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What controls phosphorus burial in the Baltic  Sea?

1. Summary 

This report summarizes the �indings of a 1-year project on the quanti�ication of phosphorus (P) 
burial in the Baltic Sea. The work was funded by the Baltic Sea 2020, with additional �inancial 
support from Utrecht and Göteborg Universities and the Netherlands Organisation for Scienti�ic 
Research (NWO). In the �irst month of the project, sediment cores with a length of 25 to 40 cm 
were recovered from 11 sites during a cruise to the Baltic Sea with RV Skagerak from August 31 
to September 7, 2007. Here, we report on 9 sites in the Kattegat, Danish Straits and Baltic Proper. 
Bottom water redox conditions at our sites ranged from oxic to temporarily hypoxic (group 1: 
Fladen, Sound, Arkona) to nearly permanently hypoxic and anoxic sites (group 2: Bornholm basin, 
Northern Gotland Deep, Gotland Deep, Landsort Deep). Two additional sites for which the redox 
conditions are less well-de�ined were included (group 3; Bornholm Slope, Gotland Slope). Total 
chemical sediment analyses, sediment P fractionation, (organic) carbon and nitrogen contents 
and porewater analyses are combined to elucidate the controls on sediment P dynamics. Our 
results show that reactive P (i.e. potentially biologically available P) is abundantly present at 
depth in most cores (on average at ~ 17-20 μmol/g at group 1 and 2 sites), although the major P 
forms vary greatly from site to site. Detrital, non-reactive P accounts for, on average, 15% of total 
P, and thus is a minor phase. The variation in reactive P burial forms depends on the predominant 
oxygenation regime. At oxic/seasonally hypoxic sites (group 1), the major long-term P burial 
sink is organic-P. Fe-bound P is a major temporary sink as is evident from surface enrichment of 
both Fe oxides and Fe-bound P at most sites of group 1. At Arkona, late summer hypoxia leads to 
coupled release of Fe2+ and PO4 to the porewater and a (transient) high PO4 �lux to the overlying 
water (~800 μmol m-2 d-1). At permanently anoxic sites, organic P is a less prominent sink and 
authigenic inorganic P minerals gain importance. The Gotland Slope and Landsort Slope sites 
(group 3) show somewhat intermediate behaviour compared to groups 1 and 2. Fish debris is 
not important as a reactive P sink. Corg/Porg ratios con�irm enhanced regeneration of P from 
organic matter with the degree of anoxia. “Sink-switching” to inorganic P phases in anoxic basins 
compensates for this release, leading to similar Corg/Ptot ratios compared to oxic sites. Our 
results indicate that long-term increased oxygenation of the deep basins will have major effects 
on P dynamics in the Baltic. In the long run, P burial is expected to increase because of increased 
permanent organic P burial. Future work will include an assessment of the expected transient 
effects of oxygenation on hypoxic and anoxic sites using reactive transport modelling. 
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2005). Thus, changes in total P with depth 
in the sediment due to diagenetic processes 
and variable contributions of detrital, non-
reactive P (i.e. non-biologically available; e.g. 
Ruttenberg, 2003) are commonly disregarded. 
In a recent budget calculation for 1991-2000, 
Savchuk (2005) estimated the net sediment 
P burial in the Baltic to be ~20 x 103 ton P/
yr from mass balance considerations. This is 
comparable in magnitude to the net out�low 
through the Skagerrak, which was estimated 
at ~17 x 103 ton P/yr. During this period, 
the Baltic Proper likely acted as a net source 
for P, while the Kattegat, Danish Straits and 
the coastal subbasins acted as a net sink. An 
earlier phosphorus budget for 1975-1991 
suggests that P burial in the Baltic proper 
(here including the Gulf of Riga and Gulf of 
Finland) was responsible for a net sink of ~16 
x 103 ton P/yr (Wulff et al., 2001). Given the 
residence time of P of 14 years in the water 
column, changes in net burial of P could 
signi�icantly alter the P availability in the 
Baltic on decadal time scales.

Based on studies in other brackish and 
marine basins, permanent burial of P is 
expected to occur largely in the form of 
organic P and calciumphosphate (Ca-P) 
minerals. The Ca-P minerals can form in situ 
(“authigenic Ca-P”) in the sediment or, under 
low-oxygen conditions, may also consist of 
the remains of �ish hard parts  (“biogenic Ca-
P”). Where authigenic Ca-P is formed through 
precipitation of dissolved P released from 
either organic P (Ruttenberg and Berner, 
1993) or Fe-bound P (Slomp et al.,1996a), 
this redistribution of sediment P phases with 
depth is called “sink-switching”. In fully anoxic 
settings, authigenic Ca-P formation is often 
limited by the availability of dissolved PO4  
since most release of P from organic matter 
or Fe-oxides occurs at the sediment-water 
interface and porewater concentrations will 
remain low. This has been demonstrated for 
anoxic low sedimentation rate environments 
in the Mediterranean (Slomp et al., 2002) 
and Arabian Sea (Schenau et al., 2005). In 
contrast, preservation and burial of biogenic 
P is enhanced under anoxia and �ish debris 
can become a major P burial sink (Schenau 
and de Lange, 2000; Slomp et al, 2002). Both 

2. Introduction and background 

Increased terrestrial input of phosphorus (P) 
to the Baltic Sea due to anthropogenic activity 
has led to enhanced primary production and 
the more frequent occurrence of hypoxia 
throughout the basin (Larsson et al., 1985). 
This is negatively affecting living conditions 
for benthic organisms (Karlsson et al., 2002) 
and is leading to other water quality problems 
linked to eutrophication, such as increased 
trace metal mobility and toxic algal blooms 
(HELCOM, 2003). Besides the input of P from 
rivers and groundwater, the availability of P 
for primary producers in the water column of 
the Baltic is determined by variations in the 
recycling ef�iciency within the system and the 
sinks for P, which are out�low to the North Sea 
and permanent burial in the sediments (e.g. 
Wulff et al., 2001).

Many studies to date have focussed on 
quantifying the internal cycling of P in the 
Baltic Sea on various spatial scales. For 
example, Conley et al. (2002) have shown 
that annual changes in dissolved inorganic 
phosphate pools on a basin scale were 
positively correlated to the sediment area 
covered by hypoxic water between 1970 and 
2000 and not to changes in total external P 
load. The changes were attributed to release 
of Fe-bound P upon the transition from oxic to 
hypoxic conditions and subsequent increased 
sediment retention of P upon return to oxic 
conditions. This is in accordance with the 
surface enrichments in Fe-bound P observed 
in the Baltic Proper by Carman and Rahm 
(1997) and the enhanced PO4 release upon 
anoxic incubation of oxic sediment from 
the same region (Koop et al., 1990). Redox-
dependent changes in the sediment Fe-bound 
P pool have also been reported for the Gulf 
of Finland (Lehtoranta, 2003) and have been 
used to explain elevated organic C/total P 
ratios in sediments in deep basins in the Baltic 
Proper (Emeis et al., 2000).

Little is known, however, about the role of 
sediments as a permanent sink for P in the 
Baltic and the processes that control this burial. 
Typically, burial rates for the Baltic have been 
calculated from surface concentrations of total 
P and sediment accumulation rates (e.g. Hille, 
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organic P and Ca-P were important sinks for 
P in the Bornholm Basin prior to ~2400 BP 
(Westman, et al., 2003). No information is 
available on their role as a permanent sink for 
P in modern Baltic sediments, however.

In this study, porewater and sediment data 
for 9 sites in the Baltic Sea are used to assess 
the redox-dependence of the burial of various 
P forms and their role as a temporary and 
permanent sink for P. We also speci�ically 
focus on identifying the diagenetic processes 
active in the sediments, since these ultimately 
control the fate of P (e.g. Ruttenberg, 2003; 
Canavan et al., 2006a and b; Lehtoranta et al., 
2008). Corg/Porg and Corg/Ptot ratios are 
used as an indicator of enhanced recycling 
of P from organic matter and possible sink-
switching of P to other phases (e.g. Ingall et 
al., 1993; Anderson et al., 2001; Slomp et al., 
2002; Algeo and Ingall, 2007). 

Our recent work (Kraal et al., 2008) has shown 
that storage of sediment samples may greatly 
affect sediment P speciation due to artefacts 
related to pyrite oxidation under oxygenation. 
This made it essential to focus only on freshly 
collected cores and samples that were 
processed and stored under oxygen-free 
conditions. As a consequence, we could not 
use existing cores as outlined in the original 
project proposal and thus relied completely 

on sediment material collected during a new 
cruise in 2007.

3. Objectives of this project

The major objectives of this project are (1) to 
quantify the temporary and permanent burial 
sinks of phosphorus (P) in various sub-basins 
of the Baltic Sea (the Kattegat, Danish Straits 
and Baltic Proper, including the Bornholm 
basin and Gotland and Landsort Deep) and 
(2) to use these data to obtain a preliminary 
assessment of the factors controlling sediment 
P burial in these areas. 

4. Materials and methods

4.1 Sample collection 

An 8-day cruise funded by Baltic Sea 2020 was 
carried out with RV Skagerrak from August 
31 to September 7, 2007 (see Appendix I; 
Shipboard Report for details on the Sampling). 
Sediment cores from 10 sites (Fig. 1; Table 1). 
were recovered using a multicorer (10 cm 
i.d.) or boxcorer and analysed in this project. 
Each core contained up to 40 cm of sediment 
and between 10 and 30 cm of overlying water. 
Bottom water was collected with a syringe and 
closed with a 3-way stopcock and processed 
with the porewater samples as described 

Figure 1. Locations of the sampling sites in the Baltic Sea. 
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(

below. At each site, one multi-core or subcore 
from the boxcore was immediately sectioned 
in a N2-purged glovebox on board the ship in 
a temperature controlled laboratory. A small 
section of each slice was stored anoxically 
at 4°C for sediment analyses. For 9 sites, the 
remaining sediment was centrifuged at 2500 
g for 10 to 30 minutes in polyethylene tubes to 
collect porewater. A lithological description of 
each core was made during sampling (Fig. 2). 
At the Northern Gotland Deep site, porewater 
was collected using rhizon samplers (Seeberg 
et al., 2005). 

4.2 Porewater and bottom water analyses 

After centrifugation, tubes were transferred 
to a N2 purged glove box or glove bag, with the 
corresponding bottom water samples. Both 
the pore water and bottom water was �iltered 
through 0.45 μm pore size �ilters, and pH was 
measured immediately with an ion selective 

�ield effect transistor electrode (ISFET, 
Sentron). The samples were then sub-divided 
and preserved for analysis in the laboratory. 
Sub-samples for PO4, Si, NO3

-, NH4
+, Cl-, and 

SO4
2- were stored frozen until analysis: NO3

- 
and NH4

+ were determined colorimetrically 
on a nutrient auto-analyzer (Bran and 
Luebbe), Cl- and SO4

2- were determined by 
ion chromatography (Dionex DX-120). Sub-
samples for total dissolved Mn, Fe and Na and 
additional minor and major elements (see 
Appendix III) were acidi�ied with HNO3 (50 
μl conc. suprapur HNO3 per ml) and stored at 
4° C until analysis by ICP-OES. Alkalinity was 
measured on board by automatic titration. For 
the rhizon samples from the Northern Gotland 
Deep site, only porewater PO4 was analysed. 
Dissolved oxygen micropro�iles were obtained 
on board at 3 sites where the bottomwater 
was oxic (Fladen, Sound and Bornholm Slope) 
using a Unisense oxygen sensor attached to a 
micromanipulator in perspex cores (4.2 cm 

Table 1. Position, bottom water oxygen conditions at the time of sampling (early September), salin-
ity,  temperature and depth at the 10 study sites. Different colours refer to the separation of sites 
made in the report (Group 1: blue = oxic/seasonally hypoxic, Group 2: orange = anoxic and Group 3: 
yellow = other). *Redox conditions are classi�ied in terms of dissolved O2 concentrations as follows. 
Oxic > 2 ml/l, hypoxic  > 0 - < 2 ml/l, anoxic = 0 ml/l.
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HF-HlO4-HNO3 digestion of freezedried 
sediment. Sediment P was fractionated into 
exchangeable P, Fe-bound P, authigenic Ca-P 
(this includes CFA, biogenic Ca-P and CaCO3-
bound P), organic P and detrital Ca-P using 
the SEDEX extraction procedure (Ruttenberg, 
1992) as modi�ied by Slomp et al. (1996a; for 
details, see Appendix II). An 8 step 1 M NH4Cl 
extraction (Schenau and de Lange, 2000) was 
performed on selected samples from all the 
group 2 stations to test for �ish debris. The 
Fe and Mn extracted in Step 2 of the SEDEX 
procedure was used as a measure of the Fe-
and Mn oxides in the sediment, respectively. 
CaCO3 contents were calculated from total 
sediment Ca concentrations. Samples from 
Arkona, Bornholm anoxic and the Gotland 
Deep sites were analysed for the activity of 
210Pb, 226Ra and 137Cs via gammaspectrometry 
at the Gamma Dating Center, Institute of 
Geography, University of Copenhagen. CRS 
modelling was applied to obtain sediment 
ages and accumulation rates with depth 
(Appleby, 2001).  

5.  Results

5.1 Bottom water oxygen conditions 

In order to facilitate the presentation of 
the data, we separated the sites into three 
groups (Table 1), based on the prevailing 
oxygen conditions throughout the year as 
determined in regular monitoring cruises 
(SMHI, 2008) and as known from earlier work 
(e.g. Kullenberg, 1981). Note that the actual 
oxygen conditions at the time of sampling 
were sometimes different from yearly 
average conditions (Table 1). Fladen, Sound 
and Arkona are classi�ied as ‘oxic – seasonally 
hypoxic’ (Group 1) as they are oxic throughout 
at least 9 months of the year. While Fladen 
remains oxic continuously, the latter 2 sites 
are prone to hypoxia during the late summer. 
The Bornholm Basin, Northern Gotland Deep, 
Gotland Deep and Landsort Deep are termed 
‘semi-permanently anoxic’ (Group 2) since 
they are almost continuously hypoxic or 
anoxic, with the exception of periodic �lushing 
events from oxygenated North Sea water 
(e.g. Fonselius, 1985). The Gotland Slope and 
Bornholm Slope sites are classi�ied as ‘other’ 

i.d.) with 10 cm sediment and 5 cm overlying 
water collected from a box core. 

4.3 Solid phase analyses 

The water content, porosity and bulk 
density were determined from the weight 
loss of sediment upon freeze drying. Total 
carbon and organic carbon and nitrogen 
(following carbonate removal with 1 M 
HCl) were determined using an elemental 
analyser (Fison Instruments, model NA 
1500 NCS). Total Al, Ca, Co, Fe, Mn, Mo, P, S 
and V were determined by ICP-OES after 

Figure 3. Depth pro�iles of water content (%), 
porosity (%) and dry bulk density (g/cm3) for 
9 sites. Group 1 (oxic – seasonally hypoxic), 
Group 2 (mostly/permanently anoxic) and 
Group 3 (other). See text for details.
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(Group 3) since their oxygenation states (and 
depositional settings) are not well known. 
The oxic Landsort Slope site is included in 
this “other” group also, but its results are not 
discussed further in this report, since, based 
on its lithology and porewater chemistry  
and sediment composition (not shown), it 
is evident that this is a glacial clay in a non-
depositional environment with limited active 
diagenesis.

5.2 General sediment characteristics 

The sediments at all sites are highly porous 
(Fig. 3) and rich in organic C and N but 
relatively poor in CaCO3 (Fig. 4). Organic 
C/organic N ratios are relatively constant 
with depth at values of ca. 9 to 10, with the 
exception of the Bornholm Slope site where 
organic C/N ratios show a maximum in the 
surface layer and then decrease to values of 
ca. 5. At the group 1 sites (“oxic/seasonally 
hypoxic”), both porosity and organic C and 
N gradually decrease with depth. The Fladen 
and Sound sites are relatively rich in CaCO3
compared to the other stations. At the group 
2 sites (“semi-permanently anoxic”), similar 
trends are observed for the Northern Gotland 
and Bornholm basin sites. At the Gotland 
Deep site, in contrast, sediment porosity is 
constant with depth, while organic C and N 
contents increase with depth and are highest 
in the laminated interval at the bottom of the 
core (Fig. 2 and 4). At the Landsort Deep site, 
simultaneous peaks in CaCO3 and organic C 
and N are observed in the surface sediment, 
suggesting a common origin (Fig. 4). At 
the slope sites of group 4 (“other”), only a 
relatively thin surface layer of the sediment is 
highly porous and enriched in organic C and 
N.

Total concentrations of Al are typically 
relatively constant with depth (Fig. 5), with 
the exception of the Ca-rich layers at the 
Landsort Deep site, the high porosity surface 
layers at the Northern Gotland and Bornholm 
basin sites and the Slope sites below 10 cm 
depth. Redox sensitive metals (Co, V, Mo), 
total Fe and total S are relatively enriched in 
the anoxic sediments of group 2 compared 
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to other sites. In general, Mn concentrations 
are low, but are enriched in Ca-rich layers in 
the Gotland Deep and Landsort Deep. Total P 
pro�iles show enrichments in surface layers 
at the oxic/seasonally hypoxic sites of group 
1, at the Landsort Deep (group 2) and Gotland 
Slope sites (group 3). Surface enrichments of 
Fe- and Mn-oxides are also observed for group 
1 sites (Appendix III). 

5.3 Porewater chemistry

Oxygen concentrations rapidly decreased 
to zero within the upper 2-4 mm of the 
sediment at the Fladen and Sound (group 
1) and Bornholm Slope (group 3) sites in 
September 2007 (Fig. 6). Porewater pro�iles 
of Fe2+, Mn2+, PO4, NH4, SO4 and alkalinity show 
signi�icant variations within and between 
groups (Fig. 7). In general, alkalinity and NH4
production are closely coupled, with highest 
concentrations being observed at the Sound 
(group 1) and Landsort Deep (group 2) 
sites. SO4 concentrations are highly variable, 
with bottom water concentrations tracking 
salinity (Na+) and concentrations decreasing 
with depth at most sites. Dissolved Fe2+ is only 
present in the porewater of groups 1 and 3. 
In contrast, dissolved Mn2+ is most abundant 
in the porewater of group 2. Dissolved 
PO4 concentrations show an increase with 
depth at all sites. A close coupling between 
porewater Fe2+ and PO4 is observed in the 
surface sediment of Arkona. 

Figure 6. Oxygen porewater pro�iles for three 
sites where oxygen was detectable in the 
bottom water (group 1: Fladen, Sound; group 2: 
Bornholm Slope). 
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Figure 7. Porewater pro�iles of Fe2+, Mn2+, PO4, NH4 (all in uM), Na+ and SO4 (in mM) and alkalinity (in 
mM). Classi�ication: see caption of Figure 3.
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5.4 Phosphorus speciation 

Total concentrations of P at depth in the 
sediment are, on average ~22 μmol/g, 
despite the wide range in ambient redox 
conditions (Fig. 8). All Group 1 sites show 
surface enrichments of exchangeable and 
Fe-bound P and Fe-oxides. This Fe-bound 
P is not an important burial sink, however, 
since at depth Fe-bound P concentrations are 
negligible. Authigenc Ca-P concentrations are 
very low and constant with depth, suggesting 
little in-situ formation. Organic P is the major 
burial sink for P at these sites. The same 
holds for the group 2 stations Northern 
Gotland and Bornholm basin. The other 
group 2 stations show different patterns for 
P: at the Gotland Deep site, authigenic Ca-
P is an important sink for P, while organic P 
is of less signi�icance. Detrital Ca-P is also a 
quantitatively important phase. An inverse 
correlation is observed between reactive P 
and Al  burial. At the Landsort Deep site, peaks 
in Fe-P and authigenic Ca-P are observed that 
coincide with maxima in organic C and Ca 
(Fig. 4). The group 3 sites show signatures 
of both groups 1 and 2, with organic P being 
the dominant phase in the surface layer of the 
Gotland Slope site and authigenic Ca-P being 
dominant at depth at the Bornholm Slope site. 
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Biogenic Ca-P concentrations were negligible 
in sediments from the Bornholm basin and 
Gotland Deep and at depth at the Landsort 
Deep site. ~6 μmol/g of P was extracted 
with NH4Cl from the surface sediment of the 
Landsort Deep, but this may not necessarily 
be �ish debris, since this extractant also 
dissolves carbonates.  

5.5 Corg/Porg and Corg/Ptot ratios 

Ratios of organic C/organic P (Corg/Porg) 
in sediments of the deepest anoxic basins 
(group 2) are signi�icantly higher than the 
Red�ield ratio (106; the average C:P ratio for 
primary producers) and than values for group 
1 locations, indicating enhanced release of 
P from organic matter under anoxia (Fig. 8). 
For example, average Corg/Porg ratios for 
the anoxic Gotland and Landsort Deep are 
780 and 480, respectively. At the oxic Fladen 
site, in contrast, the average Corg/Porg ratios 
is 120, while an intermediate value of 290 is 
observed for the seasonally hypoxic Arkona 
site. Corg/Ptot ratios show less pronounced 
differences between group 1 and 2 stations 
suggesting that increased burial of inorganic 
P at the anoxic sites largely compensates for 
this enhanced loss from organic matter.

Figure 9. Age pro�iles and sediment accumulation rates for the Arkona and Bornholm anoxic sites (based 
on 210Pb and 137Cs pro�iles). 
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5.6 Age dating and sediment accumulation 
rates (Arkona, Bornholm basin, Gotland Deep)

Age dating based on 137Cs and 210Pb pro�iles 
indicates signi�icant sediment burial at the 
Arkona and Bornholm sites (average of 0.4 
cm/yr and 0.12 cm/yr respectively). At both 
sites, the surface sediment is subject to slight 
mixing. No reliable dating was possible for the 
Gotland Deep core due to very low contents 
of unsupported 210Pb and 137Cs. This site is 
probably experiencing erosion and based on 
these pro�iles, it is safe to say that sediments 
below 8 cm depth are older than 120 years. 

6. Discussion

6.1 Diagenetic processes in Baltic Sea 
sediments

Phosphorus dynamics in aquatic sediments 
are largely driven by primary and secondary 
redox reactions related to organic matter and 
mineralization. As a consequence, predictions 
of the response of the sedimentary P cycle to 
environmental change (e.g. oxygen conditions, 
sediment mixing, salinity) require detailed 
insight in the prevailing diagenetic processes 
(Canavan et al., 2006a and b). Many detailed 
studies on selected diagenetic processes and 
products have been carried out for the various 
subbasins in the Baltic Sea (e.g. Boesen and 
Postma, 1988; Jakobsen and Postma, 1989; 
Piker et al., 1998; Rysgaard et al., 2001; 
Tuominen et al., 1998) including assessments 
of the role of sediments in P dynamics (e.g. 
Jansson, 2001). However, a comprehensive 
and quantitative understanding of organic 
matter mineralization, iron cycling and 
sulphate reduction in the various subbasins, 
their relation to the sedimentary P cycle and 
their response to perturbation is still lacking. 

Recently Lehtoranta et al. (2008) suggested 
that sulphate reduction is the major pathway 
for organic matter mineralization in sediments 
of the Baltic Proper. In general, the trends in 
our porewater and solid phase data con�irm 
this major role for sulphate reduction in 
the anoxic basins (group 2). This is evident, 
for example, at the Gotland Deep site where 
porewater Fe2+ is absent due to Fe scavenging 

by hydrogen sulphide (H2S) and burial as 
pyrite (also see Boesen and Postma, 1988).
Other pathways, such as oxic respiration, 
denitri�ication and dissimilatory Mn- and 
Fe-oxide reduction, may be of additional 
importance at the group 1 and group 3 
sites. Note that secondary redox reactions 
(e.g. reduction of Mn and Fe-oxides by H2S, 
oxidation of Fe2+ and Mn2+  with oxygen) may 
in fact play a dominant role in controlling Fe 
and P cycling in these organic rich sediments. 
(Wijsman et al., 2002; Canavan et al., 2006b). 

At the Landsort Deep and Gotland Deep 
sites, a close correlation between burial of 
Ca, Mn and carbonates is observed. This 
has been shown to be due to formation of 
Ca-rhodochrosite minerals in these basins 
(Jakobsen and Postma, 1989). At the Landsort 
Deep site, burial of organic C and P is also 
enhanced in these layers, suggesting possible 
enhanced formation of authigenic Ca-P during 
rhodochrosite and calcite precipitation in the 
sediment or, possibly, the formation of mixed 
Ca-Mn-P-Fe minerals. 

A critical issue for the interpretation of the 
solid phase and porewater pro�iles is the 
sedimentary regime at the sites (erosional, 
depositional), the dating of the cores and the 
transient changes in bottomwater chemistry. 
Preliminary dating results show that the 
Arkona and Bornholm sites can be considered 
as depositional, whereas the Gotland Deep 
site has undergone erosion. Further dating 
of 4 additional cores is in progress to resolve 
these issues. Based on the large variations 
with depth in total elemental concentrations 
at the two slope sites of group 3, these likely 
also may have undergone periods of erosion/
lack of net accumulation. 

6.2 Temporary burial of P and the internal 
source of P in the Baltic Sea

Variations in P availability in the water column 
of the Baltic Sea (Conley et al., 2002) have 
been attributed to reductive dissolution of 
Fe-oxides and release of associated P during 
periods of hypoxia. Our porewater Fe2+ and 
PO4 and sediment Fe-bound P pro�iles for 
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Arkona (Fig. 10) demonstrate the periodic 
release of PO4 from the sediment during the 
seasonally hypoxic period in late summer 
at this site (SMHI, 2008). Similar surface 
enrichments, although less pronounced, are 
observed at the Fladen and Sound sites (Fig. 
8). Here, a thin oxic sediment layer is still 
present and is likely leading to retention of P 
in Fe-bound P. Although Fe-oxide pro�iles for 
Arkona closely follow the Fe-bound P pro�iles, 
average Fe/P ratios for this site are relatively 
high (~38) compared to what is common in 
most marine and brackish sediments (range 
from 2-20; e.g. Slomp et al., 1996b; Gunnars 
and Blomqvist, 1997). This suggests that the 
Fe-oxides at these sites have a low af�inity for 
P. 

Diffusive �luxes of PO4  across the sediment-
water interface calculated for the 9 stations 
(based on the porewater pro�iles and 
assuming molecular diffusion; Fig. 11) show 
that highest PO4 �luxes are observed for the 
seasonally hypoxic sites in group 1 (Sound and 
Arkona). Intermediate �lux values are found 
at the anoxic sites of Group 2 and 3 whereas 
lowest �luxes are found at the permanently 
oxic site (Fladen) and the site that was oxic 
during sampling (Bornholm Slope). These 
trends are in accordance with earlier studies 
showing that sediment-water exchange rates 
are enhanced upon a redox change from 
oxic to anoxic conditions (Sundby et al., 

1986; Koop et al., 1990) and more ef�icient 
P retention in oxic sediments (Slomp et al., 
1998). These �lux values compare well to the 
range of 180 to 440 μmol m-2 d-1 estimated 
by Conley et al. (2002) based on changes in 
dissolved dissolved inorganic P (DIP) in the 
water column upon expansion of the hypoxic 
area. At the observed �lux rate of P, it would 
take almost 1.5 years of continous hypoxia 
to achieve complete loss of the Fe-bound P 
enrichment at the Arkona site. Preliminary 
modeling of the Arkona data with a simple 
1-D single component for P (Slomp et al., 
1996a) has been performed and con�irms the 
conclusions above.

6.3 Permanent burial of P in the Baltic: 
quanti�ication and controlling factors

Burial forms of sediment P in the Baltic 
Sea are dependent on the prevailing redox 
conditions, as is evident from the average P 
speciation for the deepest sediment section 
for sediment cores from group 1 (oxic, 
seasonally hypoxic) and group 2 (anoxic) 
sites (Table 2). Average total reactive P 
concentrations are similar at 17 and 21 μmol/
g for groups 1 and 2, respectively.  However, 
organic P is a signi�icantly more important 
sink at the oxic/hypoxic sites, whereas Fe-
bound P and authigenic Ca-P are prominent 
sinks at the anoxic sites. This is also obvious 
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when directly comparing the P speciation and 
organic C contents for Fladen (group 1; oxic) 
and the Gotland Deep site (group 2; anoxic), 
(Fig. 12). Organic P accounts for 75% of the 
reactive P burial at the Fladen site, compared 
to 40% at the Gotland Deep location, despite 
the generally higher organic C contents at 
the latter site. The data for the group 3 sites 
(Gotland and Bornholm slopes) suggest that 

here authigenic Ca-P is the dominant burial 
phase. Dating of these cores is needed to assess 
whether these sites are truly depositional (see 
section 6.1). Fish debris is not important as a 
P burial sink in the Baltic. 

Our results for group 1 and 2 suggest there 
is no (or only very limited) sink-switching of 
Fe-bound and organic P to authigenic Ca-P in 

Table 2. Average contribution of each P burial phase to total reactive P burial (in 
%) for each group of sites. 
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the oxic and hypoxic areas in the Baltic Sea 
(group 1). Organic P is the dominant sink for 
P at these sites. In the anoxic basins (group 2), 
in contrast, results suggest enhanced release 
of P from organic matter and subsequent 
signi�icant retention of P in inorganic minerals 
that, based on our extractions, are suggested 
to be Fe-bound P and authigenic Ca-P. Note, 
however, that the actual minerals may possibly 
include, mixed Ca-Mn-P-Fe phases (Nriagu 
and Moore, 1984). The inverse correlation 
of P burial with Al at the Gotland Deep site 
suggests that sediment dilution may also play 
a role. Since the age dating results indicate that 
the Gotland basin site is undergoing erosion, 
it is not possible to assess whether P mineral 
formation is occurring in the overlying water, 
at the sediment-water interface or at greater 
depth in the sediment. 

The enhanced regeneration of P from organic 
matter at the deep basin sites of group 2 is 
highlighted in Fig. 13 by the higher Corg/Porg
ratios for the Landsort and Gotland Deep 
sites. Corg/Ptot are mostly within the same tot are mostly within the same tot
range for the oxic sites. Similar results are 
obtained when plotting Corg/Porg versus 
Corg/Preactive (with P reactive being the 
sum of all P phases excluding detrital Ca-P; 

data not shown). Figure 13 illustrates that 
while P is regenerated preferentially from 
organic matter in the anoxic basins, the 
overall average retention ef�iciency in the 
oxic and anoxic locations is similar due to 
enhanced authigenic Ca-P and Fe-P burial 
in the deep basins. The linear correlation 
between Corg/Porg and Corg/Ptot (Fig 13) 
for all other sites suggests that outside the 
deep basins, enhanced regeneration of P from 
organic matter leads to decreased P retention 
in the sediment. Again, similar results are 
obtained when plotting Corg/Porg versus 
Corg/Preactive. Note that Emeis et al. (2000) 
observed an increase in Corg/Ptot (to values 
of ca. 300 from ca. 100) at a Gotland Deep site 
since the early 1970s, which they related to 
increased anoxia in the basin. 

Detrital P concentrations in Baltic Sea 
sediments are relatively low, accounting 
for on average 15% of total P. Thus, P burial 
estimates based on total amounts for deeper 
layers provide a good approximation. Note 
that our average total burial concentration of 
22 μmol P/g is bracketed by the total P values 
of 16 and 30 μmol P/g used by Jonsson et al. 
(1990) to calculate P burial rates in the Baltic 
Proper of 15 and 28 x 103 ton/y. 

Figure 12. P speciation and organic C contents for Fladen (oxic) and Gotland Deep (anoxic) for 
comparison.
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7. Conclusions 

Porewater and sediment data indicate that 
sediment Fe-bound P acts as a temporary sink 
and source for P in oxic/seasonally hypoxic 
areas of the Baltic. Sediment-water exchange 
rates obtained from this study compare well 
to estimates of changes in water column 
PO4 upon changes in hypoxic area from the 
literature (Conley et al., 2002). High ratios 
of Fe-oxide Fe/P compared to other marine 
and brackish environments suggest that the 
Fe-oxides in the surface enrichments of the 
sediment have a relatively low af�inity for P. 

Organic P is the major burial sink for reactive P 
in oxic/seasonally hypoxic sediments (group 
1). There is no evidence for sink-switching of 
P from Fe-bound P or organic P to authigenic 
Ca-P in the oxic/seasonally hypoxic sediments 
in the Kattegat, Sound and Baltic proper. 
Sediment P retention relative to organic C is 
reduced under increased hypoxia at these 
sites: i.e., the more anoxic the sediment 
becomes, the more release of P from organic 
matter and the less net P burial. 

Besides organic P, Fe-bound P and authigenic 
Ca-P phases are important at the anoxic sites 
(group 2) in the Gotland Deep and Landsort 
Deep. Enhanced regeneration of P from 
organic matter is compensated by “sink 
switching” of P to these inorganic P mineral 
phases. As a consequence, a similar average 
retention of P relative to organic C is observed 
compared to oxic sites. 

Detrital P is a relatively minor phase, on 
average accounting for only 15% of total P. 
Total P burial concentrations average ~22 
μmol/g in the studied regions. Apart from the 
surface enrichments in Fe-bound P at oxic/surface enrichments in Fe-bound P at oxic/surf
seasonally hypoxic sites and the P peaks in 
the Landsort Deep, sediment P concentrations 
are generally relatively constant at greater 
depth. This con�irms earlier work (Jonsson et 
al., 1990) that P burial in the Baltic Proper is 
signi�icant. 

8. Implications

Long-term increased oxygenation of the deep 
basins of the Baltic (e.g. Stigebrandt and 

Figure 13. Corg/Porg versus Corg/Ptot for all 9 sites. ot for all 9 sites. ot
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Gustafsson, 2007) is expected to lead to major 
changes in sediment P dynamics in the Baltic. 
Our results con�irm earlier work that there is a 
large reservoir of FeS and FeS2 in the sediment. 
Oxygenation of the sediments and oxidation 
of this reduced iron may lead to oxidation of 
this reduced Fe and the formation of a larger 
pool of Fe-oxide bound P in the sediment and 
thus temporary increased P retention. Note, 
however, that this will increase the P store that 
can be released during hypoxic periods. The 
acidity generated during FeS2 oxidation with 
oxygen might further enhance sediment P 
availability, potentially mobilizing Ca-P forms 
or P from less easily reducible Fe-oxides. New 
formation of inorganic P minerals in these 
basins may be reduced. However, increased 
burial of organic P, may partly compensate 
these changes. Low Corg/Ptot values reported 
for the Gotland Deep before 1960 by Emeis et 
al. (2000) suggest that the long-term retention 
of P in these basins will indeed be enhanced 
upon re-oxygenation. 

Increased hypoxia of the oxic/seasonally 
hypoxic areas will lead to a further reduction 
of the burial of organic P and, due to the lack 
of sink-switching to other phases, an initial 
reduction of total P burial. Further insight 
in the formation conditions of the inorganic 
mineral forms in the deep basins is needed to 
assess whether these ultimately could form 
in the shallower regions also and whether 
“sink-switching” could become important. 
Increased oxygenation of the seasonal hypoxic 
areas will directly increase the retention of P 
in these areas. 

9. Future work

The qualitative and quantitative connections 
between the diagenetic processes and the 
sedimentary P cycle in the sediments of this 
study can only be adequately resolved with 
multi-component reactive transport modeling. 
We will pursue this in a project which starts 
August 1, 2008 (Baltic Sea 2020 project 2917 
“Benthic Pelagic Coupling in the Baltic Sea: 
the effect of redox changes on sediment P 
release and implications for water quality”). 

We will concentrate on modeling diagenetic 
processes including P cycling for key sites in 
the Baltic along a redox gradient (including 
Fladen, Arkona, Bornholm). We speci�ically 
aim at assessing the effects of changes in 
redox conditions and organic matter loading 
on P release and burial. 

Given the fact that our site in the Gotland Deep 
was experiencing erosion, we are seeking 
opportunities and funding to obtain a new core 
from this region for full analysis. We also aim 
at performing a detailed (spectroscopic) study 
to elucidate the chemical and mineralogical 
composition of the P mineral phases in the 
Gotland basin and Landsort Deep and the Fe-
oxides in the surface sediments at Arkona. 
This will allow us to assess the controls on 
their formation and the associated P retention. 
210Pb and 137Cs dating for 4 cores in this study 
(not a part of this proposal) are still pending.

We will perform a study on P burial in 
Bothnian Sea sediments to assess its role in P 
sequestration from the Baltic Proper including 
its expected response to continued P loading. 
(Baltic Sea 2020 project 2930 “Phosphorus 
dynamics in the Baltic Sea: quantifying the 
Bothnian Sea burial sink”). 
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1. Abstract

The cruise to the Baltic Sea from August 31 to September 7, 2007, is part of a joint project of 
Goteborg University and Utrecht University on phosphorus (P) cycling in Baltic Sea sediments. 
This research runs from 2007-2008 and is funded by the Baltic Sea 2020 Foundation. The aim of 
the project is to improve our knowledge of the role of sediments as a permanent sink for P in the 
Baltic Sea and the processes that control this burial. During the cruise, water column, porewater 
and sediment samples for 10 sites with various redox conditions and salinities were collected. 
Preliminary results for alkalinity show high rates of organic matter degradation at most sites. 
The sediment samples will subsequently be analysed for concentrations of the various forms of 
P and other components (organic carbon and nitrogen, total element concentrations including 
trace metals) at Utrecht University. Additional cores were obtained for 6 sites to allow analysis of 
Hg and Hg isotopes by a researcher from the Univ. of Michigan..

Figure 1. View of the working deck of the Research Vessel RV Skagerak at Herrvik, Gotland on 
Sunday September 2.

Figure 2. The participants and crew. Note: no photographs were available for Andreas Nygren 
and the cook. (Photo’s by Gretchen, Peter and Caroline)
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2. Participants and their tasks 

Table 1. Participants, contact information and tasks* 
Name Tasks
1. Caroline Slomp UU

(slomp@geo.uu.nl)

Chief scientist, directing coring & sampling 
procedures, data management, porewater 
subsampling

2. Haydon Mort UU 
(h.mort@geo.uu.nl)

Anoxic core sectioning, subsampling, 
porewater centrifugation

3. Peter Kraal UU (p.kraal@geo.
uu.nl)

O2 micropro�iles, bottom water samples, 
porewater subsampling, anoxic core 
sectioning 

4. Shauna Ni Fhlaithearta UU 
(shauna@geo.uu.nl)

Anoxic core sectioning , porewater 
centrifugation, storage of cores, rhizons

5. Iana Tsandev UU 
(i.tsandev@geo.uu.nl)

Water sampling, O2 titrations, alkalinity 
measurements

6. Christian Nohr GU 
(chno@oce.gu.se)

CTD-Rosette, water column samples, assisting 
the crew with coring

7. Lena Victorsson GU 
(lenav@gvc.gu.se)

Multicoring, CTD, titrations

8. Madeleine Nilsson GU 
(Madeleine.nilsson@gmail.com)

Multi- and boxcoring, titrations

9. Gretchen Gehrke Univ. of 
Michigan (gegehrke@umich.
edu)

Sediment sampling for Hg & Hg-isotopes

10. Per Hall, GU Multicoring, day 1

11. Andreas Nygren, GU Multicoring, day 1
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• The Baltic Sea 2020 Foundation �inanced the use of the research vessel and the postdoc-position of 
Haydon Mort. Other funds were made available by Goteborg University and Utrecht University  
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gloveboxes and a centrifuge). We thank Per Hall for joining for one day to make the multicorer 
operational.
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Sweden, +46 31 786 2855/+46 70 661 9884, cellphone +46 706 619884. Email:bogu@gvc.gu.se
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Caroline Slomp, Department of Earth Sciences - GeochemistryFaculty of Geosciences, Utrecht University  
(UU), Budapestlaan 4, 3584 CD Utrecht, the Netherlands, tel./fax 0-31-30-2535514/5302: email: 
slomp@geo.uu.nl
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4. Introduction

This research cruise focused on collecting sediment cores to allow a quanti�ication of sediment 
phosphorus burial in the Baltic Sea. The work was funded by the Baltic Sea 2020 Foundation 
(http://www.balticsea2020.com/).

Background: Increased human input of phosphorus (P) to the Baltic Sea since 1950 likely has 
led to enhanced primary production and the increased occurrence of hypoxia throughout the 
basin. Besides changes in P input, the P availability for primary producers in the water column 
of the Baltic is also determined by variations in the recycling ef�iciency within the system and 
the sinks for P, which are out�low to the North Sea and permanent burial in the sediments. Little 
is known, however, about the role of sediments as a permanent sink for P in the Baltic and the 
processes that control this burial.

Approach: We plan to perform detailed sediment core analyses to obtain quantitative insight 
into the factors controlling the burial of P in sediments of the various sub-basins in the Baltic Sea 
over the past century. Cores from selected anoxic and oxic sites will be analysed for organic C and 
N and total element concentrations (including trace metals) and will be subjected to a detailed 
P speciation. The latter will allow the determination of depth pro�iles of exchangeable P, Fe-
bound P, authigenic Ca-P, biogenic Ca-P, detrital Ca-P and organic P. The sediment pro�iles will be 
interpreted quantitatively in a companion project. At a selected number of stations, porewater 
will be subjected to detailed chemical analysis. Since the water column of the Baltic Sea is well-
monitored, we took only selected samples at each site to assess the oxygen, salinity and nutrient 
conditions at the time of sampling. 
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5. Time schedule of the �ieldwork and map

Table 2. Time schedule of cruise

Day Activity

Wednesday August 29 Flight to Goteborg of  Peter, Caroline, Gretchen

Thursday August 30 Flight to Goteborg of Iana, Haydon, Shauna, Equipment Flight to Goteborg of Iana, Haydon, Shauna, Equipment 
placed on board, unpackingplaced on board, unpacking

Friday, August 31
Travel to harbour and boarding of ship, Departure from Travel to harbour and boarding of ship, Departure from 
placed on board, unpacking
Travel to harbour and boarding of ship, Departure from 
placed on board, unpackingplaced on board, unpacking
Travel to harbour and boarding of ship, Departure from 
placed on board, unpacking

Hono at 12.30, Sampling at Fladen (site 1), Andreas & 
Per from board at Per from board at Varberg.Varberg.

Saturday, September 1 Sampling of Saturday, September 1 Sampling of Arkona basin (site 2; BY2) 

Sunday, September 2 Sampling of Gotland deep (site 5; BY15)

Monday, September 3
Sampling of Gotland (not) oxic (site 4; BY15O)

Sampling ofSampling of Baltic Pr Baltic PrSampling of Baltic PrSampling ofSampling of Baltic PrSampling of oper (site 6)oper (site 6)

Tuesday, September 4

Sampling of
Sampling of
Sampling of
Sampling of

 Baltic PrSampling of Baltic PrSampling of
Sampling of
Sampling of
Sampling of

 Baltic Pr
Sampling of
Sampling of
Sampling of

oper shallow (site 14; 
oper (site 6)
oper shallow (site 14; 
oper (site 6)

BY29O)

Sampling of Landsort Deep oxic (site 8; BY31O)

Sampling of Sampling of Landsort DeepLandsort Deep (site 9; BY31)(site 9; BY31)

Wednesday, September 5Wednesday, September 5W
Sampling of 
Sampling of 
Sampling of 
Sampling of 

Bornholm o
Landsort Deep
Bornholm o
Landsort Deep

xic (site 3; BY5O)
Landsort Deep

xic (site 3; BY5O)
Landsort Deep (site 9; BY31)

xic (site 3; BY5O)
(site 9; BY31)

Sampling of Sampling of Bornholm basin (sitBornholm basin (site 10; BY5)e 10; BY5)
Thursday, September 6 Sampling of Thursday, September 6 Sampling of Sound (site 11)

Friday, September 7 Final site, including Fladen (site 12 = site 1). 
Return to Goteborg, evening (18.00), packingeturn to Goteborg, evening (18.00), packing

Saturday, September 8 Arrival of ship in Hono, return to UtrechtSaturday, September 8 Arrival of ship in Hono, return to Utrecht

Monday, September 10 Materials + Samples return to UtrechtMonday, September 10 Materials + Samples return to Utrecht

Figure 3. Map of the Baltic Sea. The arrows indicate the sampled sites.
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6. Summary of CTD-casts and box- and multicores taken.

Table 3. Summary of CTD casts
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     Figure 3. The multicorer.

7. Shipboard procedures

A CTD pro�iling and water column sampling (CTD-Rosette)
Oxygen, temperature and salinity measurements were determined with water depth with the 
CTD-system.Water samples were taken at 6 water depths 
For oxygen titrations: 3 samples were taken per CTD-bottle. O2-bottles were �illed completely. 
A tygon tube was used while �illing with the tube being at the bottom of the bottle. No air bubbles 
were present in the tube or bottle (done by spilling three times the volume of the bottle). The stop 
was placed on the bottle, secured with an elastic band and stored under seawater in a bucket. 

For nutrients: a 50 ml syringe, closed with a 3-way stopcock, was used and connected with tubing 
to each CTD bottle. When oxic, the sample was directly �iltered over 0.45 uM and subsampled for 
nutrient analyses (Si, NH4, NO3, PO4). When anoxic, the subsampling and �iltering was performed 
in the glovebox or in a glovebag.

B. Pore water (centrifugation; rhizons) and sediment collection & subsampling 

Boxcores and/or Multicores were taken at each site during this cruise (except for Baltic proper 
shallow; site 14). Approximately 1 boxcore (BC) (31 cm i.d.) and 1 multicorer cast was needed 
at each location to carry out the full programme. Several cores were stored for each site (see 
Appendix IV). Six subcores from boxcores were carefully closed with two yellow caps, taped with 
yellow tape, coded and stored at 4 degrees C. Other subcores were frozen at -20 C for at least 
8h, and then removed from the core liner through heating under a running tap, transferred to a 
plastic bag and sealed and stored at -20C. 
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Cutting the core: One sediment core per site was processed for sediment and porewater. Bottom 
water was removed with a syringe just before bringing the core into the glovebox (this water was 
discarded if a bottomwater sample had already been collected, see point 3). The sediment core 
was brought into the glovebox and was sliced under nitrogen with 20 depth intervals per core. 
Cores were sliced in the scheme presented at the end of this section unless otherwise determined 
on-board. 

Ca. 10 ml of uncentrifuged material from each sediment layer was put into pre-weighed 15 ml 
glass vessels for the determination of the water content and for solid phase analyses. These vials 
were placed into gas-tight “weck�lessen”. The rest of the sediment in each section was placed in 
centrifuge tubes, which were sluiced out of the glove box and centrifuged at 3000 rpm for 10 
minutes. 

Table 5 General core sectioning scheme 

Sample number Depth range (cm) Total thickness (cm)

1 0.0 - 0.5 0.5
2 0.5 -1.0 0.5
3 1.0 -1.5 0.5
4 1.5 - 2.0 0.5
5 2 – 3 1.0
6 3 – 4 1.0
7 4 – 5 1.0
8 5 – 6 1.0
9 6 – 7 1.0
10 7 – 8 1.0
11 8 – 9 1.0
12 9 – 10 1.0
13 10 – 12 2.0
14 12 – 14 2.0
15 14 – 16 2.0
16 16 – 18 2.0
17 18 – 20 2.0
18 20 – 24 4.0
19 24 – 28 4.0
20 28 – 32 4.0

Up to 10 additional samples possible, depending on the length of the core. 

In addition to the centrifugation procedure, rhizons were used to collect porewater from selected 
cores (method description not included here). 

Porewater subsampling: The centrifuge tubes were brought into the small glovebox  where the 
supernatant was poured into a 25 ml syringe and �iltered over 0.45 µm into a 30 ml Nalgene 
vial. The pH of a drop of pore water was measured in the glove box (using a Pasteur pipette). 
The remaining pore water was then subsampled in the glovebox following the scheme in Table 
6. A small drop was kept for visual salinity analysis with a “Reichert” salinity meter outside the 
glovebox after the subsampling. The tubes with centrifuged sediment were sealed in a plastic 
bag and were stored in the freezer (-20 C). 
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Table 6 Subsampling scheme for porewater (9-15 ml expected)

Rank Analysis Vol. Vial Treatment Code Method Storage

1 pH 0.5 Drop on 
electrode - on-board

2 PO4, Si 2 AA-cup + 
cap

10 µl 1 M 
HCl per ml PO AA 4°C

3 NH4 1.5 AA-cup + 
cap - NH AA -20°C

4
Trace metals 
+ Major 
elements

2 Nalgene 8 
ml

10 µl 
suprapur 
HNO3 per 
ml

ME
ICP-MS + 
ICP-OES 4°C

5** NO3, NO2 1.5 AA-cup + 
cap - NO AA -20°C

6 SO4, Br, Cl 1 IC-vial, 2 ml - IC IC -20°C

7 Alk 2 Alkalinity 
tube Titration ALK on-board

8 HS- 1 PE vial 20 µl 2 M 
Znac per ml HS

Spectro-
fotometer 4°C

Total 11.5

*When less than 11.5 ml was available, the sample volume of nutrients was reduced to 1 ml. This 
was indicated with a marker (a dot) on the vial. **Note that the nitrate analysis was omitted 
when the bottom waters were anoxic.

C Oxygen micropro�iles and alkalinity & Winckler titrations

Oxygen micro-pro�iles at the sediment-water interface were determined directly after core 
collection at 4 sites with oxic bottom waters with a miniaturized Clark-type oxygen sensor 
(unisense) with an internal reference and a guard electrode attached to a micromanipulator. 
Alkalinity titrations were performed on porewater samples on board (procedure not included 
here). Winckler titrations were performed on most CTD-samples.

D Core storage

See appendix IV for overview of stored cores.

8. Preliminary results

A. CTD pro�iles
Oxygen, temperature and salinity pro�iles for each site are given in Appendix II and are in 
accordance with expections based on available monitoring data. 

B. Sediments
The sediments at all sites are �ine-grained. Sediment descriptions for the porewater core for sites 
are given in Appendix III.
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Figure 4. Subcores at �ive sites that were overlain by anoxic bottom waters during the time of 
sampling.

Figure 5. Subcores for three sites with oxic bottom waters.

B & C. Porewater At stations with oxic bottomwaters, oxygen concentrations in the surface 
sediment decrease rapidly with depth, as shown for4 sites in Figure 6. The maximum depth of 
oxygen penetration is highest at the Landsort oxic site (site 8) and lowest at the Sound (site 
11). 



37

Shipboard Report

Figure 6. Oxygen pro�iles for 4 sites with oxic bottom waters (Fladen (site 1), Landsort Deep oxic 
(site 8),  Bornholm oxic (site 3), Sound (site 11). 

Alkality increased with depth at most sites. Only at the Landsort Deep oxic site a constant pro�ile 
was observed, suggesting little active organic matter decomposition at the site. As an example, 
of a pH and alkalinity pro�ile for an oxic site the pro�ile for the Sound (site 11) is shown in Figure 
7. 

Fig 7. pH and alkalinity (in mM) pro�iles for the core from the Sound (site 11). 
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APPENDIX 1. Summary codes for cores and vials

Example: Code on core: BS-1-2 = Baltic Sea site 1 subcore 2

Box/Multi 
Core

# of 
subcore Diameter Core code* Use

1 1 10 cm BS1-1 Porewater and solid phase (anoxic) 
– processed on board – 1st core

1 2 10 cm BS1-2 Porewater and solid phase (anoxic) 
– spare – 2nd core

1 3 10 cm BS1-3 Solid phase (anoxic) for storage in plastic 
bag; frozen (-20 C)

1 4 10 cm BS1-4 Solid phase core for Hg**

1 5 5 cm BS1-5 O2 micropro�iles

1 BC 6 10 cm BS1-6 Solid phase (anoxic) for storage, 4 degrees 
(subcore from boxcore)

1 BC 7 10 cm BS1-7 Porewater core with holes for sampling 
with rhizons

There are lables available for all the PW and BW vials and CTD samples.

PW = porewater

BW = bottom water

Example:

Codes: BS-CTD1-2:  Baltic Sea CTD sample site 1, depth 2 (total of 6 depths)
PW-PO-1-2: porewater PO4, site 1, sample 2 (total of 12 stations, max. 30 depths)

BW-PO-1: bottom water for PO4, site 1 (total of 12 stations, 1 per station)
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Rank Analysis Vol. Vial Code Treatment Method Storage

1 pH 0.5 Drop on 
electrode - On-board

2 PO4, Si 2 AA-cup + 
cap PO

10 µl 1 M 
HCl per ml AA 4°C

3 NH4 1.5 AA-cup + 
cap NH - AA -20°C

4
Trace metals 
+ Major 
elements

2 Nalgene 8 
ml ME

10 µl 
suprapur 
HNO3 per 

ICP-MS + 
ICP-OES 4°C

5** NO3, NO2 1.5 AA-cup + 
cap NO - AA -20°C

6 SO4, Br, Cl 1 IC-vial, 2 ml IC - IC -20°C

7 Alk 2 Alkalinity 
tube ALK Titration On-board

8 HS- 1 PE vial HS
20 µl 2 M 
Znac per ml

Spectro-
fotometer 4°C

Total 11.5

Summary of lables

CTD: lables for 12 stations and 6 water depths, 4 types (BULK, PO, NH, NO) (72x4=288)

BW: lables for 12 stations, 8 types (PO, NH, ME, NO, IC, ALK, HS, BULK) (12 x 8= 96)

PW: lables for 12 stations, 30 depths, 8 types (PO, NH, ME, NO, IC, ALK, HS, BULK) (12 x 30 
x 8 = 2880)
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APPENDIX II    CTD Pro�iles (temperature, salinity, oxygen)

40
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APPENDIX III. 

Sediment description site 1 (porewater core) - Fladen.
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Sediment description site 2 (porewater core) - Arkona

Station information:

������� Baltic Sea 2007

����� BS2 Arkona (near BY2)

��������������� 39 cm

������ 47 m

�������� 54°58.504 N ������������������������������������������������������

��������� 14°05.937 E ���������������������������

�������������������� Shauna

����������������������� yes (centrifugation)

�������������������� 1 09 2007

���������� ������� ����� �������� ����������������������������������������������
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�� ������� ����� ����� ��������

�� ������� ����� ����� ��������

�� ������� ����� ����� ��������
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Sediment description site 3 (porewater core) – Bornholm oxic

Station information:

������� Baltic Sea 2007

����� BS3 Bornholm oxic

��������������� ca. 30 cm

������ 66 m

�������� 55°24.459 N

��������� 16°22.820 E

�������������������� Haydon

����������������������� yes

�������������������� 05 09 2007

���������� �������� ����� �������� ����������������������������������������������
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Sediment description site 4 (porewater core) – Gotland (not) oxic (Gotland Slope)

Station information:

������� Baltic Sea 2007

����� BS4 Gotland (not) oxic

��������������� 29.7 cm

������ 115 m

�������� 19°40.718 N

��������� 19°40.718 E

�������������������� Shauna & Peter (slicing)

����������������������� yes (centrifugation)

�������������������� 3 09 2007

���������� ������� ����� �������� ����������������������������������������������

��������� ������������� ����������

�� ����� ����� ���� �������������������������������������������
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Sediment description site 5 (porewater core) – Gotland deep

Station information:

������� Baltic Sea 2007

����� BS5 Gotland deep (BY15)

��������������� 36 cm

������ 240 m

�������� 57°19.413 N

��������� 20°01.928 E

�������������������� Haydon & Shauna (slicing)

����������������������� yes (centrifugation)

�������������������� 2 09 2007

���������� ������� ����� �������� ����������������������������������������������

��������� ������������� ����������

�� ����� ��� ����

����������������������������������������

�������������������������������������

�� ����� ����� ���� ����������������������������������������
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�� ����� ��� ��� ��������

�� ����� ��� ��� ������������������������������
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Sediment description site 6 (sediment core) – Baltic Proper

Station information:

������� Baltic Sea 2007

����� BS6-1 Baltic Proper

��������������� ca. 33 cm

������ 175 m

�������� 58°52.759 N

��������� 20°18.569 E

�������������������� Shauna & Peter

����������������������� no

�������������������� 03 09 2007

���������� �������� ����� �������� ����������������������������������������������

��������� ������������� ����������

�� ����� ����� ���� ������������������������������

�� ����� ����� ���� ���������������������������������������������������������

�� ����� ����� ���� �����������

�� ����� ����� ��� �����������

�� ����� ��� ��� ��������������������������������

�� ����� ��� ��� ���������������������������������������������

�� ����� ��� ��� �����������

�� ����� ��� ���

�������������������������������������������������

����������������������������������

�� ����� ��� ��� ������������������������������������

�� ������ ��� ���� ���������������������������������������������������

�� ������ ��� ��� �������������������������������������

�� ������ ���� ��� ������������

�� ������ ����� ���� �����������������������������������������������

�� ������ ����� ���� ��������������������������

�� ������ ����� ���� ����������

�� ������ ����� ���� ������������������������������������

�� ������ ����� ���� �����������������������������������������������

�� ������ ����� ���� �������������

�� ������ ����� ���� �������������������������������������������������

�� ������ ����� ����
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Sediment description site 9 (porewater core) – Landsort deep anoxic

Station information:

������� Baltic Sea 2007

����� BS9-1 Landsortdeep anoxic

��������������� 36 cm

������ 466 m

�������� 58°35.314 N

��������� 18°35.556 E

�������������������� Haydon

����������������������� yes

�������������������� 05 08 2007
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Sediment description site 8 (porewater core) – Landsort deep oxic

Station information:

������� Baltic Sea 2007

����� BS8-1 Landsortdeep oxic

��������������� 28 cm

������ 54 m

�������� 58°37.578 N

��������� 17°56.768 E

�������������������� Haydon

����������������������� yes

�������������������� 04 08 2007

���������� �������� ����� �������� ����������������������������������������������
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Sediment description site 10 (porewater core) – Bornholm anoxic

Station information:

Cruise: Baltic Sea 2007

Core: BS10 Bornholm anoxic

Length of core: 37 cm

Depth: 89 m

Latitude 55°15.160 N

Longitude 15°59.160 E

Description made by: Peter and Haydon

Porewater on this core: yes

Date of subsampling: 06 08 2007

Sample no. Sed code Depth Average Remarks (grain size, macrofossils, color etc.)

tube/vial interval (cm) depth (cm)

151 BS10-1 0-1 0.50

Black and grey fluffy material. Millimetric lamination. 

Abundant white specks.

152 BS10-2 1.0-2.0 1.50 As above but more jelly-like

153 BS10-3 2.0-2.5 2.25 Slightly less black material. Brown mud. Very wet

154 BS10-4 2.5-3.0 2.75 As above but with more brown and grey mud.

155 BS10-5 3.0-3.5 3.25

No more black white specks or black fluff. Brown grey 

mud. Still jelly-like.

156 BS10-6 3.5-4.0 3.75

More consistent. Black specks are back…numerous! 

Brown mud. Pale grey areas. Fluffy material 

157 BS10-7 4.0-5.0 4.50

Dark grey and light grown grey mud. Black streeks. 

Jelly-like but even more consistent. Shell fragments.

158 BS10-8 5.0-6.0 5.50 Same but lighter brown grey mud towards base

159 BS10-9 6.0-7.0 6.50

As above but mostly brown grey seds. Occasional 

black streeks.

160 BS10-10 7.0-8.0 7.50

As above but more consistent and clay-like towards 

base.

161 BS10-11 8.0-9.0 8.50 Little more sticky jelly like mud

162 BS10-12 9.0-10.0 9.50 As above plus a small black patch.

163 BS10-13 10.0-12.0 11.0

Same but stiffer. More light brownish grey. Still specks. 

Mud is more coarse.

164 BS10-14 12.0-14.0 13.0

Light brownish greenish grey mud, More consistent 

towards the lower portion of the inteval. Even more 

coarse material.

165 BS10-15 14.0-16.0 15.0

Brownish greenish grey again but darker. Some 

streaks. Sandy texture becoming apparent.

166 BS10-16 16.0-18.0 17.0 Sandier.  Black streeks. Stiffer, more clay-like.

167 BS10-17 18.0-20.0 19.0

Same but drier and some lighter clays. Still black 

streeks.

168 BS10-18 20-24 22.0

Sandy jelly-like. Dark brownish grey. Relatively dry. 

Light brown areas with black specks.

169 BS10-19 24-28 26.0 Same but a bit lighter.

(+9 cms below not sampled) because of signs of 

disturbance
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Sediment description site 11 (porewater core) – Sound

Station information:

������� Baltic Sea 2007

����� BS11 Sound

��������������� ca. 36 cm

������ 53 m

�������� 55°52.538 N

��������� 12°44 460 E

�������������������� Haydon

����������������������� yes (centrifugation)

�������������������� 06 09 2007

���������� �������� ����� �������� ����������������������������������������������
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52

Final Report

APPENDIX IV

Whole Cores stored Baltic Sea 
cruise
 
 Code Site Remark
1 BS1-3 1_Fladen MC -20 transferred to plastic bag
2 BS1-

3EXTRA 1_Fladen MC -20 transferred to plastic bag
3 BS2-3 2_Arkona MC -20 transferred to plastic bag
4 BS2-

3EXTRA 2_Arkona BC -20 transferred to plastic bag

5 BS5-3 5_Gotland BC 4C still in cold room 
(laminations)

6 BS4-3 4_Gotland_
notoxic BC -20 transferred to plastic bag

7 BS6-3 6_Baltic proper MC -20 transferred to plastic bag
8 BS6-3extra 6_Baltic proper BC -20 transferred to plastic bag
9 BS6-6 6_Baltic proper BC 4C still in cold room

BS14-1 14_Baltic_shallow BC -20 transferred to plastic bag
BS14-2 14_Baltic_shallow BC 4C still in cold room
BS8-1 8_Landsort oxic BC -20 transferred to plastic bag
BS8-2 8_Landsort oxic BC 4C still in cold room
BS9-1 9_Landsort deep MC -20 transferred to plastic bag
BS9-2 9_Landsort deep MC -20 transferred to plastic bag
BS3-3 3_Bornholm oxic MC -20 transferred to plastic bag
BS3 3_Bornholm oxic BC -20 transferred to plastic bag
BS3 3_Bornholm oxic BC 4C still in core liner
BS10 10_Bornholm MC -20 transferred to plastic bag
BS10-3 10_Bornholm MC -20 transferred to plastic bag
BS10-6 10_Bornholm BC 4C still in cold room
BS11 11_Sound BC -20 transferred to plastic bag
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Aim
Fractionation of sediment P into Fe-bound P, authigenic P (this includes CFA, biogenic P, CaCO3-
bound P and possibly smectite-bound P), detrital Ca-P and organic P using a sequential extraction 
procedure modi�ied from the method of Ruttenberg (1992). 

Principle

Fe-bound P is determined as citrate-dithionite bicarbonate extractable P (CDB, pH = 7.3, 8 
h, 20°C). Dithionite is a strong reductant and will reduce all iron oxides (e.g. ferrihydrite, 
akageneite, goethite) present in a sediment sample. Citrate acts as a chelating agent and the 
bicarbonate acts as a buffer to hold the pH at an optimum level (at lower pH’s FeS and elemental 
sulfur may precipitate, at higher pH’s iron oxide dissolution decreases). The sediment residue is 
subsequently washed with 1 M MgCl2, extracted with 1 M Na-acetate buffer (pH = 4, 6h, 20°C) 
and treated with a 1 M MgCl2 (pH = 8, 0.5 h, 20°C) wash solution. The acetate buffer has been 
shown to dissolve CFA, biogenic P and CaCO3-bound P and to leave detrital Ca-P largely intact. 
The MgCl2 rinse is necessary to reverse secondary adsorption. Authigenic P is calculated as the 
sum of the P extracted in these last two steps. The sediment residue is then treated with 1 M HCl 
(24 h, 20°C), which dissolves all remaining inorganic P, and the amount of extracted P is used as 
a measure of detrital Ca-P. 

Materials
- centrifuge tubes 30-50 ml
- clean polyethylene vials for samples, 15-50 ml
- �ilters 0.45 µm
- syringes 25 ml
- dispensers 20 (1) or 25 ml (3)
- large plastic vessels for extraction solutions 
- plastic spatula
- siphon with MQ
- pipette: 2.5 ml & tips
- container for MQ water
- 1 litre & 500 ml volumetric �lasks
- 1 litre glass beakers

Chemicals
- 0.3 M sodium citrate (Na3C6H5O7.2H2O = 294.10): dissolve 88 g in MQ (1l tot. vol.) 
- 1 M sodium bicarbonate (NaHCO3, M = 84.01):  dissolve 42 g in 500 ml MQ 
- 0.5 g of solid sodium dithionite (Na2S2O4) per sample
- 1 M Na-acetate (CH3COONa):  dissolve 82.03 g in MQ (1 l tot.vol.)
- 1 M Acetic acid (CH3COOH): 60 ml conc. ac. acid in MQ (1 l tot. vol.)
- 1 M Acetate buffer pH = 4 (check the pH): 150 ml 1 M Na-ac., 850 ml 1 M Ac. acid 
- 1 M MgCl2 pH = 8dissolve 203.3 g in MQ (1 l tot. vol.)
- 1 M HCl (83,3 ml concentrated HCl (37%, 1.9 kg/l; ie 12 M) in 1 l)
- 1 M HCl for rinsing of vials etc.
- Standard reference sample: MM91
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Equipment
- analytical balance
- shaker table
- centrifuge
- pH meter + buffer solutions
- freezer (-20°C

Procedure
Step 1 – Exchangable-P 

Anoxically weigh ca. 100 mg of sediment into a 50 ml polyethylene tube. To the sediment, add 10 
ml 1 M MgCl2 (oxygen-free) adjusted to pH 8 with NaOH. Shake at room temperature for 2 hours. 
Subsequently, centrifuge at ~2000 g or higher for 10 minutes, transfer to a glovebox (under 
Ar or N2) and anoxically remove the supernatant with a syringe (be careful not to disturb the 
sediment surface) and �ilter it (0.45 μm) into a polyethylene vial. Store the solution samples in 
the freezer (-20°C) until analysis. 

Step 2 – Iron and Manganese oxyhydroxide-P

Transfer the samples to the glovebox. Add 9 ml of Na-citrate solution and 2.5 ml of NaHCO3 
solution (oxygen-free). Add 0.5 g of Na2S2O4 (make sure before hand that the pH of the resulting 
solution is ~ 7.3). Shake at room temperature for 8 hours. Centrifuge, �ilter and store in a 
polyethylene vial at -20°C. sediment can now be exposed to oxygen.

Step 2A - Wash

Add 10 ml of 1 M MgCl2 (pH = 8) to the sediment residue in the centrifuge tube. Shake at room 
temperature for 30 minutes. Centrifuge, �ilter and store in a polyethylene vial at -20°C. Step 3: 
Add 10 ml of acetate buffer (pH = 4) to the sediment residue in the centrifuge tube. Shake at 
room temperature for 6 hours. Centrifuge, �ilter and store in a polyethylene vial at -20°C. 

Step 3 – Authigenic Ca-P

Add 10 ml of acetate buffer (pH = 4) to the sediment residue in the centrifuge tube. Shake at 
room temperature for 6 hours. Centrifuge, �ilter and store in a polyethylene vial at -20°C. 

Step 3A - Wash

Add 10 ml of 1 M MgCl2 (pH = 8) to the sediment residue in the centrifuge tube. Shake at room 
temperature for 30 minutes. Centrifuge, �ilter and store in a polyethylene vial at -20°C.

Step 4 – Detrital-P

Add 10 ml of 1 M HCl to the sediment residue in the centrifuge tube. Shake at room temperature 
for 24 hours. Centrifuge, �ilter and store in a polyethylene vial at 4°C.

Step 5 – Organic-P

Transfer the sediment to ceramic cruicibles, weigh, then ash at 550 deg C. Weight again, and then 
transfer back to the tubes. Add 10 ml of 1 M HCl and shake for 24 hours. Centrifuge, �ilter and 
store in a polyethylene vial at 4°C.
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Chemical analyses of supernatants
The CDB solutions are analysed on an ICP-AES. Elements should at least include: Fe, Mn, P. Note that 
the samples should be diluted by a factor 10 and that the detection limit of the ICP is ca. 0.5 to 0.6 
µmol/l). The acetate buffer, MgCl2 and HCl solutions are analysed spectrophotometrically. Before 
analysis, the HCl solutions should be neutralized with NaOH (for procedure, see description of 
Aspila method). The phosphomolybdate blue complex formed in acetate buffer and MgCl2 tends 
to be unstable when PO4 concentrations exceed 5-10 µM. To solve this problem dilute samples 
to lower concentrations when necessary and keep the analysis time brief. Furthermore, it is 
recommended to analyze standards immediately before and after a series of samples.

Analysis: 2-3 sample duplicates, 2 internal standards and 2 blanks were included in each 
series. With the exception of solutions from step 2, all samples were analyzed on a Unicam UV1 
Spectrophotometer. Step 2’s solution were diluted 5x and analyzed via ICP-OES.

Modi�ication of the procedure when additionally extracting �ish-debris:

Extract the sediment 8 times (shake 4 h each time) with 25 ml of 2 M NH4Cl (106.96 g/l, brought 
to pH 7 with NH4OH) prior to the CDB extraction. Centrifuge, �ilter and store in a polyethylene 
vial at -20°C. Combine equal amounts of all 8 extraction solutions for one sediment sample and 
analyse (either on the ICP-AES or spectrophotometrically, depending on the P-concentration).

Further reading

Ruttenberg, K.C. 1992. Development of a sequential extraction procedure for different forms of 
phosphorus in marine sediments. Limnology and Oceanography 37: 1460-1482.

Slomp, C.P., S.J. van der Gaast, W. van Raaphorst. 1996. Phosphorus binding by poorly crystalline 
iron oxides in North Sea sediments. Marine Chemistry 52: 55-73.
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Additional data 
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CDB phosphorus, iron and manganese data
Other porewater pro�iles
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Fe bound-P and Fe and Mn-oxide concentrations
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Presentations and meetings

List of Presenta�ons

Title: Phosphorus burial in Bal�c Sea sediments
Presenters: Caroline P. Slomp, Haydon Mort & Bo Gustafsson
Type: Oral
Loca�on: Bal�c 2020 mee�ng, Lund University, Sweden, 27-29 November 2007

Title: What controls Phosphorus burial in the Bal�c Sea? (see Poster page 64)
Presenters: Haydon P. Mort, Caroline P. Slomp & Bo Gustafsson
Type: Poster
Loca�on: Dutch Earth Sciences Day, Amsterdam, The Netherlands, 6 December 2007

Title: Phosphorus burial in Bal�c Sea sediments
Presenters: Haydon Mort, Caroline P. Slomp & Bo Gustafsson
Type: Oral
Loca�on: 8th Nederlands Aardwetenschappelijk Congres, Eindhoven, The Netherlands, 18-19 March 
2008

Abstract
Increased human input of phosphorus (P) to the Bal�c Sea likely has led to enhanced primary produc�on and 
the increased occurrence of hypoxic bo�om waters (O2 < mg/l) throughout the various basins. As yet, the role 
of the sediments as a temporary and permanent sink for P is not well-quan�fied. Here we present detailed 
porewater and sediment data for three sites with contras�ng bo�om water oxygen regimes, that range from 
temporarily hypoxic (Arkona basin), predominantly hypoxic (Bornholm basin) to almost exclusively anoxic 
(Gotland deep). At Arkona, a large pool of Fe-oxide bound P was observed in the surface sediment. Porewater 
Fe2+ and PO4 profiles indicate mobiliza�on of this Fe-bound P near the sediment surface when bo�om waters 
become hypoxic. This confirms earlier sugges�ons based on water column data that sediments in the Bal�c can 
act as a major internal source of PO4. The P specia�on data for the Bornholm basin and Gotland deep suggest 
that these accumula�on basins may an important burial sink for reac�ve P. At the Gotland deep site, reac�ve 
P burial appears to be inversely correlated to terrigenous input and authigenic Ca-P, organic P and Fe-bound P 
act as the major sinks of P.

Title: Phosphorus burial in Bal�c Sea sediments with contras�ng redox condi�ons.
Presenters: Haydon P. Mort, Caroline P. Slomp & Bo Gustafsson
Type: Oral
Loca�on: 18th Annual V.M. Goldschmidt Conference, Vancouver, Canada, 13-18 July 2008.

Abstract
Increased human input of phosphorus (P) to the Bal�c Sea from agricultural prac�ces and sewage has led to 
enhanced primary produc�on and the increased occurrence of hypoxic bo�om waters (O2 < 2 mg/l) throughout 
the various submarine basins. As yet, the role of the sediments as a temporary and permanent sink for P is 
not well-quan�fied. Here we present detailed porewater and sediment data for three sites with contras�ng 
bo�om water oxygen regimes. These range from temporarily hypoxic (Arkona basin), predominantly hypoxic 
(Bornholm basin) to almost exclusively anoxic (Gotland deep). At Arkona, a large pool of Fe-oxide bound P was 
observed in the surface sediment. Porewater Fe2+ and PO4 profiles indicate mobiliza�on of the Fe-bound P 
pool near the sediment surface when bo�om waters become hypoxic. This confirms earlier sugges�ons based 
on water column data that sediments in the Bal�c can act as a major internal source of PO4 [1]. Phosphorus 
specia�on data for the Bornholm basin and Gotland deep suggest that these accumula�on basins may be an 
important burial sink for reac�ve P. At the Gotland deep site, reac�ve P burial appears to be inversely correlated 
to terrigenous input and authigenic Ca-P, organic P and Fe-bound P act as the major sinks of P.

[1] Conley et al. (2002) Environ. Sci. Technol. 36, 5315-5320.
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Appendix V
Poster of preliminary results 

Funded by the Baltic Sea 2020
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