
1 
 

 Vivianite is a key sink for phosphorus in sediments of the Landsort Deep, 

an intermittently anoxic deep basin in the Baltic Sea 

 

Authors:  

Nikki Dijkstra, Utrecht University, Netherlands1 (mail: N.Dijkstra@uu.nl) 

Caroline P. Slomp, Utrecht University, Netherlands1 (mail: C.P.Slomp@uu.nl) 

Thilo Behrends, Utrecht University, Netherlands1 (mail: T.Behrends@uu.nl) 

Expedition 347 Scientists 

 

1Department of Earth Sciences - Geochemistry, Faculty of Geosciences, Utrecht 

University, Utrecht, The Netherlands 

 

Corresponding author: Nikki Dijkstra 

Postal address:  

Postbus 80.021 

3508 TA    UTRECHT 

The Netherlands 

 

Published in Chemical Geology: 

Available online since 27 May 2016 

doi:10.1016/j.chemgeo.2016.05.025 

 

© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 

http://creativecommons.org/licenses/by-nc-nd/4.0/  

 

http://creativecommons.org/licenses/by-nc-nd/4.0/


2 
 

Key words:  

Integrated Ocean Drilling Program, Baltic Sea Basin Paleoenvironment, Landsort Deep, 

Phosphorus burial, Vivianite, Shelf-to-basin shuttle 

 

Highlights 

 We combine solid-phase geochemistry and micro-analysis to study P burial phases 

 Brackish/marine sediments from the Landsort Deep contain Mn- and Mg-rich vivianite 

 Vivianite may be formed in sediments below hypoxic, anoxic and likely sulfidic waters 

 Shelf-to-basin shuttling of Fe and Mn is a key driver for vivianite formation  

 

Graphical abstract 

 

  



3 
 

Abstract  

Phosphorus (P) is an essential nutrient for marine organisms. Its burial in hypoxic and 

anoxic marine basins is still incompletely understood.  Recent studies suggest that P can 

be sequestered in sediments of such basins as reduced iron(Fe)-P but the exact phase 

and the underlying mechanisms that lead to its formation are unknown. In this study, we 

investigated sediments from the deepest basin in the Baltic Sea, the Landsort Deep (site 

M0063), that were retrieved during the Integrated Ocean Drilling Project (IODP) Baltic 

Sea Paleoenvironment Expedition 347. The record comprises the whole 

brackish/marine Littorina Sea stage including past intervals of extensive hypoxia in the 

Baltic Sea that occurred during the Holocene Thermal Maximum (HTMHI) and the 

Medieval Climate Anomaly (MCA1HI and MCA2HI). Various redox proxies (e.g. the 

presence of laminations and high Mo contents) suggest almost permanent bottom water 

hypoxia during the Littorina Sea stage in the Landsort Deep. The bottom waters were 

likely even seasonally anoxic or sulfidic during the MCA1HI and MCA2HI, and 

permanently sulfidic during the HTMHI. With the use of micro-analysis of sieved 

minerals (SEM-EDS, XRD and synchrotron-based XAS), we show that Mn- and Mg-rich 

vivianite crystals are present at various depths in the Littorina Sea sediments. We also 

have strong indications for vivianite in the MCA1HI, MCA2HI and HTMHI deposits. The 

formation of vivianite thus likely explains the high Fe-bound P fraction throughout the 

whole Littorina Sea stage. Shuttling of Fe and Mn from the shelves into the basin and 

high inputs of P in settling organic matter are likely key drivers for vivianite formation. 

Our study shows that vivianite can likely form in near-surface sediments under a broad 

range of bottom water redox conditions, varying from hypoxic and anoxic to sulfidic.   
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1. Introduction 

Bottom water hypoxia (i.e. oxygen concentrations below 2 mg/l) is a growing 

problem in marine waters worldwide, and a well-known cause of the death of benthic 

organisms (Diaz and Rosenberg, 2008). The development of these so-called “dead zones” 

is in most cases the result of enhanced external inputs of nutrients into coastal waters. 

The nutrients may be responsible for increased primary production in the water column 

and the associated elevated flux of organic matter to the seafloor may then result in an 

oxygen demand in bottom waters that outpaces supply (Diaz and Rosenberg, 2008).  

 

Phosphorus (P) is a key nutrient for life on earth (Tyrrell, 1999). Enhanced P 

availability in the water column can therefore increase marine primary productivity and 

play an important role in the development of bottom water hypoxia in marine systems. 

Burial in sediments is the only removal pathway for P from the marine environment 

(Froelich et al., 1982; Ruttenberg, 2003). This P burial pool mainly consists of a mixture 

of organic P, authigenic Ca-P (e.g. carbonate-fluorapatite), iron(Fe)-bound P, 

exchangeable P and detrital P (e.g. Ruttenberg, 2003). The contribution of these P pools 

to total P burial is, in part, controlled by the redox conditions in the deeper water 

column and surface sediments upon deposition (Ingall et al., 1993; Slomp and Van 

Cappellen, 2007). 

 

 Organic P is often a major P burial pool in sediments that are overlain by hypoxic, 

anoxic or sulfidic bottom waters, as is also observed in surface sediments from the Baltic 

Sea (e.g. Jilbert et al., 2011; Mort et al., 2010). This is thought to be the combined result 
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of an increased input of organic matter from the productive water column in such 

settings and enhanced preservation of organic matter (including some P) in sediments 

under anoxic conditions, e.g. due to the slower kinetics of anaerobic degradation of 

organic matter and the lack in capability of anaerobic bacteria to oxidize certain organic 

compounds (Canfield, 1994; De Lange et al., 2008; Hartnett et al., 1998; Moodley et al., 

2005; Raiswell and Canfield, 2012; Tsandev et al., 2012). The burial of organic P in 

hypoxic and anoxic systems is counteracted, however, by preferential release of organic 

P relative to organic carbon (Corg)  (Ingall and Jahnke, 1994; Ingall et al., 1993). This has 

been attributed to the production of phosphatases by carbon-limited microbes, which 

leads to the removal of PO4 groups from organic molecules, thereby facilitating the 

uptake of the remaining organic carbon (Steenbergh et al., 2013, 2011). Given that the 

released PO4 cannot be retained by anaerobic bacteria, sedimentary Corg/Porg ratios in 

sediments overlain by hypoxic or anoxic bottom waters are generally elevated relative 

to 106, the Redfield Corg/Porg ratio for marine organic matter (Gächter et al., 1988; Ingall 

and Jahnke, 1997; Ingall et al., 1993; Jilbert et al., 2011; Van Cappellen and Ingall, 1994). 

  

 In many marine settings, P released from organic matter is retained in the surface 

sediment through sorption to Fe-oxides (e.g. Slomp et al., 1996). This Fe-oxide bound P 

is, however, typically an insignificant P fraction in sediments that are overlain by anoxic 

or sulfidic bottom waters since dissimilatory Fe(III) reduction and dissolution of Fe-

oxides by reaction with hydrogen sulfide (HS-) generally remove all reactive Fe-oxides 

(Canfield et al., 1992). The lack of Fe-P recycling in surface sediments below anoxic 

bottom waters may limit the accumulation of porewater phosphate (mainly HPO42- in 

seawater; henceforth termed PO4) in some systems and may hamper the subsequent 
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formation and burial of authigenic apatite-P at depth (Reed et al., 2011b; Ruttenberg and 

Berner, 1993; Slomp et al., 1996). Authigenic apatite-P may still form in sediments in 

anoxic basins, where the highly productive surface waters in these marine zones provide 

a large input of degradable organic matter (including organic P) to the underlying 

sediments, thereby supporting a sink-switching of organic P to authigenic Ca-P 

(Ruttenberg, 2003). Recently, it has been demonstrated that authigenic Ca-P is a major P 

sink in organic-rich sediments in the anoxic and sulfidic deep basin of the Black Sea 

(Dijkstra et al., 2014). In anoxic sediments that are low in PO4, however, apatite 

formation can be negligible (Reed et al., 2011a). Also other factors, such as porewater 

alkalinity, fluoride and calcium (Ca2+) concentrations, may play a role in the formation of 

authigenic apatite-P (Ruttenberg, 2003). Although P-bearing minerals can thus still form 

in sediments overlain by a hypoxic or anoxic water column, they are often characterized 

by ratios of organic carbon to total P (Corg/Ptot) above the Redfield ratio of 106, 

illustrating that P released by organic matter degradation is generally not fully retained 

through authigenic mineral formation (Algeo and Ingall, 2007).  

 

Recent studies for the Black Sea, Baltic Sea and Chesapeake Bay show that 

brackish/marine sediments which are (intermittently) overlain by anoxic or sulfidic 

bottom waters may be enriched in Fe-bound P (Dijkstra et al., 2014; Jilbert et al., 2011; 

Li et al., 2015). In all three systems, this P burial pool accounted for more than 20% of 

the total sedimentary P pool. The Fe-bound P fraction was quantified with the citrate-

dithionite-bicarbonate(CDB)-step of the sequential P extraction (SEDEX; Ruttenberg, 

1992). This extraction scheme does not differentiate between Fe-oxide bound P and 

Fe(II)-phosphates such as vivianite ((Fe3PO4)2.8H2O) (e.g. Nembrini et al., 1983). 
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Although some Fe-oxides may survive transport through a low oxygen water column, the 

burial of Fe-oxide bound P is generally assumed to be low in sediments overlain by 

anoxic or sulfidic bottom waters (Jilbert and Slomp, 2013a; Mortimer, 1941; Reed et al., 

2015). The Fe-bound P fraction in such sediments may thus represent Fe(II)-phosphates.  

In the Baltic Sea, distinct Fe and P enrichments with a mean Fe/P ratio of 1.65 (as 

quantified with scanning electron microscope energy dispersive spectroscopy (SEM-

EDS)) were observed in the Fårö Deep, an intermittently sulfidic deep basin in the Baltic 

Sea. Given the similarity to the Fe/P ratio of vivianite (1.5), the enrichments were 

suggested to consist of vivianite (Jilbert and Slomp, 2013a). Synchrotron-based X-ray 

absorption spectroscopy (XAS) of Chesapeake Bay surface sediments also point towards 

the presence of vivianite in sediments overlain by seasonally hypoxic or anoxic bottom 

waters (Li et al., 2015). At present, the exact phase and composition of the Fe(II)-

phosphates are unknown, as are the underlying mechanisms that lead to their formation 

and their fate upon long-term burial in hypoxic, anoxic or sulfidic basins.     

In this study, we present a sediment record (0 – 90 mbsf) from the Landsort Deep 

that was retrieved during the Integrated Ocean Drilling Program (IODP) Baltic Sea 

Paleoenvironment Expedition 347. This record comprises the whole brackish Littorina 

Sea stage including three intervals of extensive hypoxia/anoxia that occurred during the 

Holocene Thermal Maximum (ca 8000–4000 yrs ago) and the Medieval Climate Anomaly 

(ca 750–1000 yrs ago; Zillén et al., 2008). We have combined porewater analyses, solid-

phase geochemistry (total elemental composition, sequential extractions for Fe, 

sulfur(S) and P) and micro-analysis of sieved aggregates (SEM-EDS and synchrotron-

based XAS) to demonstrate the presence of magnesium(Mg)- and manganese(Mn)-rich 

vivianite in sediments that were deposited during the Littorina Sea stage. Our study 
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shows that Fe-bound P, in the form of vivianite, is a major P burial phase in the Landsort 

Deep. 

 

2. Methods 

2.1 Study area and site  

The Baltic Sea has been subject to variations in salinity after the retreat of the last 

Weichselian ice sheet (Andrén et al., 2011; Björck, 1995). The deglaciation resulted in 

the formation of the Baltic Ice Lake around 16 kyr BP. Afterwards, the Baltic Ice Lake 

became connected to the ocean and the Yoldia Sea developed (around 11.7 kyr). The 

next stage, the Ancyclus Lake, began after the isolation of the Yoldia Sea. The first 

brackish inflows into this freshwater lake were recorded at 9.8 kyr (Andrén et al., 2000; 

Berglund et al., 2005), marking the onset of a gradual transition towards more 

brackish/marine conditions. The current Littorina Sea was established around 7 kyr BP 

(Sohlenius et al., 2001). Sediment records of molybdenum (Mo), which is a proxy for the 

presence of HS- near the sediment-water interface (Erickson and Helz, 2000), and Corg 

have been used to identify hypoxic intervals that occurred during the Holocene Thermal 

Maximum and the Medieval Climate Anomaly in the Gotland Basin and Fårö Deep (Jilbert 

and Slomp, 2013b; Lenz et al., 2014; Zillén et al., 2008). Jilbert and Slomp (2013b) 

further indicate that multiple hypoxic events can be distinguished during the Holocene 

Thermal Maximum (HTMHI) whereas the hypoxic interval during the Medieval Climate 

Anomaly appears to consist of two main events (i.e. MCA1HI and MCA2HI). 

At present, the water column of the Baltic Proper (Fig. 1) is permanently 

stratified with an upper layer of brackish water with salinities of 7–8 and  more saline 
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deep waters of 11–13 (Conley et al., 2009). The Baltic Proper today experiences 

widespread hypoxia and severe cyanobacteria blooms since the 1950’s, which are 

related to excess nutrient loading from agriculture and waste water (Carstensen et al., 

2014; Funkey et al., 2014; Gustafsson et al., 2012).   

The main deep basins of the Baltic Proper are located in the northern region of 

the Baltic Proper (water depth = 437m; Fig. 1). The Landsort Deep is the deepest basin 

of the whole Baltic Sea. Long sediment cores were retrieved from five holes (hole A – E) 

in the central part of the Landsort Deep (M0063; 58°37.34′N, 18°15.25′E) during the 

IODP Baltic Sea Paleoenvironment Expedition 347 in 2013.  

 

2.2 Core description 

The visual core description was conducted during the sampling party in the 

Bremen Core Repository and is described in Andrén et al (2015). A simplified version of 

the lithology is shown in figure 2. The lower part of the sediment record consists of a 

~50 m thick grey/greyish brown layer of clays that were deposited on diamicton during 

the Baltic Ice Lake stage. These sediments are overlain by a thin layer of brackish 

deposits around 45 m sediment depth that were likely deposited during the brackish 

phase of the Yoldia Sea stage. The grey sediments that are observed between 30 and 40 

m sediment depth were probably deposited during the Ancyclus Lake stage (Andrén et 

al., 2015). The shift towards more organic-rich and laminated sediments between 25.5 

and 30 m sediment depth indicates the transition from the Ancyclus Lake to the 

Littorina Sea stage in the sediment record (A/L-transition). The higher salinities also 

lead to the first appearances of foraminifera at 30 m sediment depth and a shift in 
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diatom assemblages from freshwater to brackish/marine taxa between 27 and 25.5 m 

sediment depth (Andrén et al., 2015). The upper 25 m of the sediment record consists of 

laminated organic-rich black clays. Two intervals with more prominent laminations are 

observed in the sediment record between 17.4 to 25.2 m and 4.1 to 6.7 m.  

 

2.3 Organic carbon and total elemental concentrations 

Sediment samples were taken directly after core recovery on board with 10 ml 

syringes (“onboard samples”; Hole E). These samples were stored in nitrogen(N2)-

purged aluminum(Al) bags at 4 ̊C (2 m resolution) to prevent sample oxidation and 

associated changes in Fe, S and P fractionation (Kraal and Slomp, 2014; Kraal et al., 

2009). Three to five months after core retrieval, additional samples were taken on shore 

with plastic scoops at a 20 cm resolution (“onshore samples”; Hole C). The latter 

samples were also stored in N2-purged Al-bags at 4 ̊C. All samples were freeze-dried and 

ground with an agate mortar and pestle at Utrecht University in a N2-purged glovebox. 

Subsamples (0.2 g) from all onboard samples and selected onshore samples were 

decalcified by two washes with hydrochloric acid (1 M HCl; 4 and 12 hours, respectively) 

and a final rinse with UHQ water (Santvoort et al., 2002). The decalcified samples were 

freeze-dried and analyzed with a CN analyser (Fisons Instruments NA 1500) to 

determine Corg. Based on laboratory reference materials and replicates, the relative error 

in Corg was generally less than 5%.  

A sediment subsample (0.125 g) was digested overnight at 90 °C in a mixture of 

hydrofluoric acid, nitric acid and perchloric acid. This was done for all onboard and 

onshore samples. The acids were fumed off during the next day and the residue was 



11 
 

redissolved in 1 M HNO3. The final solution was then analyzed for total S, Mo, Fe, Al, Mg, 

Mn, Ca and P using inductively coupled plasma optical emission spectrometry (ICP-OES; 

Perkin Elmer Optima 3000). The relative error, based on analyses of laboratory 

reference material (ISE-921) and sample triplicates, was generally less than 3%.  

 

2.4 Porewater 

Porewater was sampled from the cores immediately after recovery, using either 

rhizon samplers or squeezers (0.2 μm pore size; see Andrén et al., 2015). Salinity was 

determined by optical refraction (OR) (Krüss Optromic Digital Refractometer DR 6300). 

The salinity was also calculated based on the chloride (Cl-) concentrations as determined 

with the Metrohm 882 Compact Ion Chromatography at the University of Bremen. 

Comparison between both methods can reveal the contribution of other dissolved salts 

than typically present in seawater. Decomposition of organic matter can for instance 

lead to an enrichment of cations and alkalinity in porewaters (e.g. Wallmann et al., 

2008). Alkalinity was determined by single-point titration according to Grasshoff et al. 

(1983).  The method of Hall and Aller (1992) was used to measure ammonium (NH4+) by 

flow injection analysis including gas membrane for ammonia extraction and 

conductivity detection. The total P, Fe, Mg and Mn content of filtered (0.2 μm) and 

acidified (10 µL of conc. HNO3 per mL) porewater samples were measured using ICP-

OES (Agilent Technologies 700 Series) and are assumed to represent PO4, Fe2+, Mg2+ and 

Mn2+. For further details, we refer to Andrén et al. (2015). 

 

2.5 Sequential extractions 
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2.5.1 Iron extraction 

A dry sediment subsample (0.1 g) of the onboard samples was subjected to the 

sequential Fe extraction method as developed by Poulton and Canfield (2005). First, the 

carbonate-associated Fe (Fe-carb) was targeted with 1 M sodium acetate brought to pH 

4.5 with acetic acid for 24 h. We then applied an extraction with 1 M hydroxylamine-HCl 

in 25% v:v acetic acid for 48 h to extract the amorphous Fe-oxide fraction (Fe-ox1). 

Afterwards, crystalline Fe-oxides were targeted with a 50 g/L sodium dithionite solution 

buffered to pH 4.8 with 0.35 M acetic acid/0.2 M sodium citrate for 2 hours (Fe-ox2). 

Finally, a 0.2 M ammonium oxalate/0.17 M oxalic acid solution targeted magnetite (Fe-

mag; 2h). All extractions were performed at room temperature in an argon-filled 

glovebox with argon-purged solutions to prevent further oxidation artefacts (Kraal and 

Slomp, 2014; Kraal et al., 2009). Fe concentrations were determined colorimetrically 

using the 1,10-phenanthroline method (APHA, 2005). Based on replicates and in-house 

standards, relative errors were generally less than 10%. Note that the Fe-ox1 fraction 

may be overestimated as some extracted Fe might in fact represent FeS  (e.g. Egger et al., 

2014). 

 

2.5.2 Sulfur extraction 

We applied the S extraction method as developed by Burton et al. (2008) on 

subsamples (0.5 g) to determine acid volatile sulfide (AVS) and chromium-reducible 

sulfide (CRS). The HS- in AVS and CRS was converted into hydrogen sulfide gas (H2S) 

with a 6 M HCl/0.1 M ascorbic acid solution and an acidic chromium(II) solution, 

respectively. Afterwards, the H2S was trapped in an alkaline zinc (Zn) acetate solution. 

The amount of sulfide in the ZnS precipitate was then measured by iodometric titration 
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(APHA, 2005). The AVS fraction is assumed to represent iron monosulfides (FeS) but 

might also consist of Mn sulfides, an important mineral phase in the Landsort Deep 

(Lepland and Stevens, 1998). The CRS fraction is assumed to represent pyrite (FeS2).  

Both solutions were purged with N2 prior to the extraction. To shield the sediment 

samples from oxygen, the AVS step was performed in an argon-filled glovebox and the 

CRS step was conducted underneath a nitrogen gas line. The relative error based on 

triplicates was 6% for AVS and 3% for CRS.  

 

2.5.3 Phosphorus extraction 

The SEDEX method (Ruttenberg, 1992), as modified by Slomp et al. (1996), but 

including the exchangeable P step was applied to ground sediment subsamples (0.1 g) of 

the onboard samples to determine the different P phases in the sediments. Two 

subsamples (0.05 g) of a vivianite standard (as synthesized according to Dijkstra et al., 

2014; Rouzies et al., 1993) were also subjected to the extraction scheme. The 

exchangeable P fraction was determined by an extraction with a magnesium chloride 

solution (1M MgCl2 brought to pH 8 with sodium hydroxide) for 0.5 h. The Fe-bound P 

content was then targeted by extraction with a solution of 0.3 M trisodium citrate and 25 

g/L sodium dithionite buffered to pH ~ 7.6 in 1 M sodium bicarbonate (CDB solution) for 

8 h, followed by a wash step with 1 M MgCl2 for 0.5 h. The subsample residue was then 

extracted with 1 M sodium acetate buffered to pH 4 with acetic acid (6 h) to determine 

the authigenic Ca-P content, again followed by a 1 M MgCl2 wash step for 0.5 hour. 

Detrital P was extracted with 1 M HCl for 24 h and, finally, organic P was targeted with a 

1 M HCl extraction for 24 h after combusting the subsample residue at 550 °C for 2 

hours. Only the P concentrations in the CDB extracts were determined by ICP-OES. The P 
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concentrations in all other extracts were determined colorimetrically on a Shimadzu 

spectrophotometer with the molybdenum blue method (Strickland and Parsons, 1972). 

The first five steps were conducted in a nitrogen-purged glovebox with nitrogen-purged 

solutions. To increase the sample resolution, we also performed the same P extraction on 

a selection of the onshore samples. All handling of the onshore samples until the first HCl 

extraction was performed beneath a nitrogen gas line in order to shield the samples 

from oxygen. Although the onshore samples were collected a few months after core 

recovery, we did not observe differences between the P fractionation of the onboard and 

onshore samples. We therefore assume that no major changes in P fractionation 

occurred in the onshore samples due to oxidation artefacts. The sum of the sequential P 

fractions over the whole cores was similar to the total P concentrations as derived from 

the ICP-OES (generally < 15% difference). All extractions were performed at room 

temperature and relative errors were generally less than 10% (based on sample 

triplicates and in-house standards). 

 

2.6 Sieving method and SEM-EDS of vivianite crystals  

Sediment samples for sieving (5 – 30 cc) were taken from every core catcher and 

mid-way between the core catcher, resulting in an overall sample resolution of about 1.5 

m (Andre n et al., 2015). Examination of sieved sediment with a light microscope 

revealed the presence of blue aggregates (>63 μm). The blue color is a characteristic 

oxidation artifact of phosphates from the vivianite group (e.g. Nriagu, 1972; Yakubovich 

et al., 2001). This mineral group exists of minerals with the common formula 

M3(TO4)2.8H2O, where M represents Fe, Mg, Zn, Ni, Co and T represents P or As. For 

simplicity, we will collectively refer to this group of phosphate minerals as pure vivianite 
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(Fe(II)3(PO4)2.8H2O, the pure Fe-phosphate from the vivianite group (excluding 

arsenates). 

Blue aggregates from 3 depths (1.6 m (Hole B), 12.7 m (Hole E) and 27.4m (Hole 

D) were mounted on an Al stub and coated with platinum. These aggregates were then 

analyzed by SEM-EDS (JCM 6000PLUS NeoScope Benchtop SEM) with 15 kV accelerating 

voltage in scanning electron mode. In addition, SEM-EDS was performed in the 0-20 keV 

energy range for elemental quantification (probe current: 1 nA; acquisition time: 50 

seconds). SEM-EDS software was used to estimate the relative abundances in mol% for 

the major elements (P, Fe, Mn, Mg, Silica (Si) and Al). Other elements such as Ca and 

potassium (K) generally accounted for less than 1 % of the molar mass and were not 

included in the calculation.  

The extent of the penetration beam into the particles depends on the particle 

density and the accelerating voltage (Casuccio et al., 2004). Casuccio et al. (2004) 

calculated that an electron beam with a high accelerating voltage could only penetrate 5 

μm into particles with a density nearly similar to vivianite. The beam may thus be 

incapable of reaching the inner part of the aggregates and we therefore assume that the 

SEM-EDS analysis determines the elemental distribution of the aggregate surfaces. One-

way analysis of variance (ANOVA) tests with a Shapiro-Wilk test for normality (P = 0.05) 

and a post-hoc Tukey test were performed in Sigmaplot 12.3 to compare the relative 

elemental abundances between the aggregates from different depths. 

 

2.7 X-ray diffraction (XRD) & elemental composition of a blue aggregate 

We used XRD to investigate the mineralogy of a blue aggregate from 12.7 m and a 

ground vivianite standard (see Dijkstra et al. (2014) for synthesis). The vivianite crystal 

was ground with an agate mortar and pestle inside an argon-purged glovebox. Both 
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samples were stored in a N2-purged jar prior to analysis. The XRD analysis was 

performed on a Bruker D2 diffractometer using Cobalt Kα radiation, over a 2 range of 

5-85° with a step size of 0.026° 2and a measurement time of 0.4 seconds per step. 

There was not enough material for bulk XRD analysis on the blue aggregates from 

sediment depths of 12.7 and 27.4 m. 

 After the XRD analyses, the ground aggregate (4 mg) was digested overnight at 

90 °C in a mixture of hydrofluoric acid(HF), nitric acid (HNO3) and perchloric acid. The 

acids were fumed off during the next day and the residue was redissolved in 1 M HNO3. 

The final solution was then analyzed using ICP-OES (Perkin Elmer Optima 3000). We 

calculated the relative molar abundances for the major elements, i.e. P, Fe, Mn, Mg and Al 

(note that Si is lost during the HF-destruction). All other measured elements contributed 

less than 2% to the total molar mass of the aggregate. 

 

2.8 XAS of blue aggregates and bulk sediments 

 Blue aggregates, bulk sediment samples and various standards were investigated 

with X-ray absorption spectroscopy at the beamlines BM26a (DUBBLE) and ID21 at the 

European Synchrotron Radiation Facility (ESRF) in Grenoble, France. The layouts of the 

beamlines are described in Borsboom and Bras (1998), Nikitenko and Beale (2008) and 

Salomé et al. (2013), respectively.  

 XAS measurements at the K-edges of Fe and Mn were performed at BM26a in the 

energy range 7.00 - 7.65 keV and 6.50 - 6.90 keV, respectively. Absorption spectra were 

collected at room temperature in fluorescence mode. Spectra were collected in June 
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2014 from a blue aggregate from 12.7 m sediment depth (Aggregate I) which was fixed 

with Kapton® tape before mounting on a holder and measurement.  

In addition, another blue aggregate from the same depth (Aggregate II) was 

analyzed under vacuum at the ID21 beamline in April 2015 at the P K-edge in the energy 

range 2.13 - 2.40 keV as well as at the Fe K-edge in the energy range 7.00 - 7.65 keV. We 

also collected XAS spectra at the P K-edge on ground bulk sediment samples from 7.34 m 

and 20.83 m sediment depth. The aggregates and the ground material were sealed in 

Ultralene® film before installation into the sample holder of ID21. Spectra were 

collected at ID21 without using the KB mirror at room temperature in fluorescence 

mode.  

 

The monochromator was calibrated against the maximum intensity of the first 

derivative of a Fe foil (7.11198 keV) or a tricalcium phosphate standard (2.14943 KeV) 

for XAS measurements of Fe and Mn or P, respectively. All individual spectra (2-16 

spectra per sample) were merged to obtain average spectra. We used the ATHENA 

software package (Ravel and Newville, 2005) for background removal and 

normalization. The collected spectra were compared to XANES and EXAFS spectra of 

reference materials. The reference spectra were measured in the same or other 

experiments at the ID21 beamline in fluorescence mode (except fluorapatite: 

transmission mode) or they were obtained from literature (Table 1). Consistency in 

energy calibration was evaluated using spectra of reference materials which were 

included in the various spectra sets.   

 

Results 
 3.1 Total sediment composition  
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Based on enrichments in sediment organic C, S and Mo, we identified the hypoxic 

interval during the Holocene Thermal Maximum (HTMHI) and two hypoxic intervals that 

likely occurred during the Medieval Climate Anomaly (MCA1HI and MCA2HI) in the 

sediments between 17.9-27.0 m, 9.5-11.0 m and 3.5-7.4 m, respectively (Fig. 2). Highest 

Corg, S and Mo concentrations are observed in the HTMHI and the MCA2HI sediments. 

Sediments that were deposited during the hypoxic intervals are all enriched in Fe/Al, 

Mg/Al, Mn and Ca relative to the surrounding deposits. The highest Fe/Al and Mg/Al 

ratios are found in sediments that were deposited during the MCA2HI. For Mn and Ca, the 

highest concentrations are observed in the sediments that were deposited just after the 

A/L-transition and in the MCA2HI sediments. Sediments that were deposited during the 

MCA1HI are lower in Fe/Al, Mn and Ca than sediments that were deposited during the 

other hypoxic intervals. Sediment P is highest in the sediments of the MCA2HI (130 

µmol/g) but also high in sediments of the HTMHI and MCA1HI (~70 µmol/g). The 

Littorina Sea sediments are characterized by high Corg/Ptot and Corg/Porg ratios relative to 

the underlying lacustrine deposits. The Corg/Porg ratio is particularly high in sediments of 

the HTMHI, MCA1HI  and MCA2HI (> 1000 mol/mol; 750 mol/mol and 750 mol/mol, 

respectively). No distinct differences in total sediment composition are observed 

between both holes (Hole C and E).  

 

3.2 Porewater trends with sediment depth 

The porewater composition in the Littorina Sea sediments is distinctly different 

from the porewater composition in the underlying deposits (Fig. 3; Hole A-E). The 

salinities are highest in the Littorina Sea deposits at 15 m sediment depth and decrease 

to <2 at 50 m sediment depth. The elevated salinities around 60 m are likely caused by 
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seawater contamination and do not represent in-situ salinities. Porewater Mg2+, a major 

component of sea water salinity, shows an almost similar porewater trend with 

maximum values of 28 mmol/L. The higher OR-based salinity than Cl--based salinity is 

indicative for a higher abundance of other dissolved ions than typically observed in 

seawater, such as NH4+ and PO4. These products of organic matter decomposition are 

indeed highest in the Littorina Sea sediments with maximum values of 60 mmol/L for 

alkalinity, 10 mmol/L for NH4+ and 1.6 mmol/L for PO4. Porewater NH4+ and PO4 are low 

in all sediments below 35 m sediment depth (<0.1 mmol/L). The dissolved Fe 

concentrations vary strongly with low values in the sediments that were deposited 

during the HTMHI and MCA2HI (1-20 µmol/L) and maximum values in the lake sediments 

just below the A/L-transition (>400 µmol/L). No Fe2+ is detected in the deeper lake 

sediments (> 60 m). Porewater Mn2+ is also elevated in the Littorina Sea sediments, in 

particular in the upper 5 m of sediments and in sediments between the MCAHI and 

HTMHI deposits. 

 

3.3 Iron, sulfur and phosphorus  fractionation 

 The sum of the extracted Fe phases generally accounts for ~ 30 % of the total Fe 

content throughout the core, with the exception of the sediments that were deposited 

during the HTMHI (~ 15 %), the MCA1HI (~ 60 %) and the upper 3 m of the sediments 

(>40%; Fig. 4). The sediments that were deposited during the HTMHI are low in Fe-

carbonates, amorphous Fe-oxides and more crystalline Fe-oxides whereas sediments of 

the MCA1HI and MCA2HI are slightly enriched in these Fe fractions. Magnetite is low 

throughout the upper 30 m of sediment. The sediments just below the A/L-transition are 

enriched in Fe-carbonates while Fe-carbonates are nearly absent deeper in the core. The 
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lacustrine sediments between 30 and 50 m contain less Fe-oxides than the deeper 

lacustrine sediments.  

All Littorina Sea deposits contain some FeS and/or FeS2 while the sediments 

below the A/L-transition barely contain any of these two S phases (Fig. 5). In the upper 

30 m of sediment, FeS and FeS2 account for ~ 70 % of the total S pool. The sediments 

that were deposited during the MCA1HI and MCA2HI are most enriched in FeS (> 200 

µmol/g). The highest FeS2 concentrations are observed in sediments from the upper 

section of the HTMHI (> 700 µmol/g).    

 
Authigenic Ca-P and Fe-bound P are both major P phases in the Littorina Sea 

sediments (Fig, 6). The sediments of the HTMHI and MCA2HI are both enriched in 

authigenic Ca-P relative to the surrounding sediments. The Fe-bound P fraction is high 

(>40 µmol/g) in the sediments of the MCA1HI and MCA2HI and in the surface sediments 

(<1 mbsf). Organic P is a minor P fraction and generally follows the trend of Fe-bound P. 

Detrital and exchangeable P are low throughout the sediment record (<12 µmol/g). The 

synthesized vivianite standard dissolves completely in the CDB step of the SEDEX (> 99 

% of total extracted P).  

  

3.4 Crystal morphology, XRD and elemental composition 

Blue aggregates that were found in the top 4 m of sediment (1.6-3.9 m), between 

the sediments of the MCA1HI and HTMHI (12.7 m), and in the A/L-transition (27.4 m) 

vary in size and morphology (Fig. 7). The crystals in the upper 4 m of sediment are small 

(<100 µm) and are platy and/or needle-shaped (Fig 7A). In contrast, large blue 

aggregates where recovered from the sediment from 12.7 m (>800 µm; Fig, 7B). The 
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blue spherical aggregates from 27.4 m are slightly smaller in diameter (~ 400 µm; Fig, 

7C). 

The X-ray diffractogram of the crystal from 12.7 m sediment depth is almost 

identical to the diffractogram of the measured vivianite standard (Fig. 7D). Main 

diffraction peaks for the aggregate are located at 15.4, 13.1, 35.2 and 21.2 and 38.6 °2θ 

Co K-and agree in position and relative intensity to those of vivianite. In comparison to 

the synthesized vivianite standard, some diffraction peaks of the aggregate are shifted to 

the right by about 0.1-0.2 °2θ. This may be caused by the incorporation of Mn as similar 

shifts have been observed in Mn-rich vivianite (Egger et al., 2015a; Nakano, 1992).   

 The aggregate from 12.7 m sediment depth consists of P and almost equal 

amounts of Fe, Mn, Mg, resulting in a mean (Fe,Mn,Mg)/P ratio of 1.6 (Table 2). 

According to EDS analysis, the minerals tend to have higher (Fe,Mn,Mg)/P–ratios (Table 

2). This discrepancy between the ICP-OES and EDS results can be attributed to two 

phenomena: 1) a bias of the SEM-EDS analysis of bulk materials towards heavier 

elements and 2) the fact that SEM-EDS predominately probes the aggregate surface. In 

the latter case, the discrepancy could reflect a surface coating rich in Fe, Mn and/or Mg, 

as observed on vivianite crystals in cold-seep sediments (Hsu et al., 2014). 

 

 The relative abundance of Fe, Mn and Mg at the mineral surfaces differs 

significantly between crystals from different depths (p<0.05). For instance, Fe is 

significantly more abundant at the surfaces of crystals from 1.6 and 27.4 m than at the 

surfaces of crystals from 12.7 m sediment depth (>50 mol% versus 21 mol%). In 

addition, the surfaces of the vivianite crystals from 1.6 m sediment contain more Mn 
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than the surfaces of the other crystals (28 mol% versus >11 mol%) and Mg is only a 

major surface element for crystals from 12.7 m sediment depth (20 mol%). The 

presence of some Si and Al in samples from 12.7 and 27.4 m likely reflects clay particles 

that were not removed during sieving.  

 

3.5 XANES and EXAFS spectra  

The Fe XANES spectra of the aggregates from 12.7 m sediment depth (aggregate I 

and II) are almost identical to the XANES spectrum of the vivianite reference (Fig. 8).  

Characteristic features of the vivianite XANES spectrum, which are resembled in the 

spectra of the aggregates, are the positions of the edge and white line as well as the 

shoulder at 7130 eV and the hump around 7140 eV. The amplitudes and shapes of these 

features in the spectra of the blue aggregates and the vivianite standard also show great 

similarities. Also the Fe EXAFS spectra of aggregate I and vivianite are similar up to k-

values of about 9 Å and exhibit the same characteristic oscillations. 

When comparing the Mn XANES spectrum of aggregate I with those of the Mn(II) 

and Mn(III) phosphates, hureaulite and MnPO4, the position of the edge indicates that 

Mn occurs predominately in the form of Mn(II) in the aggregates. The similarity of the 

sample spectrum with that of hureaulite further suggests that the Mn coordination 

environments are alike. The Mn EXAFS spectrum resembles that of Fe indicating that 

Mn(II) replaces Fe(II) in the vivianite structure in the blue aggregates  

 Also the XANES spectrum for P from the aggregate from 12.7 m sediment depth 

(Aggregate II) confirms that vivianite is the predominant phase in the blue aggregates. 

The P-XANES spectrum matches the spectrum of vivianite in Figure 8D. The white line is 
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positioned at 2153.3 eV. The XANES spectrum of the blue aggregate has similar features 

as the vivianite spectrum, including the post-edge oscillations with maxima at 2158, 

2164 and 2179 eV.  

The XANES spectra of bulk sediment samples do not give direct indications for 

the presence of vivianite. The amplitude of the white line is higher compared to that in 

the spectra of all P-reference materials. Also the position of the maximum at 2153.2 eV is 

slightly lower compared to vivianite (0.1-0.2 eV) and the characteristic oscillations 

between 2155 and 2167 eV are missing. The spectra do not correspond closely to any of 

the analyzed reference materials and they might reflect a combined signal from various 

P phases including adsorbed P. Deconvolution of the spectra by linear combination 

fitting of the P XANES spectra collected in fluorescence mode is, however, problematic 

due to the strong effect of self-absorption.   

 

4. Discussion 

4.1 The Landsort Deep is an intermittently anoxic brackish/marine basin 

Trends in porewater salinity, which are also affected by downward diffusion, 

confirm the brackish conditions in the upper 30 m of sediment, just after the A/L-

transition (Fig. 3). The higher salinity resulted in a density stratified water column 

which likely contributed to the development of hypoxic conditions in the deeper waters 

of the Landsort Deep (Lepland and Stevens, 1998). Episodic inflows of oxygenated North 

Sea water only resulted in short periods of oxygenation in the bottom waters in the 

Landsort Deep (Fonselius, 1981; Matthäus and Nausch, 2003). In this low oxygen 

environment, bottom macro fauna did not establish and the subsequent lack of 
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bioturbation resulted in the continuous deposition of laminated sediments as observed 

at our site (Fig. 2; Andrén et al., 2015) 

 

Concurrent changes in Corg and Mo in our sediment record can be attributed to 

changes in the bottom water redox conditions upon sediment deposition. The 

sedimentary Corg and Mo record therefore allowed us to identify three intervals when 

bottom waters were anoxic or sulfidic (HTMHI, MCA1HI and MCA2HI). The most prominent 

laminations in the sediment were observed in sediments from these intervals (Fig. 2). 

Sedimentary Mo can often also be used as a proxy for the degree of anoxia (Algeo and 

Lyons, 2006). This is however limited in strongly restricted basins. In such basins, 

reservoir effects can lead to the depletion of MoO42- in the water column and limit Mo 

burial in the underlying sediments (Algeo and Lyons, 2006). Low Mo/Corg ratios, as 

observed in our sediments (~12.5 ppm/wt%; Supplementary information S1), are 

characteristic for strongly restricted basins. The almost identical enrichments in Mo in 

the HTMHI and MCA2HI sediments (Fig. 3) may thus be the result of a Mo-depleted water 

column and not caused by a similar degree of anoxia during both periods. This is 

supported by the observation that sediments that were deposited in the less restricted 

Northern Gotland basin and Fårö Deep were indeed more enriched in Mo than the 

sediments in the Landsort Deep (Supplementary information S1; Jilbert and Slomp, 

2013b).  

 

In the Landsort Deep, other geochemical features in the sediment can therefore 

provide better insights in the degree of hypoxia during the hypoxic intervals. The 
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MCA1HI and MCA2HI sediments are for instance characterized by lower Corg/Porg ratios 

than the HTMHI (Fig. 2). This may be indicative of less reducing bottom water conditions 

during the MCAHI and MCA2HI compared to the HTMHI. Some Fe-oxides may have 

survived the transport throughout the water column during the MCA1HI and MCA2HI, 

explaining their presence in the sediment as Fe-ox1 and Fe-ox2 (Fig. 4). In contrast, 

most Fe-oxides may have been converted to FeS2 in the sulfidic water column during the 

HTMHI. This could explain the low Fe-oxide and high FeS2 content in these sediments 

(Fig. 4 and 5). We conclude that the Landsort Deep was probably almost permanently 

sulfidic during the HTMHI whereas the sediments that were deposited during the MCA1HI 

and MCA2HI were likely only seasonally overlain by anoxic or sulfidic bottom water. Also 

at the start of the HTMHI, the bottom waters may have been less sulfidic compared to the 

bottom water at the end of the HTMHI (lower total S and FeS2; Fig. 2 & Fig. 5). Trends in 

organic C, S, Mo and FeS2 further suggest that the Landsort Deep was less productive 

and anoxic during the MCA1HI than during the MCA2HI (Fig. 2). 

 

4.2 Vivianite is an important P burial sink in the Landsort deep 

Blue aggregates were discovered in sieved sediment samples from several depths 

in the Littorina Sea sediments. With the use of various techniques (XRD and SEM-EDS), 

we demonstrate that these aggregates consist of Mn- and Mg-rich Fe-phosphates with a 

vivianite crystal structure (Table 2; Fig. 7). The (Fe,Mn,Mg)/P-ratio of an aggregate from 

12.7 m sediment depth of 1.6 (Table 2) is also close to the stoichiometry of vivianite 

((Fe,Mn,Mg)/P = 1.5) and further corroborates that these aggregates consist of vivianite. 

Although Mn or Mg-containing vivianite has been previously observed in freshwater and 
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marine sediments (e.g. Hsu et al., 2014), the crystals in our study are unusually enriched 

in both elements. 

The P fraction in the SEDEX extraction that includes vivianite, termed Fe-bound P, 

is high throughout the sediment record (Fig. 6). However, no vivianite crystals were 

observed in sediments from the hypoxic intervals that occurred during the Littorina Sea 

stage. A possible explanation for the absence is that the crystals were too small to be 

detected (<63 µm) due to partial sulfidization of vivianite crystals upon burial. This is in 

accordance with a study in the Fårö Deep, where only small Fe- and P-rich particles (<10 

µm) were observed in sediments that were overlain by sulfidic bottom water upon 

deposition (Jilbert and Slomp, 2013a).  

 

Our XAS results also provide clear evidence that the blue aggregates contain 

Mn2+-rich vivianite as the dominant Fe-, Mn- and P-bearing phase (Fig. 8). In contrast, 

the bulk P XANES spectra do not show the post-edge features that are characteristic for 

vivianite (Fig. 8E). This is likely because the measured fluorescence spectrum in 

heterogeneous samples can be biased towards the signature of P species at particle 

surfaces. The P XANES spectra may therefore reflect disperse, and presumably surface 

adsorbed, P in our sediments. Such bias towards adsorbed P may also explain the 

absence of post-edge oscillations in bulk P XANES spectra from vivianite-rich surface 

sediments in the Bothnian Sea (Egger et al., 2015a). 

 

The presence of vivianite thus likely explains the high Fe-bound P content, as 

quantified with the CDB step of the SEDEX, throughout the Littorina Sea deposits (Fig. 6; 
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section 3.6). Similar to Fe-oxide bound P, vivianite is also extracted with the 

hydroxylamine-HCl step of the sequential Fe extraction (Dijkstra et al., 2014). However, 

the Fe/P stoichiometry of both Fe-bound P phases differs: while the Fe/P ratio 

(mol/mol) of pure vivianite is 1.5, the minimum Fe/P ratio of pure colloidal Fe-oxide 

bound P  is assumed to be 2 (Dellwig et al., 2010; Thibault et al., 2009) and typical Fe/P 

ratios for Fe-oxides in marine sediments are close to 10 (Anschutz et al., 1998; Slomp et 

al., 1996). In oxic surface sediments in the Bothnian Sea, the ratio between 

hydroxylamine-HCl Fe and Fe-bound P was ~7 (Egger et al., 2015a). In most HTMHI 

deposits, the hydroxylamine-HCl-extracted Fe/Fe-bound P-ratio is between 1.0 to 1.8 

mol/mol, so close to the Fe/P stoichiometry for pure vivianite (Fig. S2). This supports 

our hypothesis that vivianite also can explain the Fe-bound P fraction in the HTMHI 

deposits.  

A higher Mn content in vivianite may reflect Mn supersaturation in reducing 

environments, resulting in the replacement of Fe by Mn. This has been suggested to 

occur in sediments in Lake Biwa (Nakano, 1992). The Fe/P ratios slightly below 1.5 

might be attributed to the inclusion of Mg, and particularly, Mn in vivianite. The CDB 

(Fe+Mn)/P-ratios are always above 1.5 (Fig. S3), indicating that the CDB extracts contain 

sufficient Fe and Mn to explain all Fe-bound P as Mn-rich vivianite. 

 

Biogenic apatite (fish debris) can partly dissolve in the CDB step of the SEDEX 

procedure and could thus lead to an overestimation of Fe-bound P in the sediment 

(Schenau and De Lange, 2000). This might explain the presence of Ca in our CDB extract 

from sediments from the HTMHI (Fig. S3). Given that only very few fish fragments were 

observed during sediment sampling, we expect this to be a minor P burial phase in the 
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Landsort Deep. Fish debris were also found to be an unimportant P burial phase in the 

sulfidic surface sediments of the Landsort Deep (Mort et al., 2010). Some P adsorbed to 

calcite may also dissolve in the CDB step, as proposed by Jensen and McGlathery (1998). 

This is expected to be most relevant for calcite-rich deposits whereas the Littorina Sea 

sediments in the Landsort Deep are low in calcite (maximum calcite content is 6 wt%; 

Emelyanov, 2001). Most Ca in the Landsort Deep is likely buried in the form of Mn-Ca-

carbonates and these Mn-Ca-carbonates do not dissolve in the CDB solution (Rutten and 

de Lange, 2003). We therefore conclude that the presence of vivianite likely explains 

most of the Fe-bound P in the HTMHI sediments. Burial of vivianite may thus have 

occurred throughout the Littorina Sea stage under hypoxic, anoxic and likely also 

sulfidic bottom waters. 

 

Authigenic Ca-P is also a major P burial phase in the Littorina deposits (Fig. 6). 

Part of the authigenic Ca-P burial can be explained by the pool of Mn-Ca-P-carbonates in 

the marine sediments in the Landsort Deep, as suggested in earlier studies (Carman and 

Rahm, 1997; Jilbert and Slomp, 2013a; Mort et al., 2010; Suess, 1979). These phosphates 

are believed to form in these deposits when phosphate substitutes for carbonate in the 

structure of Mn-carbonates (Suess, 1979). Some authigenic Ca-P may also represent 

other phosphates that dissolve in the acetate step of the SEDEX such as carbonate-

fluorapatite, biogenic Ca-P and detrital Ca-P (Mort et al., 2010; Ruttenberg, 1992; Slomp 

et al., 2013). Apatite in spherical palynomorphs and other microfossils may for instance 

account for the background authigenic Ca-P pool in sediments from the Northern 

Gotland basin and Fårö Deep (~ 10 to 15 µmol/g P; Jilbert and Slomp, 2013a). Together 
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with Mn-Ca-P-carbonates and apatite species, vivianite can thus account for the high P 

burial pool in the Littorina Sea deposits (Fig. 2).  

 

4.3 Organic P as an internal source for authigenic vivianite 

 The precipitation of vivianite in marine systems generally occurs within the 

sediments (Egger et al., 2015a; Hsu et al., 2014; Jilbert and Slomp, 2013a) and thus 

requires an internal supply of dissolved P in the sediments or bottom water. In the 

sediments of the Landsort Deep degradation of organic matter provides such a supply of 

dissolved P, and also releases other solutes such as NH4+ and alkalinity (Fig. 3). 

 

 The release of dissolved P in the sediment is further amplified by the preferential 

release of P relative to organic C from organic matter (Ingall and Jahnke, 1997; Ingall et 

al., 1993; Jilbert et al., 2011). We calculated that large amounts of P may have been 

released to the porewaters through this process, in particular from the MCA2HI deposits 

and HTMHI deposits, where preferential release of P may have resulted in the release of 

more than 40 µmol/g P (Fig. S4). Our simple back-of-the-envelope calculation ignores 

any preferential P release in the water column (Faul et al., 2005; Loh and Bauer, 2000) 

but shows that this extra internal P source is sufficient to explain more than 50% of the 

P in the Fe-bound P fraction in the Littorina Sea sediments  (Fig. S4). Although organic P 

only constitutes a minor P phase in the marine sediments of the Landsort Deep today 

(Fig. 6), it thus likely played an important role in the observed P mineral formation in 

the Landsort Deep. Organic P remineralization has been linked to the formation of other 

P-bearing minerals such as authigenic Ca-P (e.g. Ruttenberg and Berner, 1993), and a 

similar sink-switching mechanism may thus exist for vivianite. This could also lead to 
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the presence of organic remains in vivianite aggregates, a feature that is commonly 

observed in freshwater systems (see Rothe et al., (2016) for an overview).  

 

4.4 The importance of the Fe shelf-to-basin shuttle for vivianite formation 

Marine planktonic organic matter is too low in Fe to be an important sedimentary 

Fe source for vivianite in the Landsort Deep (Corg:Fe ratios can be as high as 100,000; 

Anderson and Morel, 1982). Hence, an alternative particle flux is required as a Fe source 

for vivianite precipitation. 

We propose that the Landsort Deep experiences a weak shuttling of Fe from the 

shelf sediments to the deep basin throughout the complete Littorina Sea stage. This 

could explain the elevated Fe/Al content in the Littorina Sea sediments (0.70) relative to 

the detrital background of 0.6 – 0.65 (Fehr et al., 2008) (Fig. 2). Hypoxic basins as the 

Landsort Deep can receive Fe that is mobilized from surrounding shelf sediments. The 

released Fe can then undergo multiple cycles of re-oxidation, deposition and re-

mobilization in the surface sediment before a portion of the Fe reaches the deep basin as 

nanoparticle Fe-oxides or complexed Fe3+ (Raiswell and Canfield, 2012; Scholz and 

Severmann, 2014; Wijsman et al., 2001). Only part of the Fe is directly converted to FeSx 

in the surface sediments and the Fe-oxides that survive sulfidization can act as an 

internal Fe source in the sediments, explaining the presence of Fe2+ in the Littorina Sea 

deposits (Fig. 3).   

 

 This shelf-to-basin-shuttle of Fe in the Landsort Deep may have intensified 

during the HTMHI, MCA1HI and MCA2HI when the bottom waters in the shelf region 

became more reducing and the subsequent enhanced release of Fe from these sediments 
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increased the flux of Fe-oxides or complexed Fe3+ through the oxic water column into 

the deep basin. Some Fe may also have been transported to the deep basin through the 

ferruginous layer in the redoxcline (Anderson and Raiswell, 2004; Eckert et al., 2013; 

Lewis and Landing, 1991; Lyons and Severmann, 2006). Part of the Fe that enters the 

deep basin may already be converted to FeSx within the sulfidic water column (Reed et 

al., 2015). This increased trap efficiency and the elevated Fe flux from the shelves likely 

both contributed to the enhanced Fe/Al-burial during the HTMHI, MCA2HI, and to a lesser 

extent during the MCA1HI.  

 The lower Fe/Al ratios in the HTMHI deposits relative to the MCA2HI sediments 

can be explained by a difference in the ratio between the Fe source and basin sink area 

(S/B-ratio; Raiswell and Anderson, 2005). During the HTMHI, most bottom waters from 

the shelf sediments were likely anoxic/sulfidic and subsequently acted as a sink for Fe 

(smaller S/B-ratio), resulting in a reduced Fe burial per surface area in the sink region. 

In contrast, the Fe source area during the MCA2HI may have been identical to the source 

area during most of the Littorina Sea stage (no change in S/B-ratio).  

 

 Some Fe-oxides that were transported from the shelf to the deep basins likely 

survived transport through the water column, even during the MCA1HI and MCA2HI 

when bottom waters were seasonally anoxic or sulfidic. This is expected because of the 

relatively shallow water depths in the Baltic Sea, which allow for relatively short travel 

times of Fe-oxides from oxic surrounding shelves to the anoxic and sulfidic deep basins 

and the known resistance of crystalline Fe oxides to rapid reductive dissolution by 

sulfide (Canfield et al., 1992). In the present-day Fårö Deep more crystalline deep Fe 

oxides are also thought to reach the surface sediments, as deduced both from sediment 

Fe-bound P profiles (Jilbert and Slomp, 2013a) and as assumed in a model 
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reconstruction of modern Fe shuttling in the same basin (Reed et al., 2015). The Fe-

oxides may have acted as a source of reactive Fe for vivianite formation, and could  

explain the positive correlation between the degree of shelf-to-basin Fe shuttling, as 

indicated by sedimentary Fe/Al, and the Fe-bound P content in the upper part of our 

sediment record (R2= 0.59; Fig. S5). Due to the intense Fe shelf-to-basin shuttle, the 

MCA1HI and MCA2HI sediments are also characterized by sedimentary S:Fe-reactive 

ratios below 1.5 (Fig. S6). This ratio between total S and reactive Fe in the sediments (as 

all Fe except silicates; S:Fe-reactive) can be used as a proxy for the occurrence of 

vivianite, whereby ratios below 1.5 are assumed to indicate that not all reactive Fe is 

captured as FeSx and vivianite formation is favoured (Rothe et al., 2015). 

The presence of crystalline Fe-oxides in the HTMHI deposits (Fig. 4) suggests that 

some Fe-oxides also survived transport through the sulfidic water column during the 

HTMHI. However, we do not observe a good correlation between sedimentary Fe/Al and 

the Fe-bound P content in the HTMHI deposits (Fig. S5). The S:Fe-reactive ratios are also 

above 1.5 , which is the upper threshold for vivianite occurrence according to Rothe et 

al. (2015). As bottom waters were likely permanently sulfidic, vivianite may have 

formed in micro-environments in the sediments where S was in short supply relative to 

Fe, as suggested previously for the Fårö Deep sediments (Jilbert and Slomp, 2013a). 

Incorporation of Mn2+ and Mg2+ may have contributed to vivianite formation in these 

micro-environments in the absence of sufficient Fe2+.  

 

4.5 Sources of dissolved Mn and Mg in the Landsort Deep 

 The deep basin of the Landsort Deep acts as an efficient trap for Mn that is 

mobilized from the shelves and shuttled into the deep basin (Lenz et al., 2015; Lepland 
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and Stevens, 1998). This Mn shuttle leads to an accumulation of Mn2+ in the deeper 

water column. In the deep basin, most Mn is ultimately buried as Mn-carbonates that 

form from fresh Mn-oxides which precipitate after periodic inflows of oxygenated 

waters (Ganeshram et al., 2002; Huckriede and Meischner, 1996). The burial of Mn-

carbonates in the Landsort Deep appears to be less dependent on oxygen inflows due to 

continuous supply of Mn-oxides into the deep basin through strong sediment focusing 

(Lenz et al., 2015). In addition, some Mn in the sediments in the Landsort Deep is buried 

as Mn sulfides (Lepland and Stevens, 1998; Suess, 1979). The shuttling of Mn has 

resulted in marine deposits rich in Mn, particularly those formed at the MCA2HI and the 

start of the HTMHI and MCA2HI (Fig. 2). Precipitated Mn-Ca-carbonates in the Baltic Sea 

are assumed to be metastable (Jakobsen and Postma, 1989) as they fall within the wide 

miscibility gap between the two endmembers in the system CaCO3–MnCO3–H2O (at 25 

°C; Middelburg, 1987). These carbonates may thus undergo various dissolution and 

(re)precipitation cycles at depth, resulting in the internal Mn2+ source that we observe in 

the porewaters today (Fig. 3). This shelf-to-basin shuttle of Mn thus provides a Mn2+ 

pool in the Landsort Deep sediments that allows formation of Mn-rich vivianite. The 

enhanced Mn deposition may also have stimulated the precipitation of P as Mn-Ca-P-

carbonates, as reflected by the concurrent trends in authigenic Ca-P and total Mn 

throughout the Littorina deposits (Fig. 2 and Fig. 6).  

  

While the porewater P, Fe and Mn pools in the sediments are thus affected by 

particle fluxes towards the sediment and diagenesis, the porewater Mg2+ geochemistry 

in the Landsort Deep is mainly controlled by salinity (Fig. 2; Andrén et al., 2015). Only 

some Mg2+ is assumed to be released by desorption and exchange of Mg2+ and the 

weathering of silicate minerals (e.g. Wallmann et al., 2008). Whereas the porewater Mg2+ 
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pool may be a cation source for vivianite, the burial of Mg-rich vivianite is not a major 

Mg burial pool. For example, vivianite with an assumed Mg/P ratio of 0.5 could only 

account for ~10 % of the Mg in the MCA2HI deposits (total Mg content of 500 µmol/g). 

The twofold increase in Mg/Al during the MCA2HI thus likely resulted from the 

incorporation of Mg in the Mn-carbonate structure (proposed Mg/Mn-ratio of 17; Suess, 

1979) and other cation exchange processes (e.g. Drever, 1971; von Breymann et al., 

1990).  

 

4.6 Diagenesis and vivianite burial in the Landsort Deep  

 Authigenic vivianite that forms at or just below the sediment water interface in 

the Landsort Deep may be diagenetically altered upon long-term burial. We hypothesize 

that the surfaces of the crystals may be subjected to continuous exchange of cations with 

the surrounding pore fluids after authigenesis. This may explain the high abundance of 

Mg at the surface of the aggregate from 12.7 m that coincides with the maximum of 

porewater Mg2+ (Table 2; Fig. 3). Also the highest surface enrichments in Fe and Mn are 

observed at a depth where Fe2+ and Mn2+ are abundant (1.6 m; Table 2; Fig. 3). Although 

surface uptake of dissolved cations involving solid solution formation is well established 

for carbonates (e.g. Stipp et al., 1992), studies on vivianite and the exchange of cations 

are still lacking.  

 The crystal morphology may also indicate diagenetic alternations of the vivianite 

minerals. The platy- and needle-shaped vivianite crystals from the upper 4 m of 

sediments (Fig. 7) likely represent freshly formed vivianite that has not been subject to 

major diagenetic alternation. Similar crystals were for instance observed in surface 

sediments in the Bothnian Sea (Egger et al., 2015a) and lake Ørn in Denmark (O’Connell 
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et al., 2015). In contrast, the less crystalline aggregates at 12.7 m (Fig. 7) are comparable 

to the vivianite concretions in ancient deposits in Lake Baikal, Russia (3.7 Myr; Sapota et 

al., 2006). We suggest that crystalline vivianite which forms in the surface sediment may 

evolve into these aggregates through diagenetic processes. One of these mechanisms is 

the partial dissolution with HS-, which has previously been suggested to be the main 

cause of pitting of vivianite crystals in Lake Biwa in Japan (Murphy et al., 2001) and lake 

Ørn in Denmark (O’Connell et al., 2015). Such scavenging of Fe from the crystal surfaces 

may also explain the irregular shape of the aggregates from 12.7 m depth. How other 

diagenetic processes, such as crystal growth, affected the crystal morphology on the 

longer term is currently unknown as literature on the growth mechanism and kinetics of 

vivianite crystals in natural sediments is still limited (Rothe et al., 2016). 

 

 We propose that the spherical crystals observed at 27.4 m sediment depth (Fig. 

7C) did not form in the surface sediments but, instead, formed diagenetically at depth at 

the A/L-transition. Such spherical vivianite aggregates are assumed to precipitate in 

organic-rich sediments in which PO4 and Fe saturation is maintained during vivianite 

formation (Zelibor et al., 1988). This laboratory study suggests that the nucleation 

occurs on charged organic macromolecules with crystal growth proceeding in different 

directions from a common centre (Zelibor et al., 1988). Ancyclus lake deposits are 

enriched in Fe-oxides (Fig. 4; Bo ttcher and Lepland, 2000; Holmkvist et al., 2011), and 

reductive dissolution of these Fe-oxides just below the A/L-transition not only resulted 

in a lower Fe-oxide content in the upper Ancyclus Lake deposits than in the underlying 

sediments but also created an Fe2+ pool at depth in the Landsort Deep sediments (Fig. 3). 

The upward diffusing Fe2+ meets the downward diffusing PO4 that is released by organic 
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matter degradation of the Littorina Sea deposits at the A/L-transition (Fig. 3). At this 

boundary, the porewaters are likely sufficiently enriched in Fe and P to stimulate the 

precipitation of the spherical vivianite that we observe in the sediments today. These 

crystals may be less altered by cation exchange processes due to the high Fe content in 

the pore fluids, resulting in vivianite crystals with outer parts rich in Fe (Table 2). The 

formation of vivianite may thus explain the small peak in Fe-bound P in the sediments at 

the A/L-transition (Fig. 6).  

 

4.7 Relevance for P burial in hypoxic, anoxic or sulfidic brackish/marine basins  

 
 The formation of Mn- and Mg-rich vivianite and Mn-Ca-P-carbonates in the 

Landsort deep is likely controlled by shelf-to-basin shuttling of Fe and Mn and high 

organic matter fluxes towards the seafloor, as illustrated in Fig. 9. Similar mechanisms 

may also explain the high Fe-bound P and authigenic Ca-P content in the surface 

sediments of the Landsort Deep (Fig. 6; Mort et al., 2010). Recently, it has been 

suggested that a strong shelf-to-basin shuttling also enhanced the burial of Fe-P 

(presumably vivianite) in the anoxic Fårö Deep (Jilbert and Slomp, 2013a; Reed et al., 

2015). This shuttling of Fe and/or Mn from shelf sediments is a world-wide 

phenomenon in brackish/marine systems, as shown for other basins in the Baltic Sea 

and for the Black Sea, the Orca Basin, the Effingham Inlet and the open ocean (Jilbert and 

Slomp, 2013a; Lenz et al., 2015; Lyons and Severmann, 2006; Raiswell and Anderson, 

2005; Scholz and Severmann, 2014; Scholz et al., 2013). Apart from these modern 

marine systems, the P sequestration in deep basin sediments in the geological past may 

also have been affected by this shuttling mechanism, as recently suggested for Cambrian 

sediments (Creveling et al., 2014).  
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Shuttling of Fe and Mn can lead to a strong decoupling between the sedimentary 

Corg/Ptot ratios and the degree of anoxia upon deposition. In the Landsort Deep, 

sediments that were deposited during past intervals of hypoxia were at least twice as 

rich in P (relative to the surrounding sediments; Fig. 2). This is contrary to what is 

expected based on preferential release of P from organic matter under low-oxygen 

conditions (Ingall and Jahnke, 1997; Ingall et al., 1993). This illustrates that the specifics 

of depositional environments should be considered when using Corg/Ptot to reconstruct 

past redox-conditions in marine systems. 

 

5. Conclusion 

 In this study, we found vivianite crystals rich in Mn and Mg in sediments that 

were deposited during the brackish/marine Littorina Sea stage in the Landsort Deep. 

These vivianite minerals likely formed in near-surface sediments overlain by hypoxic 

bottom waters. We also have indications that vivianite is present in sediments that were 

deposited when bottom waters at the Landsort deep were anoxic or even sulfidic. 

Vivianite minerals are a major burial P phase in the Landsort Deep throughout the 

Littorina Sea stage, together with Mn-Ca-P-carbonates. The formation of these P-bearing 

minerals in the Landsort Deep is likely controlled by a shelf-to-basin shuttle of Fe and 

Mn and high inputs of organic matter (including organic P) into the basin. We 

hypothesize that these P burial phases may also affect the P sequestration in other 

marine basins that experience a strong focusing of Fe and Mn.  
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Figure and table captions 

 

Fig. 1: Bathymetric map of the Baltic Proper with its key basins. Our study site (M0063) is located in 

the Landsort Deep, the deepest basin of the Baltic Sea.  
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Fig. 2: Sediment profiles of Corg (organic C), total S, Mo, Fe/Al, Mg/Al, Mn, Ca, P and Corg/Ptot and 

Corg/Porg. The sediment lithology is a simplified version of the core description for Hole C, see section 2.1 

and (Andrén et al., 2015). The A/L transition defines the transition from the Ancyclus Lake to the Littorina 

Sea within the sediment record. Hypoxic intervals are highlighted by light brown bars (HTMHI, MCA1HI and 

MCA2HI).   
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Fig. 3: Porewater depth profiles for salinity, magnesium (Mg2+), alkalinity, ammonium (NH4
+), 

phosphate (PO4), iron (Fe2+) and manganese (Mn2+). Sediment lithology: see caption of Fig. 2. 

Porewater samples from all holes (A-E) are shown. Both the salinity as calculated based on the Cl- 

contents in the porewater (Cl- based) and as measured with an optical refractor (OR based) is shown. We 

did not differentiate between the different holes (A-E) as major trends in porewater were similar for the 

different holes.  
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Fig. 4: Depth profiles of solid phase iron fractions for Hole E. Sediment lithology: see caption of Fig. 2. 

The fractions are Fe-carbonates (Fe-carb), amorphous Fe-oxides (Fe-ox1), crystalline Fe-oxides and 

magnetite (Fe-mag). On average, the sum of these Fe-fractions accounts for ~ 30% of the total Fe pool in 

the sediments. 
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Fig. 5: 

Depth profiles of solid sulfur fractions for Hole E. Sediment lithology: see caption of Fig. 2. The S 

phases, as determined by the method of Burton et al. (2008), are iron monosulfides (FeS) and pyrite 

(FeS2). In the upper 30 m of the sediments, the extracted sulfur phases (FeSx) account for ~ 70 % of the 

total S pool.  
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Fig. 6: Depth profiles of phosphorus phases for Hole E and C. Sediment lithology: see caption of Fig. 2. 

The phases are Fe-bound P, authigenic Ca-P (Authi Ca-P), organic P (Org-P), detrital P (Detr-P) and 

exchangeable P (Ex-P). 
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Fig. 7: Morphology and chemical analysis of the sieved aggregates as determined with SEM (A-C) 

and XRD (D). Aggregates from three depths were examined with the SEM in scanning electron mode. The 

morphology ranged from small platy- and needle-shaped crystals (A) to larger less crystalline aggregates 

(B) and spherical aggregates (C). All depths are given in meters below seafloor (mbsf). Please note the 

differences in scales. XRD analysis was conducted on an aggregate from 12.7 mbsf (Aggregate I) and its 

spectrum shows large similarities with the XRD spectrum for our in-house synthesized vivianite standard 

(D; dotted red lines mark peaks at similar angles).  
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Fig. 8: EXAFS and normalized XANES spectra of bulk sediments from the HTMHI (20.83 m) and the 

MCA2HI (7.34 m), individual aggregates from 12.7 m depth (I and II) and reference materials. Fe 

XANES spectra (A), Mn XANES spectra (B), Fe and Mn EXAFS (C) and (D) P XANES spectra. The reference 

materials are described in Table 2.    
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Fig. 9: A schematic of the coupling between the Fe and Mn shelf-to-basin shuttle, primary 

productivity and P burial at Landsort Deep. The surface waters are highly productive, which results in 

a flux of organic matter (including organic P (Porg)) towards the seafloor. In the anoxic or sulfidic surface 

sediments, PO4 is released by organic matter decomposition. At the same time, Fe-oxides (Fe-ox) are 

shuttled into the basin via multiple cycles of re-oxidation, deposition and re-mobilization. Some Fe may 

also be transported through the redoxcline. The portion of Fe-oxides that dissolves in the deep basin to 

Fe2+ and is converted to FeSx depends on the balance between S availability in the water column and the 

input of Fe-oxides into the basin. Also Mn-oxides (Mn-ox) are shuttled into the anoxic or sulfidic basin and 

are partly reduced in the anoxic or sulfidic water column with Mn being released as Mn2+. Together with 

sufficient porewater Mg2+ and Ca2+, these circumstances promote the formation of vivianite rich in Mn and 

Mg ((Mg-Mn-Fe)(II)-P) and Mn-Ca-P-carbonates in the near-surface sediments in the anoxic or sulfidic 

deep basin.  

 

  



56 
 

Table 1: Reference samples used for XANES and EXAFS spectroscopy.  

 
Name  Formula Description and/or source 

Fe 

Vivianite (Fe2+)3(PO4)2.8H2O Egger et al. (2015) 

Siderite FeCO₃ Purchased from Ward’s Natural Science.  
Mine location: Queenstown, Quebec, Canada 

Lepidocrosite γ-FeO(OH) Purchased from Lanxess (Leverkusen, German). 
Trade name: Bayferrox 943 

ferrihydrite with co-
precipitated PO4 

Hydrated Fe3+10O14(OH)2(PO4) Egger et al. (2015) 

Pyrite FeS2 Purchased from Ward’s Natural Science.  
Mine location: Zacatecas, Mexico 

Mn 
 

Hureaulite (Mn2+)5(PO4)[PO3(OH)]2.4H2O Manceau et al. (2012) 

MnPO4 (Mn3+)(PO4) Manceau et al. (2012) 

P 

Vivianite (Fe2+)3(PO4)2.8H2O Egger et al. (2015) 

Carbonate fluorapatite   Ca5(PO4, CO3 )3 F Synthesized as described by Jahnke (1984) 

Hureaulite (Mn2+)5(PO4)[PO3(OH)]2.4H2O Egger et al. (2015) 

Rhodochrosite with co-
precipitated PO4 

(Mn2+)CO3(PO4) Synthesized as described by Katsikopoulos et al. 
(2009) and precipitated in the presence of 1M PO4 
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Table 2: Relative elemental abundances in mol% and molar ratios in mol/mol in a whole aggregate 

(12.7 mbsf) and for surfaces of multiple aggregates (1.6, 12.7 and 27.4 mbsf). The molar ratios for 

the whole aggregate were determined by total destruction and ICP-OES, while the elemental distribution 

and ratios for the aggregate surfaces were estimated with SEM-EDS (n=number of measurements). 

Different superscripts indicate statistical differences in means between the groups (one-way ANOVA tests; 

p<0.05). P-values for all statistical differences were <0.005, except for Si (p = 0.034). 

 

 Whole aggregate Aggregate surface 

  12.7 m (n=1) 1.6 m (n=9) 12.7 m (n=9) 27.4 m (n=11) 

  MEAN MEAN ST. DEV MEAN ST. DEV MEAN ST. DEV 

P 37 16a 12 14a 10 6a 7 

Fe 21 51a 13 21b 6 64a 26 

Mn 17 28a 11 11b 11 7 b 3 

Mg  21 3a 4 20 b 11 2 a 3 

Si - 2a 2 28 b 26 15 a-b 25 

 Al 4.0 1 a 1 6 a 5 6 a 7 

        

Fe/P 0.58 3.2 
 

1.5 
 

10.3 
 Mn/P 0.56 1.8 

 
0.8 

 
1.1 

 Mg/P 0.47 0.2 
 

1.4 
 

0.4 
 (Fe,Mn,Mg)/P 1.6 5.2  3.7  11.8  
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Supplementary information 
 
 
Vivianite is a key sink for phosphorus in sediments of the Landsort Deep, an intermittently 

anoxic deep basin in the Baltic Sea 
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S1: Organic carbon content (Corg) versus Mo for several brackish/marine systems 
 

 
 

Figure S1: Organic carbon content (Corg) versus Mo gradients for several 

brackish/marine systems. The data for the Fårö Deep (site: F80) and the Northern 

Gotland Basin (site: LL19) are published in Jilbert and Slomp (2013b) (dotted red lines) 

whereas the data for the Framvaren Fjord and the Black Sea are summarized in Algeo 

and Lyons (2006) (dotted black lines). The data for the latter two basins are only 

presented as gradients. Only the data for two main hypoxic intervals in our sediment 

core from the Landsort Deep, the HTMHI and MCA2HI, are shown. The average slopes of 

the gradients for the HTMHI and MCA2HI differ slightly (solid grey lines; 12.4 and 13.2, 

respectively).       
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S2: Depth profile of reactive Fe-oxides relative to Fe-bound P for Hole E.  
 

 
Figure S2: Depth profile of reactive Fe-oxides relative to Fe-bound P for Hole E. For 

details on the hypoxic intervals (HTMHI, MCA1HI and MCA2HI) and the A/L-transition: see 

caption of Fig. 2 and section 2.1.  The ratios between the amorphous Fe-oxide content 

(Fe-ox1) and the Fe-bound P content are generally above 1.5 (Fe/P content in pure 

vivianite).  
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S3: Depth profiles of CDB-extractable Fe, Mn and Ca for Hole E 
 

 

Figure S3: Depth profiles of CDB-extractable Fe, Mn and Ca for Hole E. Sediment 

lithology: see caption of Fig. 2. The Fe, Mn and Ca concentrations were measured by ICP-

OES in the citrate-dithionite-bicarbonate (CDB) step of the SEDEX procedure 

(Ruttenberg, 1992). The ratios of Fe and Mn versus P in the CDB solutions are all above 

1.5 mol/mol, implying that the CDB extracts contain sufficient Fe and Mn to explain all 

CDB-P as vivianite.  
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S4: Preferential release of phosphorus relative to carbon from organic matter 

 
 

Figure S4: preferential release of phosphorus relative to carbon from organic 

matter. For details on the hypoxic intervals (HTMHI, MCA1HI and MCA2HI) and the A/L-

transition: see caption of Fig. 2 and section 2.1. Preferentially released P (PR-P) is 

estimated by subtracting the current P content of the organic matter pool in the 

sediment (Porg (t=1)) from the original total organic P content (Porg(t=0)). 

Released P = Porg(t=0) –Porg (t=1) 

The latter is estimated by dividing the current organic C (Corg(t=1) content by 106 (i.e. the  

Corg/Porg of marine planktonic organic matter):  

Porg (t=0) = Corg(t=1)/106  
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S5: Total sedimentary Fe/Al versus Fe-bound P in the Littorina Sea sediments 

 

Figure S5:  Total sedimentary Fe/Al versus Fe-bound P in the Littorina Sea sediments. A 

good correlation is observed in the Littorina Sea sediments from 0-17 mbsf including the 

MCA1HI and MCA2HI and the surrounding Littorina deposits (dotted grey line; Hole E and 

C). No clear correlation was observed between Fe/Al and Fe-bound P for the sediments 

between 17 and 27 mbsf (HTMHI deposits; R2 = 0.03) 
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S6: Depth profile of total S relative to reactive Fe for Hole E.  

 

Figure S6: Depth profile of total S relative to reactive Fe for Hole E. For details on 

the hypoxic intervals (HTMHI, MCA1HI and MCA2HI) and the A/L-transition: see caption of 

Fig. 2 and section 2.1. The grey bar highlights values between 1.1 and 1.5. Sedimentary 

total S/Fe-reactive ratios below 1.5 are assumed to indicate that not all reactive Fe is 

captured as Fe-sulfides and vivianite formation is favoured (Rothe et al., 2015). The 

sediments in the study of Rothe et al. (2015) were all characterized by S:Fe-reactive 

ratios below 1.1 which may represent a more conservative threshold for vivianite 

occurrence. Reactive Fe is estimated as the sum of all Fe that is extracted in the Fe- and 

S-extractions. 


