
[mmol m-

2 d-1]

2S
[mmol
m-2 d-1]1

2S
[mmol
m-2 d-1]2

HPO4
2-

[mmol
m-2 d-1]

NH4
+

[mmol
m-2 d-1]

Mn2+

[mmol
m2 d-1]

 BY15
(pre-inflow)

237 - N/A N/A 0.04 0.54* 0.10

 BY15 237 -1.01 4.17 0.93 0.01 2.22 4.44

Site 1 200 -0.54 1.38 0.21 0.5 1.35 6.52

Site 2 170 -1.12 2.02 0.57 0.06 2.76 1.00

Site 3 140 -4.90 2.00 1.13 0.11 1.79 0.50

Site 4 80 -0.71 3.21 1.47 0.08 1.07 0.00

Site 5 65 -0.11 0.12 0.07 0.27 0.89 0.02

1microprofiles; 2core sectioning



Table 4. Comparison of sediment P speciation at site BY15 for pre-inflow (2009) and post-

inflow conditions (2016).

   BY15 (2016) Sediment depth Ex-P
[µmol/g]

CDB-P
[µmol/g]

Ca-P
[µmol/g]

Detr-P
[µmol/g]

Org-P
[µmol/g]

Total-P
[µmol/g]

0 - 0.5 cm 8.89 35.46 8.46 2.10 20.40 99.66

0.5 - 1 cm 6.02 20.44 8.25 2.51 25.66 72.42

1 - 1.5 cm 5.80 15.00 8.06 2.74 28.18 65.61

1.5 - 2 cm 1.83 8.02 7.64 2.56 23.68 55.04

2 - 3 cm 0.22 5.18 8.56 3.15 21.89 44.55

3 - 4 cm 0.26 5.53 8.37 2.69 20.56 44.99

4 - 5 cm 0.06 4.79 6.07 1.88 14.43 40.19

   BY15 (2009) Sediment depth Ex-P
[µmol/g]

CDB-P
[µmol/g]

Ca-P
[µmol/g]

Detr-P
[µmol/g]

Org-P
[µmol/g]

Total-P
[µmol/g]

0 - 0.5 cm 1.97 10.78 4.47 0.81 13.35 52.37

0.5 - 1 cm 1.94 8.68 5.28 0.75 13.51 51.64

1 - 1.5 cm 1.14 7.60 6.36 1.01 12.75 45.09

1.5 - 2 cm 0.06 6.01 6.89 1.13 14.54 41.00

2 - 2.5 cm 0.16 5.42 7.06 1.08 15.52 39.76

2.5 - 3 cm 0.41 4.42 6.30 0.84 12.92 39.98

3 - 3.5 cm 0.42 3.52 7.31 1.14 15.27 37.40

3.5 - 4 cm 0.12 4.20 6.48 1.15 N.A. 37.17

4 - 4.5 cm 0.19 7.46 5.64 1.08 13.06 37.30



 Table 5. Proportion of water column P, Mn and Fe that was observed in the sediment.

Phosphorus Manganese Iron

Calculated loss from the water column
based on water column data. ~232 mmol m-2 ~493 mmol m-2 ~103 mmol m-2

Observed deposition onto the sediment
based on sediment analysis. ~12 mmol m-2 ~298 mmol m-2 ~11.5 mmol m-2

Contribution of the sediment to total
removal. 5% 60% 11%
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Fig. 4.
Click here to download high resolution image
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Fig. 7.
Click here to download high resolution image



Fi
g.

 8
.

C
lic

k 
he

re
 to

 d
ow

nl
oa

d 
hi

gh
 re

so
lu

tio
n 

im
ag

e



Fig. 9.
Click here to download high resolution image



Fig. 10.
Click here to download high resolution image
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Fig. 13.
Click here to download high resolution image
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