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ABSTRACT
The dynamics of the key nutrient phosphorus (P) in hypoxic and anoxic marine basins are still
incompletely understood. This thesis focuses on the cycling of P in two of such basins: the Baltic
Sea and the Black Sea. Water column particulates and sediments from the deep basin of the Black
Sea were collected during seagoing expeditions with the Dutch research vessel Pelagia, whereas
sediments from the Baltic Sea were retrieved during the IODP Baltic Sea Paleoenvironment
Expedition 347. A wide range of analytical techniques was applied to study the chemical
composition of solutes, bulk sediments, sediment minerals and water column particulates, including
sequential extractions for P and iron (Fe) and synchrotron-based X-ray absorption spectroscopy
(XAS).
Our results show that sedimentary P burial, the only long-term removal pathway of P in the
marine realm, is strongly controlled by the environmental conditions (e.g. salinity and oxygen) in
the water column and sediment. The results show that organic P, authigenic calcium (Ca)-P (apatite)
and P associated with calcium carbonate (CaCO3) are the major P burial phases in sediments in the
sulfidic deep basin of the Black Sea. Carbonate-bound P, which may already be present in the water
column or that may form in the surface sediments, can thus be an important sink for P in CaCO3rich sediments of anoxic, sulfidic basins. This P pool should be considered as a potential P sink (and
P source in case of CaCO3 dissolution) when reconstructing P dynamics in past oceans.
In the CaCO3-poor sediments of the Baltic Sea, vivianite (Fe(II)3(PO4)2·8H2O) was found to act
as a key P burial pool. In the deepest basin, the Landsort Deep (437 m water depth), a strong shelfto-basin shuttling of manganese (Mn)- and Fe-oxides and high inputs of P in settling organic matter
were shown to stimulate the formation of vivianite and other P-bearing minerals in the sediments.
In the shallow Ångermanälven estuary (< 90 m water depth), in contrast, refreshening and
re-oxygenation of the basin, caused by gradual isostatic uplift, promoted burial of P (as vivianite) in
the sediment. These salinity-related changes in redox conditions and P burial are highly relevant in
light of current climate change as increased freshwater input linked to global warming may enhance
coastal P retention. This could contribute to oligotrophication in both coastal and adjacent open
waters. The post-depositional formation of vivianite at the lake-marine transition in sediments of
a hypoxic basin in the Baltic Sea, the Bornholm basin, was also investigated. The results show that
vivianite precipitates at the interface where downward diffusing phosphate (PO4) from the organicrich, brackish-marine sediments meets upward diffusing dissolved Fe from the lake sediments.
This formation of vivianite strongly alters the sedimentary P records in the Bornholm Basin and
other parts of the Baltic Sea. The possibility of post-depositional vivianite formation should thus
be considered when using sediment P proxies to reconstruct paleo-environmental conditions in
coastal basins.

7

Chapter 1

“Granted that phosphates are ubiquitous in biochemistry,
what do they do?
The answer is that they can do almost everything”
Frank H. Westheimer, 1987
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CHAPTER 1
GENERAL INTRODUCTION AND THESIS OUTLINE
1.1 General background
Phosphorus (P) is a key element in biological compounds involved in the transfer of genetic
information, metabolism and cell structure (e.g. RNA, co-enzymes and phospholipids; Westheimer
1987). For instance, it functions as a connecting link between nucleotides in DNA and is a crucial
component in adenosine triphosphate (ATP), the intracellular energy storage compound of life
on earth. As an essential nutrient, P plays a key role in regulating primary productivity in both
terrestrial and marine environments, and its global cycling is thus closely coupled to that of other
bioactive elements such as carbon, oxygen and nitrogen (Ruttenberg, 2003).
Humans have strongly altered the global cycling of P. Since the industrial revolution, more than
175 Mt of phosphate rock has been mined mainly to produce P for fertilizer (Cordell et al., 2009;
Van Vuuren et al., 2010). The increased use of fertilizers in agriculture, together with increased
sewage outputs of P, have resulted in nearly a doubling of riverine inputs of P to coastal waters since
the start of the 20th century (Beusen et al., 2016). The increased availability of P (and nitrogen) has
enhanced algal growth (i.e. primary productivity) in coastal surface waters worldwide (Diaz and
Rosenberg, 2008). Remineralization of the sinking organic matter can lead to an oxygen demand
in the deep waters of coastal systems that exceeds oxygen supply. As a consequence, many coastal
systems nowadays experience bottom water hypoxia (oxygen < 2 mg/L), anoxia (no oxygen)
or even euxinia (presence of free dissolved sulfide (HS-); Rabalais et al., 2014). Low oxygen
conditions can cause habitat compression, changes in benthic communities and can increase fish
mortality (Diaz and Rosenberg, 2008; Rabalais et al., 2014). Coastal areas where oxygen is low or
absent are therefore also referred to as “dead zones” (Fig. 1.1). Regions in the sea with restricted
vertical exchange between surface and deeper waters are naturally sensitive to the development of
bottom water hypoxia (Kemp et al., 2009; Reed and Harrison, 2016). Examples include the Baltic
Sea, Chesapeake Bay and the Lower St. Lawrence Estuary (Conley et al., 2011; Kemp et al., 2005;
Thibodeau et al., 2006).
Coastal waters may become even more sensitive to hypoxia, anoxia and euxinia in the near
future due to climate change (Altieri and Gedan, 2015; Rabalais et al., 2010). Warming is, for
instance, predicted to result in a longer period of summer stratification in many areas (Coma et al.,
2009; Rabalais et al., 2010). Predicting future bottom water redox-conditions and productivity in
coastal waters remains, however, difficult due to the many feedback mechanisms that exist between
the water column and sediments (e.g. Reed et al., 2011b; Vahtera et al., 2007).
The only long-term removal mechanism of P in coastal systems is burial in sediments (Froelich
et al., 1982; Ruttenberg, 2003). In many marine systems, P is deposited on the seafloor as organic P,
which is either buried or remineralized to dissolved phosphate (PO4). The released PO4 can diffuse
out of the sediments, be bound to iron-(oxyhydr)oxides (Fe-oxide bound P) or precipitate, thereby
forming authigenic P-bearing minerals (Fig. 1.2).
The burial of P is sensitive to the redox conditions in the deeper water column and surface
sediments (Ingall et al., 1993; Slomp et al., 1996a; Slomp and Van Cappellen, 2007). In sediments
9
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Figure 1.1: Documented coastal dead zones in the world (here defined as areas with bottom water oxygen
concentrations below 2 mL/L). Red circles show the location of dead zones with a known size whereas black
dots indicate dead zones with an unknown size. Dead zones often occur in coastal areas close to heavily
populated land (population density in brown). The particulate organic carbon concentration in marine waters,
a measure for primary productivity, is given in blue. Image from Robert Simmon & Jesse Allen – NASA Earth
Observatory (January 1st 2008).

with oxic bottom waters, PO4 released from organic matter to porewaters can adsorb onto ferric
iron-(oxyhydr)oxides (henceforth termed Fe-oxides) in the surface sediments (Anschutz et al.,
1998). These Fe-oxides may be reductively dissolved upon burial or mixing into deeper sediments.
The subsequent release of P can result in PO4 concentrations at depth that are sufficiently high to
promote precipitation of authigenic calcium (Ca)-P, mostly in the form of authigenic carbonatefluorapatite (Ca5(PO4)3(OH,F). This so-called “sink-switching” can allow the sediment to act as
an efficient trap for P, thereby limiting the diffusive flux of PO4 from the sediment to the water
column (Ruttenberg and Berner, 1993; Slomp et al., 1996a). In contrast, sediments underlying
anoxic bottom waters are often depleted in Fe-oxides. The subsequent lack of an active Fe and
P cycling in the surface sediments may result in less P retention and may limit the formation of
authigenic P minerals (Reed et al., 2011a). These sediments are often enriched in organic P (e.g.
Mort et al., 2010). This can be caused by (1) an elevated flux of organic matter towards the seafloor
and (2) lower rates of mineralization of organic matter in anoxic sediments (De Lange et al., 2008;
Hartnett et al., 1998; Moodley et al., 2005; Tsandev et al., 2012). The enhanced burial of organic P
may, however, be counteracted by preferential release of organic P relative to organic carbon from
organic matter (Ingall et al., 1993). This has been attributed to the inability of micro-organisms to
store P in their cells as polyphosphates under hypoxic and anoxic conditions (Ingall et al., 1993) and
the relatively limited need of micro-organisms in the sediment for P to build their cells (Steenbergh
et al., 2013, 2011). In contrast to Fe-oxide bound P, authigenic P minerals and organic P, unreactive
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Figure 1.2: A schematic overview of P cycling in sediments overlain by oxic waters. The P species are organic
P, dissolved phosphate (PO4), P bound to iron-(oxyhydr)oxides (Fe-oxide bound P) and authigenic P minerals
(e.g. authigenic carbonate-fluorapatite). Note that besides organic P, some P may reach the seafloor as Fe-oxide
bound P (see text below for further explanation). Figure modified from Slomp et al. (1996).

apatite that is weathered from land (detrital P) and loosely bound (exchangeable) P are generally
minor P pools in sediments (Ruttenberg, 2003) and are not included in Fig. 1.2.
The concentrations of these five forms of P in sediments are often determined using the
sequential P extraction scheme (SEDEX) developed by Ruttenberg in 1992. In this procedure,
a citrate-dithionite-bicarbonate (CDB) solution is used to extract Fe-oxide bound P. However,
in this extraction step, Fe(II)-phosphates may also be extracted (Nembrini et al., 1983) and the
presence of this latter phase in marine sediments may thus be overlooked. These P-bearing minerals
are generally considered to be unimportant in marine systems as their formation requires both
porewater Fe2+ and PO4, conditions that are often not met in marine sediments (Rothe et al., 2016).
Surface sediments in the coastal zone in particular often contain abundant dissolved HS- that can
react with porewater Fe2+ and form Fe-sulfides, leaving no Fe2+ available for vivianite precipitation.
Recent research, however, points towards the presence of Fe(II)-phosphates close to the sediment
water interface in deep euxinic basins in the Baltic Sea (Jilbert and Slomp, 2013a; Reed et al., 2016).
These sedimentary Fe-P enrichments, identified by scanning electron microprobe energy-dispersive
spectroscopy (SEM-EDS), are assumed to be vivianite but their exact phase remains unknown.
Other studies have demonstrated that vivianite can form at depth in sediments below the sulfate/
methane transition zone (SMTZ), where porewater Fe2+ accumulates in the absence of HS- and can
react with porewater PO4 (Egger et al., 2015a, 2016; Hsu et al., 2014; März et al., 2008a). Whether
post-depositional vivianite is also present at other geochemical boundaries in sediments (e.g. lakemarine transitions) has not yet been investigated.
Another aspect that is often not explored in studies on P dynamics in coastal systems is
the coupling between processes in the water column and surface sediments. Besides organic
P, other particulate P phases can also act as carriers of P towards the seafloor and affect the
sedimentary burial of P. Euxinic basins are particularly enriched in inorganic particles in or close
to the redoxcline (i.e. the water layer that separates the oxic surface waters from the sulfidic deep
waters). These inorganic P particles include mixed manganese (Mn)-Fe-P phases and inorganic
11

Chapter 1

polyphosphates (Dellwig et al., 2010; Diaz et al., 2012; Shaffer, 1986). Whether these particles reach
the seafloor depends on their susceptibility to HS- – induced dissolution in the sulfidic deep waters.
Also other forms of particulate P, such as P adsorbed to clays and calcium-carbonate (CaCO3), can
occur in coastal waters (e.g. De Jonge and Villerius, 1989). At present, the role of inorganic particles
as a source and sink for P in sediments of euxinic basins is not yet well understood.

1.2 Scope of this study
The aim of this thesis is to refine our understanding of the redox-dependent dynamics of P in
coastal sediments. This study focusses on P dynamics in the Baltic Sea and the Black Sea, which are
two brackish/marine basins with a different Holocene history with respect to their water column
salinity, productivity and bottom water redox conditions (Fig. 1.3).
The Black Sea
Three chapters focus on the geochemistry of P in the water column and sediment of the world’s
largest euxinic basin, the Black Sea. The waters in the deep basin of the Black Sea are characterized
by a broad redoxcline (with a vertical extent of ~ 40 m) that was established more than 7000 years
ago following the intrusion of seawater into the former lake, and that is currently located roughly
100 m below the sea surface (Arthur and Dean, 1998; Calvert et al., 1996; Wilkin et al., 1997). Below
the redoxcline, HS- concentrations increase to values of ~350 µM in deep waters (<1500 m water
depth; Neretin et al. 2001). While the biogeochemistry in the Black Sea has been extensively studied
(e.g. Calvert et al. 1996; Wijsman et al. 2001), only relatively few studies of its P dynamics have been
published. These studies include a thesis chapter with P fractionation data for the sediment at one
deep basin site (Ruttenberg, 1990), analyses of sediment records of total P (Arthur and Dean, 1998;
Teodoru et al., 2007) and water column studies in or close to the redoxcline (e.g. Dellwig et al.,
2010; Shaffer, 1986; Yakushev et al., 2009). In this thesis, the knowledge of P dynamics in the Black
Sea is extended by combining detailed analyses of samples from both the water column and the
underlying sediments.
Chapter 2 investigates the burial of P and associated elements in the surface sediments (<50 cm)
at six locations in the western Black Sea with porewater and solid-phase analyses of P, Fe and sulfur
(S). Our results reveal that more than 20 % of all P in the deep basin sediments is extracted in the
CDB-extraction step of the SEDEX procedure that targets Fe-oxide bound P. We hypothesize that
the extracted P may represent Fe(II)-phosphate (e.g. vivianite) and we discuss possible mechanisms
that may have led to its formation in the euxinic deep basin of the Black Sea.
Chapter 3 extends our knowledge of the P geochemistry in Black Sea sediments by combining
porewater and solid-phase bulk analysis with synchrotron-based micron-scale X-ray fluorescence
element mapping (μXRF) and X-ray absorption spectroscopy (XAS). This combination of
techniques allows us to distinguish between Fe-oxide bound P, Fe(II)-phosphates and other P
phases extracted in the CDB solution. Our results show that P which was assumed to be Fe-bound P
based on chemical extraction turns out to be associated with CaCO3. Ludlamite, a Fe(II)phosphate,
was detected in deep basin surface sediments but only accounts for a minor part of the P in the
sediment (~ 5 %). We conclude that besides organic P, authigenic Ca-P (apatite) and P associated
with CaCO3 and possibly with clays are major P burial phases in the deep basin of the Black Sea.
Chapter 4 examines the water column dynamics of P and associated elements (Mn, Fe and Ca)
in the deep basin of the Black Sea with analytical techniques for particles, including measurements
of the total elemental composition and micro-scale analyses using scanning electron microscope
12
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Figure 1.3: Study locations in the Black Sea and Baltic Sea with chapter numbers. In the Black Sea, we
investigate the burial of P in sediments from the oxic shelf to the euxinic deep basin (Chapters 2 and 3) and
the impact of the water column dynamics of particulate P on its burial in the underlying deep basin sediments
(Chapter 4). The Black Sea water column is enriched in organic and inorganic particles, including calciumcarbonate (CaCO3)-rich coccolithophores and Fe-oxides with associated P (A: SEM image from chapter 4). In
the Baltic Sea, we investigate the burial of P at locations that have been subject to variations in water column
salinity, productivity and bottom water redox conditions (Chapters 5, 6, and 7). Vivianite is observed in the
sediments at all locations (B: SEM image from chapter 5).

energy dispersive spectroscopy (SEM-EDS) and synchrotron-based XAS. This is combined with
analysis of the P dynamics in the surface sediments with 33P radiotracer incubation experiments and
SEDEX extractions for a detailed investigation of P transport, deposition and burial in the Black
Sea. Most P is deposited onto the seafloor as organic matter (estimated to be > 85 % of all deposited
P) but is remineralized in the surface sediment. A fraction of P may settle at the sediment-waterinterface as inorganic P associated with clays and CaCO3. Our 33P tracer experiment shows that
adsorbed P or labile Ca-P may form in-situ in the surface sediments of the deep basin. This study
highlights that the presence of CaCO3 in sediments may contribute to more efficient burial of P in
euxinic basins.
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The Baltic Sea
The last three chapters investigate P dynamics in the Baltic Sea by studying sediments that were
retrieved during the Integrated Ocean Drilling Program (IODP) Baltic Sea Paleoenvironment
Expedition 347 in 2013 (Andrén et al., 2015). The Baltic Sea has continued to be subject to changes
in its water column chemistry after the intrusion of seawater ~ 8000 years ago (Andrén et al., 2011;
Björck, 1995; Zillén et al., 2008). The first extensive interval of bottom water hypoxia occurred just
after the lake-marine transition during the Holocene Thermal Maximum (HTM; ~8000-4000 yrs
ago), when the inflow of saline water and warmer sea surface temperatures together likely promoted
water column stratification in the Baltic Proper (Zillén et al., 2008). At that time, the Baltic Proper
was better connected to the Bothnian Sea in the north than at present and the inflow of saline deep
waters from the Baltic Proper via the Åland sills likely promoted hypoxia in the central part of the
Bothnian Sea (Jilbert et al., 2015). Another period of hypoxia occurred in the Baltic Proper during
the Medieval Climate Anomaly (MCA; ~2000-800 yrs ago). This has been linked to the warming
climate and increased riverine nutrient input due to land-use changes (Zillén et al., 2008). Since the
1950s, the Baltic Proper is experiencing widespread bottom water hypoxia and severe cyanobacteria
blooms. These are linked to enhanced human-induced riverine inputs of nutrients from agriculture
and waste water into coastal waters (Carstensen et al., 2014; Funkey et al., 2014; Gustafsson et al.,
2012). Due to its dynamic history, the Baltic Sea is an ideal location to study the response of P
dynamics in sediments to variations in bottom water redox-conditions, productivity and salinity.
Chapter 5 presents a detailed geochemical study of sediments (0-90 m) from the deepest basin
in the Baltic Sea, the Landsort Deep (437 m below sea surface). The sediment record comprises the
whole brackish-marine Littorina Sea stage, including the intervals of extensive hypoxia during the
HTM and MCA when the bottom waters in the Landsort Deep were likely anoxic or even sulfidic.
Micro-analysis of minerals in the > 63 μm sieve fraction using SEM-EDS and XAS reveals that
vivianite rich in Mn and magnesium (Mg) is present at several depths in the sediments. In addition,
P fractionation data suggest that vivianite may also be present in sediments deposited during the
HTM and MCA. The formation of vivianite in Landsort Deep sediments is likely driven by strong
shelf-to-basin shuttling of Fe- and Mn-oxides and high inputs of P in settling organic matter. This
study illustrates that P sequestration in deep basin sediments can be strongly affected by focusing of
Fe- and Mn-oxides.
Chapter 6 reconstructs the bottom water salinity, redox conditions and P burial in the
Ångermanälven estuary in the Bothnian Sea using porewater and solid-phase geochemistry, microanalysis of minerals in the sediment (including X-ray diffraction analysis (XRD) and synchrotronbased XAS) and foraminiferal δ18O and δ13C analyses. Our findings show that the coastal Bothnian
Sea experienced bottom water anoxia just after the intrusion of brackish water, similar to the central
Bothnian Sea. Subsequent refreshening and re-oxygenation, which was caused by gradual isostatic
uplift, promoted burial of Mn-rich vivianite in the sediments. Our findings are highly relevant in
light of current climate change as increased freshwater input linked to global warming can thus
result in enhanced P retention in coastal sediments.
Chapter 7 investigates the post-depositional formation of vivianite in sediments of a hypoxic
basin in the Baltic Sea, the Bornholm basin. This study includes porewater and solid-phase analysis,
micro-analysis of vivianite minerals and a vivianite sulfidization experiment. We show that vivianite
is present in sediments that are located just below the lake-marine transition. At this depth, vivianite
precipitates at the interface where downward diffusing PO4 from the organic-rich, brackish-marine
sediments meets upward diffusing dissolved Fe. The peak in vivianite originally may have occurred
at the lake-marine transition (9-10 m) but likely moved downwards to its present location position
14
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(11.5-12 m) due to changes in the depth of a sulfidization front. This post-depositional formation
of vivianite altered the P burial record in the Bornholm basin, and at other locations in the Baltic
Sea. Such diagenetic alterations should be considered when interpreting depth trends in total P and
ratios of organic carbon to P in sediments and when using them to reconstruct past depositional
environments.

You’ve gotta just keep on pushing.
Push the sky away.

Chapter 2

Push The Sky Away - Nick Cave & The Bad Seeds
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ARE IRON-PHOSPHATE MINERALS A SINK
FOR PHOSPHORUS IN ANOXIC BLACK SEA
SEDIMENTS?
Nikki Dijkstra, Peter Kraal, Marcel M. M. Kuypers, Bernhard Schnetger and Caroline P. Slomp
PLoS ONE 9, e101139, 2014

Abstract

Phosphorus (P) is a key nutrient for marine organisms. The only long-term removal pathway for P
in the marine realm is burial in sediments. Iron (Fe)-bound P accounts for a significant proportion
of this burial at the global scale. In sediments underlying anoxic bottom waters, burial of Fe-bound
P is generally assumed to be negligible because of reductive dissolution of Fe(III) (oxyhydr)oxides
and release of the associated P. However, recent work suggests that Fe-bound P is an important
burial phase in euxinic (i.e. anoxic and sulfidic) basin sediments in the Baltic Sea. In this study,
we investigate the role of Fe-bound P as a potential sink for P in Black Sea sediments overlain
by oxic and euxinic bottom waters. Sequential P extractions performed on sediments from six
multicores along two shelf-to-basin transects provide evidence for the burial of Fe-bound P at all
sites, including those in the euxinic deep basin. In the latter sediments, Fe-bound P accounts for
more than 20 % of the total sedimentary P pool. We suggest that this P is present in the form of
reduced Fe-P minerals. We hypothesize that these minerals may be formed as inclusions in sulfurdisproportionating Deltaproteobacteria. Further research is required to elucidate the exact mineral
form and formation mechanism of this P burial phase, as well as its role as a sink for P in sulfiderich marine sediments.
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2.1 Introduction
Phosphorus (P) is a key nutrient for marine organisms and its availability may limit primary
production, on both short and long timescales. Most P is efficiently recycled in the marine realm,
but the long-term availability of P ultimately depends on the balance between inputs from rivers
and burial in the sediment (Delaney, 1998; Froelich et al., 1982; Ruttenberg and Berner, 1993).
In most marine settings, organic P is the dominant form of P deposited at the sediment-water
interface (Ruttenberg, 2003). Part of this organic P is degraded in the sediment and dissolved
phosphate is subsequently released to the bottom water or pore water (mainly HPO42- in seawater;
henceforth termed PO4). In sediments overlain by oxic bottom waters, PO4 can be bound to iron
(oxyhydr)oxides (henceforth termed Fe-oxide bound P) in the surface sediment. Upon burial
or mixing of this Fe-oxide bound P into deeper anoxic sediments, PO4 may be released due to
reductive dissolution of the Fe oxyhydr(oxides). The released PO4 can precipitate in the form of
authigenic carbonate fluorapatite (authigenic Ca-P) at depth, or diffuse upward where it can again
be bound to Fe oxyhydr(oxides) in the oxic surface sediment (Ruttenberg and Berner, 1993; Slomp
et al., 1996a). In marine sediments overlain by oxic bottom water, organic P, Fe-oxide bound P and
authigenic Ca-P are typically the major sedimentary phases contributing to burial of P (Ruttenberg
and Berner, 1993; Slomp et al., 1996a).
Sediments that are overlain by anoxic and sulfidic (“euxinic”) bottom waters can contain organic
P as the dominant P burial phase, as demonstrated recently for Baltic Sea sediments (Lukkari et
al., 2009; Mort et al., 2010). In such sediments, dissimilatory Fe(III) reduction and dissolution of
Fe(III) (oxyhydr)oxides by reaction with hydrogen sulfide (H2S) are generally expected to lead to
low Fe-oxide bound P concentrations in the surface sediments. The lack of active Fe and P recycling
in the sediment can limit the accumulation of pore water PO4 in the surface sediments and thus
hamper the formation of authigenic Ca-P (Reed et al., 2011b; Ruttenberg and Berner, 1993; Slomp
et al., 1996a). Other factors, such as the alkalinity and concentration of dissolved Ca2+ in the pore
water and the potential for coprecipitation of P with Mn-carbonate, also play a role in authigenic
Ca-P formation in anoxic sediments (e.g. Jilbert and Slomp, 2013a; Ruttenberg, 2003).
Surprisingly, Jilbert and Slomp (2013a) recently observed high Fe-bound P contents in
sediments from two near-permanently euxinic basins in the Baltic Sea (± 15 μmol/g; ~ 20 % of the
total P pool). This Fe-bound P was extracted in the step targeting P bound to reactive Fe (oxyhydr)
oxides in the ‘SEDEX’ sequential extraction procedure developed by Ruttenberg (1992). Moreover,
electron microprobe energy-dispersive spectroscopy allowed the identification of discrete Fe-P
enrichments in these Baltic Sea sediments. All sample handling took place under strictly anoxic
conditions, which rules out conversion of other sedimentary P phases to Fe-oxide bound P upon
exposure to oxygen during sample handling as described by Kraal et al. (2009).
The relatively large amount of P that was removed during the SEDEX step that targets Fe-oxide
P may be explained by the fact that this step can also extract reduced Fe-P minerals such as vivianite
(Fe(II)3(PO4)2·8H2O) (Nembrini et al., 1983). Reduced Fe phosphates have been suggested to form
below the sulfate/methane transition zone (SMTZ) in Zambezi deep-sea fan sediments (März et al.,
2008a) and in surface sediments in the Bothnian Sea (Slomp et al., 2013). In both studies, pore water
Fe2+ is no longer scavenged by dissolved H2S below the SMTZ and is available for the formation of
reduced Fe phosphates. In the study of Jilbert and Slomp (2013a), however, reduced Fe phosphates
are suggested to form within the SMTZ where Fe2+ concentrations are low and pore waters are
undersaturated with respect to vivianite. In these sediments, localized rapid reductive dissolution of
Fe-oxides and the associated release of P might still enable precipitation of reduced Fe phosphates
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2.2

Materials and Methods

Ethics statement
All necessary permits were obtained to sample the study sites for scientific purposes during the R/V
Meteor Cruise 51/4 and 72/5 (granted by the Romanian and Ukranian authorities).
2.2.1

Study area, stratigraphy and coring sites

The Black Sea, which is a permanently euxinic marine basin, has a surface area of 423,000 km2 and
a maximum water depth of 2200 m (Ross and Degens, 1974; Fig. 2.1). Saline water is supplied from
the Mediterranean Sea through the Bosporus Strait, and most fresh water enters the basin through
the Danube and other large European rivers. This continuous supply of both fresh and saline
water has led to a strong salinity stratification with highest salinities in the deep water, and a stable
redoxcline at a depth of about 150 m (Arthur and Dean, 1998; Coolen et al., 2009).
Two depositional periods can be discerned within the sedimentary profiles as captured by
multicores: Unit II (~7.5 – 2.5 kyr BP) and Unit I (~2.5 kyr BP – present) (Arthur and Dean, 1998;
Coolen et al., 2009; Ross and Degens, 1974). Unit I sediments are characterized by the preservation
of coccolithophores as finely laminated calcareous ooze containing 1-10% organic carbon. Unit II is
also organic-rich but is devoid of the remains of coccolithophores. Turbidite deposits are common
in deep basin sediments of the Black Sea. These homogeneous sediment layers originate from lateral
transport from the shelf and slope areas towards the basin (Lyons, 1991). Shelf sediments are not
characterized by distinct units and are overlain by oxic bottom water. They are mainly light brown/
gray in color and contain shells (Lyons, 1991).
In total, 6 multicores were retrieved from two transects in the western part of the Black Sea
(Fig. 2.1). Cores from stations 7614, 7617 and 7620 were collected during the R/V Meteor Cruise
51/4 in December 2001. Stations 5, 8 and 10 were sampled during the R/V Meteor Cruise 72/5 in
May and June 2007. Station 7614 is the only sample site that is situated on the continental shelf
(< 200 m water depth); all other stations are located in the basin (>200 m water depth, including
the slope area). All sediment cores from the basin contained Unit I deposits (Table 2.1). Only cores
from station 7620 and station 5 contained Unit II deposits, below 27 cm and 33 cm sediment depth,
respectively. The core from station 5 also contained a homogeneous turbidite layer between 26 and
33 cm sediment depth (Table 2.1).
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(Jilbert and Slomp, 2013a). It thus appears that reduced Fe phosphates can form in anoxic marine
sediments in a wide range of modern environmental settings. Reduced Fe phosphates may also have
formed in subsurface waters in the geologic past during periods of anoxic, ferruginous conditions
(e.g. Creveling et al., 2014). The underlying processes and the general importance of the burial of
reduced Fe phosphates in marine systems remain to be determined, however.
In this study, we analyzed the upper 30-50 cm of sediment from 6 stations in the western Black
Sea to determine whether Fe-bound P is an important P pool in sediments that are permanently
overlain by euxinic bottom waters (Jørgensen et al., 2001). In addition to geochemical analyses of
the pore water, we determined the total elemental composition, organic C and N content, and the
sediment forms of Fe and P using sequential chemical extractions. Our results show that sediments
in the Black Sea contain a large pool of Fe-bound P, lending further support to its importance as a P
sink in anoxic, sulfidic basins.

Chapter 2
Figure 2.1: Black Sea map including the station locations and bathymetry in m below sea surface (mbss).

2.2.2

Bottom water and pore water analyses

Bottom water and pore water data were only available for stations 5, 8 and 10. After bottom water
samples were taken, the cores were sampled for pore water using rhizons (pore size: 0.1 µm)
inserted through pre-drilled holes in the core liner (Seeberg-elverfeldt et al., 2005) to determine
dissolved Fe2+, manganese (Mn2+), PO4 and sulfate (SO42-) concentrations. Subsamples were acidified
with 1 M HNO3 and stored at 5°C before analysis by ICP-OES. H2S was assumed to be released
during the initial acidification, thus total S is used as a measure for sulfate (SO42-). Rhizons were
also used to collect pore water from a replicate core to determine H2S (after zinc acetate fixation;
(Cline and Richards, 1969)). At stations 5 and 10, pore water was collected from cores from parallel
deployments with rhizons and subsampled at 9°C for the colorimetric determination of ammonium
(NH4+; Gieskes et al., 1986) and alkalinity (Sarazin et al., 1999).
2.2.3

Total sediment composition

Multicores were sectioned on board and the sediment slices were placed into glass vials or
sample bags and frozen at minus 20°C. On land, the frozen sediment slices were freeze-dried
and ground. While the sediments of sites 7614, 7617 and 7620 were exposed to the atmosphere
during sample handling, those of sites 5, 8 and 10 were always handled under an inert nitrogen
(N2) or argon (Ar) atmosphere. Subsamples (0.125 g) of ground sediment slices were digested at
90 °C in a mixture of hydrofluoric acid, nitric acid and perchloric acid, after which the acids were
evaporated and the residue was redissolved in 1 M nitric acid. The final solution was then analyzed
for total P, manganese (Mn), calcium (Ca), sulfur (S), Fe, aluminum (Al), and molybdenum (Mo)
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
replicates, was generally less than 5%.

20

Table 2.1: Key characteristics of the sampled stations.
R/V Meteor
Cruise & Year of
sampling
Cruise 51/4
2001

7614
7617
7620
10
8
5

Water
Latitude Longitude
Depth(m)
91
464
2055
459
1060
2105

43°42.8’
43°38.9’
42°56.2‘
44°44.5’
44°37.7’
43°21.8’

29°54.4’
30°04.1’
30°01.9‘
32°01.2’
32°03.2’
32°38.0’

Unit l
(cm)

Unit ll
(cm)

<35
<27
<45
<36
<26,

-

Turbidite
Bottom
(cm)
water redoxconditions
-

27-33

33-35*

26-33

Oxic
Anoxic
Anoxic
Anoxic
Anoxic
Anoxic
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Cruise 72/5
2007

Station

*: At station 5, the assignment of the interval from 33-35 cm to unit II is tentative and is based on visual observations.

Calcium carbonate contents (CaCO3) were estimated from total Ca contents, after correcting
for the Ca content in clays: CaCO3 = 2.5 x (Ca content – 0.345 x Al content), where 0.345 is the
Ca/Al ratio in clays (Reichart et al., 1997; Turekian and Wedepohl, 1961). Given that Black Sea
sediments also may contain dolomite, CaCO3 contents may be overestimated. Organic C contents
were determined using sediment subsamples (0.2 g) that were decalcified by two washes with
1 M hydrochloric acid (HCl; 4 and 12 hours, respectively) and a final rinse with UHQ water. The
decalcified samples were freeze-dried and organic C was measured with a CN analyzer (Fisons
Instruments NA 1500). Laboratory tests have shown that the amount of organic C hydrolyzed by
1 M HCl is negligible (Van Santvoort et al., 2002). Based on laboratory reference materials and
replicates, the relative error for organic C was generally less than 5%.
2.2.4

Sediment phosphorus fractionation

Phosphorus fractionation in sediment subsamples was determined with the SEDEX method
(Ruttenberg, 1992), as modified by Slomp et al. (1996), but including the exchangeable P step. The
first extraction (0.5 h) with 1 M magnesium chloride, brought to pH 8 with sodium hydroxide,
was conducted to determine the exchangeable P fraction. Afterwards, Fe-bound P was 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) (8 h), followed by a wash step with 1 M
MgCl2 for 0.5 h. To extract authigenic Ca-P, the subsample residue was then extracted with 1 M
sodium acetate buffered to pH 4 with acetic acid (6 h), again followed by a 1 M MgCl2 wash step
for 0.5 hour. Detrital P was extracted with 1 M HCl for 24 h. 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. The
P concentrations in the CDB extracts were determined by ICP-OES, and the P concentrations in
all other extracts were determined colorimetrically on a Shimadzu spectrophotometer with the
molybdenum blue method (Strickland and Parsons, 1972). All extractions were performed at
room temperature and relative errors, calculated based on duplicates and in-house standards, were
generally less than 10%. The first two steps of the SEDEX method for the anoxically preserved
samples from stations 5, 8 and 10 were conducted in a N2-purged glove box to prevent sample
oxidation and associated changes in P fractionation (Kraal et al., 2009). The sum of the sequential
P fractions over the whole cores was similar to the total P concentrations as derived from the ICPOES (< 5% difference for all stations).
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Figure 2.2: Pore water profiles of Fe2+, Mn2+, SO42-, PO4, NH4+, H2S and alkalinity for three stations. Note the
differences in depth resolution. Water depth is given in meters below sea surface (mbss). Bottom water samples
are indicated with open symbols.

2.2.5

Sediment iron fractionation

The sequential chemical Fe extraction method developed by Poulton and Canfield (2005) was
applied to subsamples of 0.1 g of sediment. First, an extraction with 1 M sodium acetate brought
to pH 4.5 with acetic acid (24 h) targeted carbonate-associated Fe (Fe-Carb). Afterwards, the
extraction with 1 M hydroxylamine-HCl in 25% v:v acetic acid (48 h) was used to extract the
amorphous Fe-oxide fraction (Fe-Ox1). The crystalline Fe-oxides were then 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, magnetite was extracted with 0.2 M ammonium oxalate/0.17 M oxalic
acid for 2 hours (Fe-Mag). All extractions were performed at room temperature. The extracts
from stations 7614, 7617 and 7620 were measured with atomic absorption spectroscopy, and the
samples from stations 5, 8 and 10 were measured with ICP-OES after dilution with 1M HCl. The
latter samples were extracted in a N2-purged environment to avoid sample oxidation and changes
in associated Fe fractions (Kraal et al., 2009). Based on replicates, relative errors were generally less
than 5 %. The extraction method was also applied to freeze-dried and ground vivianite subsamples
to study whether vivianite is dissolved in one of the Fe extraction steps. Vivianite was synthesized
as described by Rouzies et al. (1993) by mixing a deoxygenated solution of ammonium Fe(II)
sulfate (12 g in 150 ml) with another deoxygenated 150 ml solution containing ammonium acetate
(2 g) and disodium phosphate (10 g) under an inert argon (Ar) atmosphere. After two days the
precipitate was filtered and freeze-dried. XRD-analysis confirmed that the synthesized mineral
consisted of pure vivianite. We found that 95% of all vivianite was dissolved in the hydroxylamineHCl and dithionite steps (0.2 g vivianite subsample in 10 ml solutions; 46 and 49 % of total extracted
P, respectively).
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Figure 2.3: Trends with water depth for key characteristics of the sediment. Values are averages for the total
analyzed Unit I section per multicore. The grey area indicates the part of the water column that is oxic.

2.3 Results
2.3.1

Pore water

Pore water Fe2+ concentrations at stations 5, 8 and 10 are low (< 2 µmol/L; Fig. 2.2; Dataset S1).
Dissolved Mn2+ and SO42- both decrease with sediment depth, whereas PO4 increases with depth
at all stations. At station 10, the NH4+, H2S and alkalinity profiles show a distinct increase with
sediment depth to values of 380 µmol/L, 1400 µmol/L and 12 mEq/L, respectively. These trends are
similar but less pronounced at station 5.
2.3.2

Total sediment composition

Distinct changes in the geochemical composition of the sediment per site are observed upon
the transition from the oxic shelf to the anoxic basin (Fig. 2.3; whole core average, only Unit I).
Sediments from the oxic shelf site 7614 are enriched in P, CaCO3 and Mn relative to sediments from
the other sites that are located at greater depth in the basin (Fig. 2.3). These basin sediments are
relatively enriched in organic C, S and Mo. Sediment Fe is more or less constant along the shelfto-basin transects while Al is lowest at the two deepest stations. The ratios of organic C and total
P (Corg/Ptot) and organic C and organic P (Corg/Porg) are lowest in the sediments underlying oxic
bottom waters (station 7614).
Besides trends with water depth, distinct trends in chemical composition with depth in the
sediment are observed. At the oxic station 7614, there is a strong enrichment in P, CaCO3 and Mn
just below the sediment-water interface (Fig. 2.4). Total S, Fe, Al and Corg/Ptot increase slightly with
depth in the sediment, whereas Mo is low throughout the core. At most deeper sites, sediment P,
CaCO3 and Mn are relatively constant with depth in Unit I. Only at the two deepest sites, CaCO3
profiles show an increase with sediment depth, followed by more constant values. Apart from a
downcore increase at station 7620, no distinct trends in organic C and S are observed in the Unit
I sediments. Trends in Fe, Mo and Al are roughly similar to those in S at most deep basin sites.
There are significant geochemical changes around the Unit I/Unit II transition at station 7620.
Here, CaCO3 decreases and organic C, Mo and Corg/Ptot increase. The turbidite at station 5 also has a
distinct geochemical signature with low CaCO3, organic C, S and Corg/Ptot ratios and high Fe and Al,
relative to unit I sediments.
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Figure 2.4: Sediment profiles of total P, CaCO3, Mn, Corg (organic C), S, Fe, Mo, Al and Corg/Ptot. The sediments
at stations 10, 7617, 8, 7620 and 5 are Unit I sediments unless indicated otherwise. Note the difference in
sampling resolution. Water depth is given in meters below sea surface (mbss).

2.3.3

Sediment phosphorus and iron speciation

At all stations, exchangeable and detrital P are low (< 3 µmol/g) and account for only a minor
proportion of total sediment P (each ~10 % of the total P pool) (Fig. 2.5). The sediment from the
oxic station 7614 contains some authigenic Ca-P and is enriched in organic P, relative to sediments
from all deep basin stations except station 5. The major P fraction at station 7614 is Fe-bound P,
which is enriched in the top 2 cm (~24 µmol/g). At all anoxic stations, authigenic Ca-P generally
increases with sediment depth, while organic P decreases slightly with sediment depth. Sediment
samples from anoxic stations that were exposed to atmospheric oxygen during sample handling
(station 7617 and 7620) have relatively high Fe-bound P concentrations and lower concentrations
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Figure 2.5: Solid phase phosphorus fractions for all stations (in µmol/g). The fractions are exchangeable P (ExP), detrital P (Detr-P), authigenic Ca-P (Auth-P), Organic P (Org-P) and Fe-bound P (Fe-P), as determined
with the SEDEX extraction procedure (Ruttenberg, 1992) All sediments were Unit I sediments except the
turbidite and Unit II sediments at station 5. Note the differences in depth scale for each station. Water depth is
given in meters below the sea surface (mbss).

compared to samples from stations 5 and 10 which were kept strictly anoxic. The turbidite at station
5 is enriched in authigenic Ca-P and low in organic and Fe-bound P, relative to the overlying unit I
deposits.
At all stations, the sum of the sequentially extracted Fe accounts for about 15 % of total Fe. All
extracted Fe fractions, but in particular the Fe-oxides (Fe-Ox1 and Fe-Ox2), are enriched in the
oxic surface sediment at station 7614 and decrease within the upper 5 cm of sediment (Fig. 2.6).
Deeper in the sediment, the carbonate-associated Fe fraction is absent, while the other extracted
Fe fractions (Fe-Mag, Fe-Ox1 and Fe-Ox2) are almost constant with values around 12, 15 and
17 µmol/g, respectively. In the Unit I sediments from the deep basin cores no clear trends in the
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Figure 2.6: Solid phase iron fractions for all stations (in µmol/g). The fractions, as determined with the
sequential extraction procedure of Poulton and Canfield (2005), are carbonate-associated Fe (Fe-Carb)
magnetite (Fe-Mag), Fe extracted with a hydroxylamine-HCl extraction (Fe-Ox1, targets amorphous Fe-oxides)
and Fe extracted in the dithionite extraction (Fe-Ox2, targets crystalline Fe-oxides). All sediments were Unit I
sediments except for the Unit II sediments at station 7620 and the turbidite and Unit II sediments at station 5.
Note the differences in depth scale for each station. Water depth is given in meters below sea surface (mbss).

extracted Fe fractions with sediment depth are observed. In these cores, the Fe fraction extracted
in the hydroxylamine step (Fe-Ox1) generally is the major extracted Fe fraction. The turbidite at
station 5 is enriched in all extracted Fe fractions, but particularly in Fe extracted in the oxalate
and hydroxylamine steps (Fe-mag and Fe-ox1). Both Unit II and turbidite sediments are generally
enriched in the extracted Fe fractions relative to Unit I.
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2.4 Discussion
2.4.1

Fe-bound P burial in the deep basin sediments of the Black Sea

2.4.2

Alterations in P and Fe fractionation due to oxidation artifacts

Because some of the investigated sediments were exposed to the atmosphere during sample
handling (stations 7614, 7617, 7620), there is the possibility that the original P fractionation was
altered and that Fe-bound P was formed as an oxidation artifact. In these sediments, sulfuric acid,
as produced by the oxidation of FeSx, can lead to the dissolution of authigenic and detrital Ca-P.
Exchangeable and organic P may also decline upon oxic storage. The released PO4 can then be
bound to freshly formed Fe-oxides, which results in a higher Fe-bound P fraction in the sediment
(Kraal et al., 2009; Kraal and Slomp, 2014).
This may explain the higher Fe-bound P fractions in the sediments that were exposed to the
atmosphere. If so, this implies that the conversion to Fe-bound P can also occur in CaCO3 rich
sediments (~ 50 wt%; Fig. 2.3), despite the buffering capacity of CaCO3 against acidic dissolution
of authigenic Ca-P. Nevertheless, oxidation artifacts alone cannot explain the presence of Fe-bound
P in the Black Sea sediments given that the sediments that were analyzed under strictly anoxic
conditions also contain Fe-bound P (Fig. 2.5).
2.4.3

Are turbidites or Fe from the water column possible sources of Fe-bound P in the deep
basin sediments?

The Fe-bound P in the basin sediments is determined with the CDB-step of the SEDEX procedure,
which targets the Fe-oxide bound P fraction in the sediment (Ruttenberg, 1992). This requires the
presence of Fe (oxyhydr)oxides in the basin sediments. The shelf-to-basin Fe shuttle (Lyons and
Severmann, 2006; Raiswell and Canfield, 2012; Shaffer, 1986) can lead to Fe enrichments in the
basin, which is reflected in our data by the increasing sedimentary Fe/Al ratio with water depth (Fig.
2.3). However, the excess Fe in the basin is most likely deposited as Fe sulfides. In the sulfidic water
column, H2S reacts rapidly with Fe (oxyhydr)oxides (on time scales of seconds to weeks), while the
travel time of Fe from the shelf sediments to the basin sediments is estimated to lie around 1500
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The near constant organic C, NH4+ and alkalinity profiles at the deepest station (Fig. 2.2 and 2.4)
are in line with low rates of organic matter degradation in the anoxic sediments (Moodley et al.,
2005). Also both Corg/Ptot and Corg/Porg in the basin sediments are elevated relative to the Redfield
ratio of 106:1 (Fig. 2.3; Redfield, 1958) which is the average ratio for marine organic matter. This
suggests preferential release of P relative to C from organic matter (Ingall et al., 1993; Ingall and
Jahnke, 1997), as typically is observed in sediments deposited under anoxic bottom waters (Jilbert
et al., 2011; Kraal et al., 2010; Teodoru et al., 2007). Precipitation of the released P probably leads to
formation of authigenic Ca-P in the basin sediments, and thus to a sink-switching of organic P to
authigenic Ca-P (Ruttenberg and Berner, 1993; Slomp et al., 1996a).
Our sequential P extraction data suggest remarkably high Fe-bound P contents in sediments
from the deep basin of the Black Sea (Fig. 2.5). The burial of Fe-bound P in the basin sediments in
the Black Sea occurs under sulfidic bottom waters (with 10 to 400 µmol H2S/L, depending on water
depth;Jørgensen et al., 2001). These reducing conditions in the basin sediments are also reflected by
enrichments in sedimentary S and Mo, which both precipitate under sulfidic conditions. In contrast,
the surface sediments underlying oxic bottom water at station 7614 are enriched in Mn (Fig. 2.3).
The combined results confirm that Fe-bound P is an important burial sink for P in anoxic basin
sediments, as shown recently for the Baltic Sea (Jilbert and Slomp, 2013a).

days (Canfield et al., 1992; Raiswell and Canfield, 2012). It is also unlikely that the Fe (oxyhydr)
oxides are transported via turbidites at all basin locations, as we could only identify a turbidite at
station 5 while all basin sediments were enriched in Fe-bound P. It is thus highly unlikely that the
Fe-bound P in the anoxic basin sediments represents Fe-oxide bound P.
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2.4.4

Vivianite as a possible Fe-bound P phase in the deep basin sediments

Still, in all Unit I sediments, large amounts of Fe were extracted in the hydroxylamine-HCl and
dithionite steps (Fig. 2.6), which together represent the pool of sedimentary Fe (oxyhydr)oxides
(Poulton and Canfield, 2005). It is possible that some labile FeSx was extracted during treatment
with either hydroxylamine-HCl or dithionite. Another possibility is that the extracted Fe was
originally present in reduced Fe phosphates such as vivianite (Fe(II)3(PO4)2). As vivianite is also
dissolved in the CDB- step of the sequential P extractions (Nembrini et al., 1983), the relatively large
amounts of Fe-bound P as well as Fe extracted in the hydroxylamine-HCl and dithionite step in
strongly reducing Unit I sediments in the Black Sea may in fact reflect the presence of vivianite.
The lack of a change of the Fe-bound P with sediment depth in the sediments overlain by an
anoxic water column suggests the presence of a stable Fe phosphate mineral (Fig. 2.5). In contrast,
Fe-bound P in the sediments that are overlain by an oxic water column sharply decreases in the
upper 3 – 5 cm of the sediment, due to reductive dissolution of Fe oxyhydr(oxides) (Fig. 2.5). A
parallel redox-sensitive dissolution of Mn-oxides is observed at this station as well (Fig. 2.4).
Note that, besides vivianite, also other reduced Fe phosphates as ludlamite Fe3(PO4)2.4(H2O) and
phosphoferrite Fe3(PO4)2.3(H2O) (Moore, 1971) might be dissolved in the P and Fe extraction steps
and may explain the high Fe-bound P fractions at the anoxic basin sites.
2.4.5

Inclusion of Fe-bound P in Deltaproteobacteria

The formation of vivianite is assumed to be minimal in euxinic environments due to efficient
scavenging of dissolved Fe2+ by H2S (Canfield et al., 1992). However, processes in microenvironments in the sediments or overlying water column, which are not controlled by the pore
water geochemistry, may still allow vivianite formation, as suggested by Jilbert and Slomp (2013a).
These microenvironments could be established in Deltaproteobacteria. Deltaproteobacteria that
are closely related to known sulfate-reducers and zero-valent sulfur (S0) disproportionators were
recently observed in bacterial mats performing anaerobic oxidation of methane in the anoxic Black
Sea (Basen et al., 2011; Milucka et al., 2012; Reitner et al., 2005). Raman spectroscopy indicated
that these bacteria contain vivianite granules (Milucka et al., 2012). Iron- and P- rich inclusions
in Deltaproteobacteria have also been observed in a bacterial culture from the Mediterranean Sea
(Lefèvre et al., 2009). The function of these inclusions is so far unknown. However, it has been
suggested that similar inclusions are involved in the detoxification of Fe (Byrne et al., 2010) or
magnetotaxis (Zhu et al., 2010).
Such Fe- and P-rich inclusions in Deltaproteobacteria bacteria may explain the occurrence of
Fe-bound P in the anoxic basin sediments as observed in this study. Note that the Fe-rich turbidite,
which probably originated from the Black Sea shelf, does not contain significant Fe-bound P. This
suggests that the reduced Fe-bound P phases are not formed in surface sediments on the shelf. This
is in line with observations in the Baltic Sea showing that Fe-bound P is completely lost at depth in
the sediment at oxic and hypoxic sites (Jilbert and Slomp, 2013a; Mort et al., 2010).
The P accumulation in bacteria may also play an important role in sedimentary P burial in other
marine environments. Deltaproteobacteria are abundantly present in and around the SMTZ in many
marine systems (e.g. Harrison et al., 2009). Fe-P inclusions in these bacteria may help explain the
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enrichment in Fe-bound P observed around the STMZ in Baltic Sea sediments (Jilbert and Slomp,
2013a). For other bacteria it is already known that they can affect sedimentary P burial. It has, for
instance, been shown that sulfide-oxidizing bacteria on the Nambian shelf can induce precipitation
of authigenic Ca-P in the sediment (> 15 mmol/g; Goldhammer et al., 2010; Schulz and Schulz,
2005).
2.4.6

Fe-bound P burial in the basin sediments as a product of the Mn-Fe-P shuttle

2.4.7

A simple P budget for the Black Sea

Here, we attempt to assess the importance of Fe-bound P burial for the P cycle in the Black Sea
using a simple mass budget (Table 2.2). The Black Sea is divided into two areas: the shelf (0 - 200 m
water depth) and the basin (> 200 m water depth). The P input consists of river input, deposition
of atmospheric dust and inflow from the Bosporus. Some P is removed via outflow through the
Bosporus but the main sink is sedimentary P burial. To obtain P accumulation rates (in 107 mol/
yr), mass accumulation rates per sediment surface area (g/m2/yr) derived from Teodoru et al.
(2007) were multiplied by the total sediment surface area (m2) and the P content as derived from
our sequential P extraction data (mol/g; Fig. 2.5). In the sediments overlain by oxic bottom water,
the top 5 cm of sediment was probably enriched in Fe-oxide bound P, of which most is reductively
dissolved in the deeper sediment (Fig. 2.5). To focus on long-term P burial, the top 5 cm from the
Table 2.2: Sources of data for the P budget for the Black Sea in x 107 mol/yr, unless noted differently
Shelf
(0-200 m)
Total sediment surface area (km2)
Mean mass accumulation rate (g/m2/yr)
Mean P content (µmol/g)
Calculated P accumulation rate
P input by rivers
Atmospheric P input
Bosporus P input
Bosporus P output

Basin
Source
(> 200 m)

145 500
267 500
264
63
24.5
18.0
94
30
142 for period 1996-2000
10
32
49

(Teodoru et al., 2007 and references therein)
(Teodoru et al., 2007 and references therein)
Own data from SEDEX (*)
(Teodoru et al., 2007)
(Fonselius, 1974; Özsoy and Ünlüata, 1997)
(Polat and Tugrul, 1995)
(Polat and Tugrul, 1995)

Mean values for the relative P fractions were calculated from the P fractionation data (Fig. 2.5). *: based on sediments from 5 cm sediment
depth downwards.
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Micro-environments in sinking material in the water column may already facilitate the formation
of stable Fe-bound P phases. Dellwig et al. (2010) observed almost pure Fe-P particles within and
below the redoxcline of the Black Sea. The formation of nearly pure Fe-P phases has been found to
occur as the result of reductive dissolution of Mn-oxides from mixed Mn-Fe-P phases (the so-called
Mn-Fe-P shuttle). Based on an average molar Fe/P ratio of 2.9 for these Fe-P particles, Dellwig et al.
(2010) argued that they are unstable colloidal P-bearing hydrous ferric oxides rather than stable Fe
phosphates such as vivianite or strengite. They assumed that the Fe-P particles are dissolved in the
sulfidic part of the Black Sea water column below the redoxcline. However, the exact Fe-P phase
and their fate in sulfidic waters are unknown. If some Fe-P particles survive the passage through the
sulfidic water column, perhaps through alteration to stable Fe phosphates, the Mn-Fe-P-shuttle may
contribute to Fe-bound P deposition and thus Fe-bound P burial in the underlying basin sediments.

Atmospheric deposition
River input

10

142

Bosporus
17

142 + 10 - 17 - 94 - 30 = 11
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94
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Exchangable P
Detrital P
Authigenic Ca-P
Organic P
Fe-bound P
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Figure 2.7: The P mass balance of the Black Sea with values in x 107 mol P/yr. The fluxes related to the Sea of
Marmara are excluded as their effect is minimal (Teodoru et al., 2007). The Black Sea is divided into two areas:
the shelf with generally oxic bottom waters (< 200 m water depth) and the basin with anoxic bottom waters (>
200 m water depth). The relative P fractions are based on values below 5 cm depth to limit the effect of shortterm burial on total P burial. Based on this balance, 11 x 107 mol P is added to the water column on a yearly
basis.

shelf sediment was excluded in the calculations of the mean P content and relative P fractions.
Furthermore, the P fractionation data from stations 7617 and 7620 were excluded as the P fractions
might be altered by oxidation artifacts (Kraal et al., 2009).
Our budget clearly shows that P burial is the most important removal pathway for P in the Black
sea (Fig. 2.7), as also shown by Arthur and Dean (1998) and Teodoru et al. (2007). Without any P
burial, the residence time of PO4 in the water column would increase 8-fold, from approximately
2000 years to 16000 years (based on recent mean PO4 concentrations throughout the water column
(~5 µmol/L; Dellwig et al., 2010) and a water volume of 547000 km3 (Zaitsev and Mamaev, 1997)).
With our calculated P burial rates, 11 x 107 mol P/yr would be added to the water column, which
would result in less than a 5 % increase in PO4 concentrations in 1000 years. However, without any P
burial, PO4 concentrations would increase by approximately 50 % in 1000 years. With higher yearly
P river inputs (e.g. 220 x 107 mol P/yr; (Strokal and Kroeze, 2012) and references therein) and no P
burial, PO4 concentrations in the water column would increase by 4 µmol/L in 1000 years.
As observed in many marine systems (Ruttenberg, 2003), more burial of P occurs on the shelf
than in the deep basin (Fig. 2.7). The calculated P burial on the shelf is 94 x 107 mol P/yr, whereas
the calculated burial of P in the deep basin is 30 x 107 mol P/yr. The actual P burial on the shelf
might even be higher as shelf areas with high P accumulation rates were not included. Teodoru et al.
(2007) who did include sites from the Donau and Dniestr delta front, calculated higher burial rates
of 116 x 107 mol/yr on the shelf. Note that it is, however, unknown to what extent P burial on the
shelf contributes to long-term P burial. Most P is buried as Fe-bound P and further work is required
30

2.5 Conclusions
Our results show that Fe-bound P is an important P fraction in anoxic basin sediments in the Black
Sea, accounting for more than 20 % of the total sediment pool of P. The burial of Fe-bound P is
of sufficient magnitude to impact the P cycle in the water column of the Black Sea. Together with
recent observations of high Fe-bound P burial in the Baltic Sea, our results suggest that the burial
of Fe-bound P in anoxic basins is more common than typically assumed. Several mechanisms may
perhaps lead to the burial of Fe-bound P in the Black Sea basin. One possibility is that this P is
present in the form of reduced Fe-P minerals that might be formed by sulfur-disproportionating
Deltaproteobacteria. Further research is needed to elucidate the exact mineral form and the
mechanisms that lead to the burial of Fe-bound P in anoxic basins.
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to determine whether this P is truly buried permanently as Fe-bound P or undergoes sink-switching
to authigenic Ca-P (Ruttenberg and Berner, 1993; Slomp et al., 1996a).
Based on our calculations, at least 30 % of the total P burial occurs in the deep basin of the
Black Sea, where Fe-bound P burial is nearly as important as authigenic and organic P burial (22%,
32% and 29%, respectively). The latter results are in correspondence with results from an anoxic
basin in the Baltic Sea (site F80), where Fe-bound P, authigenic P and organic P were also the
main sedimentary P phases (29%, 21% and 36% of the total extracted P from 5 cm sediment depth
downwards, respectively; Jilbert and Slomp, 2013a). These estimates show that Fe-bound P burial is
more important in anoxic, sulfidic basins than currently assumed. We find that burial of Fe-bound
P lowers Corg/Ptot ratios in sediments of the Black Sea basin by 22%. The burial of Fe-bound P thus
reduces the magnitude of the enhanced regeneration of P relative to organic C that is typically
observed under anoxic, sulfidic conditions (Algeo and Ingall, 2007).

You spent the first five years
trying to get with the plan.
And the next five years
trying to be with your friends again.
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All My Friends - LCD Soundsystem
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PHOSPHORUS BURIAL IN SEDIMENTS OF THE
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APATITE AUTHIGENESIS
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Abstract

Sedimentary burial of the essential nutrient phosphorus (P) under anoxic and sulfidic conditions
is incompletely understood. Here, we use chemical and micro-scale spectroscopic methods to
characterize sedimentary P burial along a water column redox transect (six stations, 78 – 2107 m
water depth) in the Black Sea from the shelf with its oxygenated waters to the anoxic and sulfidic
deep basin. Organic P is an important P pool under all redox regimes, accounting for up to 60 %
of P burial. We find a general down-core increase in the relative importance of organic P, especially
on the shelf where P bound to iron (Fe) and manganese (Mn) (oxyhydr)oxides is abundant in the
uppermost sediment but rapidly declines in concentration with sediment depth. Our chemical
and spectroscopic data indicate that the carbonate-rich sediments (Unit I, ~3000 years, ~ 0 – 30
cm depth) of the sulfidic deep Black Sea contain three major P pools: calcium phosphate (apatite),
organic P and P that is strongly associated with CaCO3 and possibly clay surfaces. Apatite
concentrations increase from 5 % to 25 % of total P in the uppermost centimeters of the deep
basin sediments, highlighting the importance of apatite formation for long-term P burial. Iron(II)associated P (ludlamite) was detected with X-ray absorption spectroscopy but was shown to be a
minor P pool (~5 %), indicating that lateral Fe-P transport from the shelf (“shuttling”) likely occurs
but does not impact the P burial budget of the deep Black Sea. The CaCO3-P pool was relatively
constant throughout the Unit I sediment interval and accounted for up to 55 % of total P. Our
results highlight that carbonate-bound P can be an important sink for P in CaCO3-rich sediments
of anoxic, sulfidic basins and should also be considered as a potential P sink (and P source in case of
CaCO3 dissolution) when reconstructing past ocean P dynamics from geological records.
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3.1 Introduction
Phosphorus (P), an essential macronutrient that helps control marine primary productivity, is
removed from marine systems by burial in the sediment. The mechanisms by which P is sequestered
in sediments are strongly dependent on bottom water redox conditions. Understanding the impact
of changes in bottom water oxygenation on benthic P cycling is of great importance in light of the
globally increasing areal extent of oxygen-depleted coastal marine systems and the importance
of P availability in eutrophication (Diaz and Rosenberg, 2008; Middelburg and Levin, 2009). In
addition, an accurate interpretation of variations in P burial in paleorecords and the relation with
depositional conditions benefits from an accurate understanding of redox-dependent P burial in
modern sediments (Algeo and Ingall, 2007; Kraal et al., 2010).
Under oxic bottom waters, dissolved phosphate (denoted as HPO42-, the dominant phosphate
ion at seawater pH) released during organic matter (OM) breakdown is initially scavenged by ferric
iron (oxyhydr)oxides (FeOX) in surface sediments (Einsele, 1936; Mortimer, 1941; Slomp et al.,
1996b). This Fe-bound P is released back to the pore-water during sediment burial as FeOX undergo
reductive dissolution. Eventually, the released HPO42- precipitates as authigenic P minerals at depth
in the sediment or diffuses back to the sediment surface where it typically is either adsorbed to FeOX
or escapes to the overlying water. Under marine conditions with millimolar levels of calcium, the
accumulation of dissolved HPO42- often leads to calcium phosphate precipitation, predominantly in
the form of carbonate fluorapatite (CFA) (Van Cappellen and Berner, 1988; Ruttenberg and Berner,
1993). Calcium phosphates are the stable end product of P diagenesis and constitute the principal
long-term P burial phase (Anderson et al., 2001).
In addition, Fe phosphate authigenesis may play an important role in sedimentary P
sequestration. In the absence of free dissolved sulfide (referred to here as HS-, the dominant form
at seawater pH), reductive dissolution of FeOX can lead to the accumulation of both dissolved Fe2+
and HPO42- and subsequent precipitation of Fe(II) – P phases such as vivianite, Fe(II)3(PO4)2·8H2O.
Evidence from modern and ancient marine systems suggests that iron(II) phosphate authigenesis
is favored under anoxic sulfide-depleted conditions in the water column and sediment (März et al.,
2008a; März et al., 2008b; Slomp et al., 2013; Hsu et al., 2014; Egger et al., 2015a); in the presence of
dissolved HS-, dissolved Fe2+ is precipitated in Fe sulfides that have little affinity for HPO42- (Krom
and Berner, 1980). As such, the balance between Fe2+ and HS- release into pore-waters controls the
fate of dissolved HPO42- in sedimentary systems.
External input of metal (Fe, Mn) oxides has the potential to alter the relationship between bulk
sediment geochemistry and P burial mechanisms. For instance, sulfidic deep basins within the
Baltic Sea receive substantial amounts of Fe and Mn (oxyhydr)oxides. The deposition of FeOX from
adjacent, oxygenated shelf sediments and their subsequent reductive dissolution can create Fe2+-rich
micro-environments where Fe(II)-P authigenesis occurs within bulk sulfidic sediment (Jilbert and
Slomp, 2013a; Reed et al., 2016; Dijkstra et al., 2016). Similarly, mixed Mn(II) – Ca – carbonate –
phosphate phases may form as a result of anoxic diagenesis of sediment intervals rich in Mn oxides
that were deposited in Baltic Sea deep basins following inflows of oxygenated waters (Suess, 1979;
Jilbert and Slomp, 2013a; Dijkstra et al., 2016). These conditions, in particular the highly dynamic
oxygen regime, are rather specific and therefore these findings may not be representative for more
open marine, anoxic settings in the past and present.
The Black Sea is well-suited to investigate the effects of long-term euxinia on sedimentary P
dynamics including the role of Fe – P associations. It is the world’s largest strongly stratified marine
basin and its deep (bottom) waters have been sulfidic for thousands of years (Wilkin et al., 1997).
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3.2 Materials and methods
3.2.1

Sample collection and core processing

During a research cruise with RV Pelagia between June 7 and 23 in 2013, the water column and
surface sediment were sampled at six stations along a depth transect in the northwestern Black
Sea. The transect extended from the deep sea (2107 mbss) to the shelf (78 mbss) (Fig. 3.1). Physical
properties of the water column were measured with a temperature-conductivity-density (CTD)
profiler, to which a Seabird SBE43 oxygen optode was attached for dissolved O2 measurements.
Multi-cores at all stations were collected using polycarbonate tubes of 60 cm length with an inner
diameter of 10 cm. Between 26 and 46 cm of sediment was recovered with overlying water. General
sediment properties and a generalized core description based on visual inspection are presented in
Table 3.1. After ensuring that the sediment surface was intact, cores were immediately capped with
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Surface sediments in the deep Black Sea consist of an upper layer of laminated coccolith ooze (Unit
I, 2.7 ka – present), underlain by a less CaCO3-rich, dark-colored sapropel (Unit II, 7.6 ka – 2.7
ka) (Degens and Ross, 1974; Hay et al., 1991; Arthur and Dean, 1998; Eckert et al., 2013). While
the sediments of the Black Sea have been studied extensively for decades, there is surprisingly
little information on sedimentary P burial. In the two only studies presenting detailed sediment
P speciation so far, Dijkstra et al. (2014) and Ruttenberg (1990) reported significant amounts of P
apparently present as Fe-associated P (up to 25 % of total P) in sediments of the deep basin below
more than 2000 m of sulfidic waters. Dijkstra et al. (2014) proposed that this P might be in the
form of intra-cellular Fe(II)-P minerals formed within bacteria which were thus shielded from the
sulfidic pore waters in which Fe(II)-P is thermodynamically unstable. In contrast to the sediment,
Fe-P cycling in the water column of the Black Sea is relatively well-understood. Mixed Fe – Mn
(oxyhydr)oxide phases that adsorb HPO42- form above and within the redoxcline around 100 m
water depth (Shaffer, 1986; Dellwig et al., 2010). The potential for this shuttle to deliver Fe – Mn – P
minerals to deep sediments is unclear, but is assumed to be negligible due to reductive dissolution
of the oxide phases in the sulfidic waters below the redoxcline (Dellwig et al., 2010). Overall, it is
unclear what role Fe(II)-P minerals play in P burial under long-term sulfidic conditions.
In addition, the impact of anoxia on CFA formation is still incompletely understood (Tsandev et
al., 2012; Lomnitz et al., 2015). While a limited organic matter flux can explain the lack of authigenic
Ca-P formation in some anoxic deep sea settings, such as the Mediterranean Sea during sapropel
formation (Kraal et al., 2010; Reed et al., 2011a), other factors, such as a high alkalinity have been
invoked to explain the lack of Ca-P formation in more productive regions (Schenau et al., 2000).
Organic-rich sediments with very little CFA formation have been observed in for instance sulfidic
deep basins in the Baltic Sea (Mort et al., 2010) and strongly reducing estuarine sediments (Kraal
et al., 2015b). On the other hand, anoxic sediments from oxygen minimum zones host extensive
apatite (and phosphorite) formation (Froelich et al., 1988; Schenau et al., 2000; Schulz and Schulz,
2005; Kraal et al., 2012).
Here, we investigate the cycling and burial of P in Black Sea sediments along a depth transect
from the shelf with oxygenated bottom waters (78 m water depth, 150 µmol O2 kg-1) to the anoxic
and sulfidic deep basin (2107 m water depth). Detailed chemical characterization of the pore-water
and of solid-phase Fe, P and S pools was combined with micron-scale X-ray fluorescence element
mapping (µXRF) and X-ray absorption spectroscopy (XAS) for Fe and P speciation. We show that
besides authigenic apatite and organic P, P adsorbed onto CaCO3 can represent a key P burial phase
in sediments of anoxic and sulfidic basins.
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rubber stoppers and vertically transferred into a N2-purged oxygen-free glovebox. A 20-mL sample
of the overlying water was taken, the remaining overlying water was siphoned

Figure 3.1: Map of Black Sea area with sampling stations 2 – 7 along the transect from the deep sea to the shelf.
Black square in top panel is shown as zoom in bottom left panel with station locations. Bottom right panel
shows approximate bathymetry and dissolved oxygen and sulfide profiles. Top and bottom left panels were
adapted from Ocean Data View 4 (Schlitzer, 2015).

off, and the sediment core was sectioned into intervals between 0.5 and 4 cm thickness, with the
resolution decreasing with depth. About 15 mL of wet sediment from each interval was transferred
into a pre-weighed glass vial that was stored in an anoxic jar at -20 °C prior to the on-shore water
content determination and solid-phase analyses as described below. The remaining material was
transferred into 50 mL polypropylene centrifuge tubes. The closed centrifuge tubes were centrifuged
at 4500 rpm for 20 min, and immediately transferred back into the oxygen-free glovebox where
the supernatant was filtered over a 0.45 µm Teflon filter. The bulk pore-water was used for various
on-board and on-shore analyses, as described below.
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Table 3.1: General properties of coring locations and retrieved cores (BW = bottom water). The original
station numbers were kept for easy comparison with upcoming studies from the same research expedition.
Temperature from CTD profiler, oxygen and sulfide from deepest Niskin bottle of CTD/Rosette sampler (depth
between parentheses). Station 6A and 6B data from same CTD cast.
Station

b

Depth
(mbss)

BW T
(°C)

BW O2
(µmol kg-1)

BW HS(µmol L-1)

Core length
(cm)

Sediment
description

7

43°53.8’ N
28°58.6’ E

78

7.8

166.3
(75 mbss)

0

26

Gray clay with shell
banks

6A

43°44.1’ N
30°04.4’ E

120

8.5

10.7
(125 mbssa)

0

26

Gray clay with
shell banks, brown
surface layer

6B

43°42.8’ N
30°05.1’ E

130

8.5

10.7
(125 mbss)

0

9.5

Gray clay with shell
banks

4

43°40.6’ N
30°07.5’ E

377

8.8

b.d.b
(300 mbss)

82

46

Laminated mud
with fluffy top layer

3

43°31.8’ N
30°15.5’ E

1100

9.0

b.d.b
(1000 mbss)

381

40

Laminated mud
with fluffy top layer

2

42°4.8’ N
29°40.7’ E

2107

9.1

b.d.b
(2000 mbss)

418

36

Laminated mud
with fluffy top layer
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a

Coordinates
(lat., long.)

CTD depth deeper than station depth; coring location was shifted slightly after CTD to capture the Mn particle maximum
Below the detection limit of O2 optode of ~ 0.5 ± 5 µmol kg-1

3.2.2

Chemical pore-water and solid-phase analyses

In the oxygen-free chamber, various aliquots of pore-water were taken from the bulk pore-water
sample for analyses (Table 3.2). Dissolved phosphate, ammonium, nitrite, nitrate, total sulfide
(HS- + H2S, denoted here as HS-) and inorganic carbon were quantified on-board with a QuAAtro
autoanalyzer (Seal Analytical). The pore-water N/P ratio was calculated as the ratio between NH4+
+ NO3- + NO2- and HPO42-.To avoid H2S loss, the aliquot for sulfide analysis was transferred into
a 8 mmol L-1 NaOH solution immediately after filtration. Dissolved sulfate concentrations were
measured by ion chromatography (Dionex ICS-3000) on-shore at Utrecht University.
Also on-shore, the frozen wet sediment samples in the glass vials were weighed, freeze-dried
and immediately transferred to an oxygen-free glovebox. The vials were then closed and transferred
out of the glovebox to be weighed to determine water content from weight loss. Subsequently, the
vials were transferred back into the glovebox to be manually ground with an agate mortar and
pestle. A 0.3 g sub sample of the ground sediment was decalcified by two washes with 1 M HCl (4 h
and 12 h) followed by two rinses with ultrapure water. The sediment residue was freeze-dried and
organic carbon (Corg) content was quantified with a CNS analyzer (Fisons Instruments NA 1500). A
second sub sample of 0.125 g was used for total solid-phase analysis after acid digestion.
The sub sample was digested in 5 mL of a mixture of concentrated HNO3, HClO4 and HF at 90
°C. After evaporation of these acids at 160 °C, the residue was dissolved overnight at 90 °C in 1 M
HNO3, and Al, Ca, Fe, Mn, P and S were determined by ICP-OES (Perkin Elmer Optima 3000) in
the final solution. Calcium carbonate was calculated on weight basis from total Ca contents after
correction for clay-associated Al: CaCO3 = 2.5 × (Ca – 0.345 × Al) (Turekian and Wedepohl, 1961;
Reichart et al., 1997).
Two separate sub samples of the ground sediment of 50 and 100 mg were used for sequential
extraction of Fe (Poulton and Canfield, 2005; Claff et al., 2010) and P (Ruttenberg, 1992). The
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Table 3.2: Pore-water sample treatment and analysis.
Analyte
(sample volume)

Pre-treatment

Storage

Measurement

HPO42-

Acidified to pH ~1 with 5 M suprapur
HCl

4 °C

Autoanalyzer
(on-board)

NH4+, NO2-, NO3-

None

4 °C

Autoanalyzer
(on-board)

HS-

Diluted 4 × in degassed 8 mmol L-1
NaOH

4 °C

Autoanalyzer
(on-board)

DIC

Diluted 10 × in degassed 25 g L-1 NaCl

4 °C

Autoanalyzer
(on-board)

SO42-

Diluted 10 × in ultrapure water

4 °C

Ion chromatography
(Utrecht Univ.)

extraction steps are detailed in Table 3.3 and 3.4. The Fe and P extractions were performed under
oxygen-free conditions to prevent artifacts due to sample oxidation (Kraal et al., 2009; Kraal and
Slomp, 2014). In addition to the sediment samples, we also subjected synthetic vivianite and
CaCO3-bound P to sequential P extraction (for details on synthesis, see Appendix 3.1). The P
concentrations in all extracts except the buffered citrate-dithionite extracts were measured with the
molybdenum blue colorimetric method (Murphy and Riley, 1958). The citrate-dithionite extracts
were analyzed for Ca, Fe, Mn and P by ICP-OES. Reactive P was calculated as total P minus
detrital P. The ratio between organic C and reactive P (Corg/Preactive) was calculated as an indicator
of sedimentary P burial efficiency. Assuming reactive P is delivered mostly in organic matter, Corg/
Preactive values above the Redfield ratio of 106 suggest loss of P from the sediment relative to organic
carbon (Ingall and Jahnke, 1994; Kraal et al., 2010).
The total Fe concentrations in all extracts except the CDB solutions were determined with
the colorimetric phenanthroline method (APHA, 2005). In the HCl extracts from step 1 of the Fe
extraction procedure, Fe2+ and total Fe were determined by measuring absorbance before and after
adding the hydroxylamine-hydrochloride reducing agent that converts any dissolved Fe3+ to Fe2+.
The Fe3+ concentration was then calculated as the difference between total Fe and Fe2+. The CDB
solutions were analyzed by ICP-OES.
The sum of the extracted Fe phases is termed highly reactive Fe (FeHR): iron that has already
reacted with sulfide and Fe phases that are reactive towards dissolved sulfide on geologically
short timescales (years to millennia) (Canfield et al., 1992; Raiswell and Canfield, 1998; Poulton
and Canfield, 2005). Because of uncertainty regarding the partial dissolution of magnetite in the
HCl and CDB solutions (step 1 and 2 of sequential Fe extraction), the CDB-Fe and oxalate-Fe
are collectively referred to as crystalline Fe(III) (oxyhydr)oxides. The difference between total Fe
as measured by acid digestion and FeHR represents poorly reactive and unreactive Fe (here jointly
termed FePR). The degree of pyritization (DOP) was calculated here as the fraction of highly
reactive Fe that was present as HNO3-Fe: DOP = pyrite-Fe/FeHR, a slight alteration of the original
formulation of DOP = pyrite-Fe/(pyrite-Fe + acid-soluble Fe) (Berner, 1970; Raiswell et al., 1988).
On a subset of samples from all stations, reduced inorganic sulfur (RIS) pools were determined
using a slight modification of the sequential extraction method of Burton et al. (2011), as
described by Kraal et al. (2013). The method separates RIS into acid-volatile sulfide (AVS; 6 M
HCl, 24 h), elemental sulfur (S0; reagent-grade methanol, 16 h) and chromium-reducible sulfide
(CRS or pyrite-S; chromous chloride in 32 % HCl, 48 h). Acid-volatile sulfide gives an estimate
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Table 3.3: Chemicals and target phases of the sequential Fe extraction procedure, a combination of extraction
steps presented in Poulton and Canfield (2005) and Claff et al. (2010).
Target phase

Term

Reference

1 mol L-1 HCl, pH 0 (4 h)

Poorly ordered or pH-sensitive
Fe(II) and Fe(III) minerals, such as
ferrihydrite, Fe carbonate and Fe
monosulfide

HCl-Fe(II) and HClFe(III)

Claff et al. (2010)

0.35 mol L-1 acetic acid/0.2
mol L-1 Na3-citrate/50 g L-1 Na
dithionite, pH 4.8 (4 h)

Crystalline oxide minerals
(goethite, hematite)

CDB-Fe;
crystalline Fe(III)b

Poulton and Canfield
(2005), Claff et al.
(2010)

0.17 mol L-1 NH4 oxalate/0.2
mol L-1 oxalic acid, pH 3.2 (6 h)

Recalcitrant oxide minerals
(magnetite) a

oxalate-Fea;
crystalline Fe(III)b

Poulton and Canfield
(2005)

65 % HNO3 (2 h)

Pyrite

HNO3-Fe

Claff et al. (2010)

a

Due to likely partial dissolution of magnetite in 1 M HCl (Poulton and Canfield, 2005) and the acetic acid-citrate-dithionite solution
(Claff et al., 2010), this likely only represents the most recalcitrant magnetite.
b
In light of the above uncertainty, CDB-Fe and oxalate-Fe are collectively referred to as crystalline Fe(III).

Table 3.4: Chemicals and target phases of the sequential P extraction procedure, a streamlined version of the
SEDEX procedure of Ruttenberg (1992), i.e. with all H2O wash steps and selected MgCl2 steps removed (Slomp
et al., 1996a).
Extraction
(extraction time)

Target phase

1 mol L-1 MgCl2 brought to pH 8 (0.5 h)
-1

-1

Exchangeable P

0.3 mol L Na3 citrate/1 mol L NaHCO3/25
g L-1 Na dithionite, pH 7.6 (8 h) a

P bound to easily reducible Fe(III) (oxyhydr)oxides,
vivianite (Fe(II)3(PO4)2·8H2O) b

1 mol L-1 Na acetate buffered to pH 4 with
CH3COOH (6 h) a

Carbonate fluorapatite, hydroxyapatite

Term
exchangeable P
CDB-P c
Ca-P

1 mol L-1 HCl (24 h)

P in detrital minerals

detrital P

Ashing residue at 550 °C (2h), followed by
1 mol L-1 HCl (24 h)

P in organic matter

organic P

a

Followed by 1 mol L-1 MgCl2 (adjusted to pH 8 with NaOH) wash step to extract P that was resorbed during extraction
Potential for vivianite dissolution in this solution shown by Nembrini et al. (1983) and Dijkstra et al. (2014)
c
Because of the potential of CDB to extract P phases other than Fe-P, the general term CDB-P is used.
b

of Fe monosulfide, FeS (Rickard and Morse, 2005). The sulfide released as H2S during AVS and
CRS extraction was trapped as ZnS in alkaline Zn acetate traps. Sulfide content of the traps was
determined by iodometric titration. Elemental sulfur was quantified by the cyanide-ferric chloride
colorimetric method (Bartlett and Skoog, 1954).
Sediment weights used in the calculation of all solid-phase concentrations were corrected
for salt content: the weight of salt as calculated from gravimetric water content and salinity was
subtracted from the dry weight of freeze-dried sediment.
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Extractant
(extraction time)

3.2.3

Micro-scale element mapping and X-ray absorption spectroscopy

Chapter 3

A multi-core from station 2 (2169 mbss) was used for resin embedding under anoxic conditions
following the method by Jilbert and Slomp (2013a). The embedding procedure and preliminary
sample preparation for synchrotron-based micro-scale analyses are described in Appendix 3.2.
The top part of the resin-embedded core top (0 – 1 cm, 1 cm diameter) was transported in a
gas-tight, N2-filled Al laminate bag (Gruber Folien GmbH, Straubing, Germany) to beamline ID21
(X-ray microscopy) of the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.
The design of the beamline is described by Salomé et al. (2013). Micro-scale element maps were
collected from areas of interest and selected Fe and/or P-rich regions were analyzed with spot X-ray
absorption spectroscopy across the Fe K edge from 7.00 to 7.65 keV (extended X-ray absorption
fine structure, Fe EXAFS) or across the P K edge from 2.13 to 2.40 keV (X-ray absorption near-edge
spectroscopy, P XANES) in fluorescence mode. Further details can be found in Appendix 3.3.

3.3 Results
3.3.1

General sediment properties

The Corg content of surface sediments (0 – 2 cm sediment depth) from the stations > 377 mbss
was on average 5 - 7 wt.%. The stations located closer to and above the redoxcline had a lower Corg
content of on average 1 - 2 wt.% (Fig. 3.2). Aluminum contents were highest at intermediate depths:
3 - 4 wt.% between 120 and 377 mbss, decreasing to values < 2 wt.% at the shallowest and deepest
stations. Aluminum contents were consistently lower in surface sediments compared to whole-core
averages. Calcium carbonate contents showed a reverse trend with water depth compared to Al
contents, with lowest contents at intermediate depths.
Manganese (Mn) was strongly enriched in surface sediments overlain by oxygenated waters
(< 130 mbss) and in particular at station 6A located within the redoxcline, where contents ranged
up to ~ 750 µmol Mn g-1. The Mn enrichments were restricted to the upper 1 cm of the sediment
and declined rapidly with sediment depth. This led to a large standard deviation of the average Mn
content for the surface sediment (top 2 cm, n = 4) and a marked difference between surface and
whole-core averages.
Sedimentary P content showed a slight decrease with increasing water depth. The obvious
exception was the sediment from redoxcline station 6A (120 mbss), which was strongly enriched in
P. This enrichment was restricted to the surface sediment, as is evident from the lower whole-core
average P content. Organic carbon to reactive phosphorus ratios (Corg/Preactive) were constant at ~ 75
mol mol-1 at water depths < 130 mbss and showed a strong increase with water depth up to ~ 250
mol mol-1 at the deepest station.
Average surface sediment Fe content was around 250 µmol g-1, with peaks at 120 and 377 mbss.
The sediment at 120 mbss showed a surficial Fe enrichment of 600 µmol g-1 and Fe content sharply
declined with sediment depth. The high average at 377 mbss was caused by a strong enrichment of >
1000 µmol g-1 in one sample (0.5 – 1.0 cm sediment depth), leading to the large standard deviation.
The fraction of sediment Fe present as highly reactive Fe (FeHR/FeT, for definition see section 3.2.2)
showed minimum values down to 0.4 for stations at intermediate water depths. Above and below,
the FeHR/FeT ratio increased strongly, reaching values of up to 0.7.
The molar ratio between Fe and S showed a peak in the surface sediments from the redoxcline
with values up to 16, and then sharply decreased to values < 1 with water depth. The whole-core
Fe/S ratios at the shallower stations were low compared to the surface sediment. The degree of
pyritization (DOP) of the surface sediment increased with water depth from 0 to 0.8, with a
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Figure 3.2: Key geochemical sediment parameters plotted per station against water depth in meters below
sea surface (mbss). FeHR = highly reactive Fe, FeT is total Fe, DOP = degree of pyritization, Corg/Preactive is the
ratio between organic C and reactive P (total P minus detrital P). All concentrations are expressed on a dry
weight basis. Black circles represent averages of surface sediments (0 - 2 cm depth, n = 4), gray circles represent
whole-core averages for each station (n = 12 - 24). Gray horizontal bars indicate the approximate position of the
redoxcline. Error bars show the standard deviation. Note the logarithmic y-axis, which is only labelled at water
depths of stations (station number between parentheses).

pronounced jump below the redoxcline. Strong down-core increases in DOP were observed for
stations within and above the redoxcline, while deeper stations showed more stable, high DOP. This
is reflected by large differences between surface sediment and whole-core average DOP values for
the shallower stations.
3.3.2

Pore-water composition

Pore-water SO42- concentrations at the sediment surface decreased from the deep basin (17 mmol
L-1 at SWI) to the shelf (15 mmol L-1), and showed down-core decreases of 1 – 3 mmol L-1 (Fig. 3.3).
Dissolved HS- concentrations were consistently high in the pore-waters from the deep stations (2
and 3), and showed a strong down-core increase at intermediate station 4 (377 mbss). The shallow
stations within and above the redoxcline (6A, 6B, 7) showed low dissolved HS- concentrations in
the upper sediments, with minor HS- accumulation at depth at station 6A. The trends in pore-water
NH4+ were similar to those of dissolved HS-, be it that significant NH4+ accumulation occurred
41

at depth in the cores from the shallow stations as well. Dissolved HPO42- concentrations showed
a down-core increase at all stations, with highest gradients in the surface sediments from shallow
stations 7 and 6A. Only at station 6B, the HPO42- concentration in the bottom water was markedly
higher than in the uppermost sediment interval. At sediment depths > 10 cm, dissolved HPO42concentrations were similar at all stations. Molar pore-water N/P ratios showed a decrease from
the deep basin to the slope and shelf stations. Dissolved Mn2+ concentrations were negligible at the
stations below the redoxcline, but showed strong subsurface enrichments in the sediments from
within and above the redoxcline. Dissolved Fe2+ concentrations were below the detection limit (~ 2
µmol L-1) at all stations.
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3.3.3

Sedimentary pools of iron, phosphorus and sulfur

There was large variability in the content and chemical forms of Fe in the investigated sediments,
both within cores and between stations (Fig. 3.4). At the stations overlain by oxygenated waters
(7, 6A and to a much lesser extent 6B), the surface sediment was enriched in HCl-Fe(III). Below
the oxic surface layer at these stations, HCl-Fe(II) showed a rapid increase at the expense of HClFe(III). Station 7 showed a general increase in total Fe with sediment depth, with a relatively stable
fraction of 0.6 ± 0.1 of highly reactive Fe (i.e. the combined pool of HCl-extractable Fe, crystalline
FeOX and pyrite, see also section 3.2.2). Station 6A, which was located near the redoxcline, showed a
broad mid-core peak in Fe that consisted mostly of HNO3-Fe and poorly reactive Fe, which rapidly
declined below 15 cm sediment depth. At the shelf and redoxcline stations (7, 6A, 6B), around 5
– 15 % of highly reactive Fe was present in the form of crystalline FeOX, decreasing with sediment
depth.
The sedimentary Fe pool at the deeper stations (4, 3, 2) was dominated by HNO3-Fe and
poorly reactive Fe and showed consistent trends that were offset in depth. From slope station 4 to
deep basin station 2, Fe profiles were influenced by decreasing sedimentation rates: key peaks and
troughs were located at progressively shallower sediment depth and increased in magnitude. The
decline in HCl-Fe(II) and crystalline FeOX with increasing water depth was counterbalanced by a
marked increase in the content of HNO3-Fe. As a result, total Fe contents remained similar with
increasing water depth (whole core averages 340 – 370 µmol g-1), and the percentage of HNO3-Fe
increased from 30 % to 60 % of total Fe. Concurrently, a sharp decrease in poorly reactive Fe with
water depth was observed.
The total solid-phase phosphorus contents were similar at all stations, with relatively high
down-core variability at the shallower stations 7 and 6A (Fig. 3.5). Organic P was a relatively
important P pool (20 – 60 % of total P) at the shallowest shelf station (7, 78 mbss). In the upper
sediment interval at this station, CDB-P was enriched and made up as much as 65 % of total P, a
percentage that declined with sediment depth to 15 % of total P. Acetate-P (10 – 20 % of total P) and
HCl-P (5 – 15 % of total P) showed a gradual down-core increase.
At station 6A (120 mbss) the upper-most sediment was also strongly enriched in CDB-P,
reaching 40 µmol g-1 (75 % of total P). There was a gradual down-core decrease in all P species with
a clear drop in HCl-P and organic P below ~ 15 cm. Station 6B showed a much smaller surface
enrichment in CDB-P compared to station 6A, but the P profiles were similar to the corresponding
depth interval at station 6A in all other aspects.
The sedimentary P contents at the other slope and deep stations (4, 3 and 2) were relatively
constant with depth. CDB-P was an important P phase throughout the Unit I sediment interval.
It accounted for 20 – 40 % of total P and showed a strong covariation with Ca contents. Below the
Unit I/II transition, CDB-P rapidly declined but peaked again at the relatively carbonate-rich Unit
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Figure 3.3: Concentrations of key pore-water components plotted against sediment depth for all stations:
shallow station 7, 6A and 6B in upper panels, deep stations 2, 3 and 4 in lower panels. Uppermost sample
(depth = 0) is bottom water. The vertical dashed line in the panel (e) indicates the Redfield N/P ratio for marine
organic matter (16/1). Note the different x axes for sulfate concentration at the shallow and deep stations.

I/II boundary. At all three slope and deep stations, acetate-P showed an overall down-core increase,
with the sharpest increase in the top ~5 cm and pronounced peaks around the Unit I/II transition.
Acetate-P accounted for up to 30 % of total P. The HCl-P content was relatively stable down-core
at the three deepest stations, with an average decrease with water depth from 16 % (station 4) to
7 % (station 2) of total P. Organic P contents were similar at these stations, both in absolute and
relative terms. Similar to the Fe data, the P records also showed the effects of concentration due to
decreased sedimentation rate: maxima in the records of CDB-P, acetate-P and organic P occurred
progressively shallower and became more pronounced.
The reduced inorganic S (RIS) pool at all stations consisted predominantly of chromiumreducible S (pyrite-S) that accounted for > 95 % of RIS, with minor contributions of AVS and S0
(data not shown).
3.3.4

Sequential extraction of reference materials

The citrate-bicarbonate-dithionite solution (pH 7.6) dissolved 95 % of P in fresh synthetic vivianite
and 80 % of P in the geological vivianite sample. Chemical equilibrium modelling with Mineql
showed that the solubility of vivianite in CDB is equivalent to a solid-phase concentration of > 300
µmol g-1, sufficient for complete dissolution of naturally occurring amounts of sedimentary vivianite
that are usually < 100 µmol g-1.
During phosphate adsorption onto CaCO3 (see Appendix 3.1), the dissolved PO43concentration in the 5 g L-1 CaCO3 suspension dropped from 100 µmol L-1 to 35 µmol L-1, equivalent
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Figure 3.4: Sedimentary iron fractions against sediment depth at all investigated stations, rightmost panels with
reactive Fe (sum of sequentially extracted Fe fractions) in dark grey and poorly reactive Fe (difference between
total Fe and total reactive Fe) in black. For details on Fe fractions, see section 3.2.2 and Table 3.3. Note the
different x axes for HCl-Fe(III) at station 6A. In panels with profiles from stations 4, 3 and 2, the horizontal
dashed line indicates the Unit I/Unit II transition, and the red arrow indicates the uppermost occurrence of
sapropelic (carbonate-poor) sediment. The circle and triangle symbols, connected with dashed lines, to the
right of the total Fe profiles indicate the depth of common features in the total Fe profile used for estimation of
differences in sedimentation rates.
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Figure 3.5: Sedimentary phosphorus fractions against sediment depth at all investigated stations. Total P is sum
of sequentially extracted P fractions (within 10 % of total P from acid digest). Because of the potential of CDB
to extract P phases other than Fe-P, the general term CDB-P is used. Next to organic P, organic C has been
included. For details on Fe, P and S fractions, see section 3.2.2. Note the different x axes for CDB-P at stations 7
and 6A. Dashed red profiles in the CDB-P panels show the CaCO3 content in wt.%. In panels with profiles from
stations 4, 3 and 2, the horizontal dashed line indicates the Unit I/Unit II transition, and the red arrow indicates
the uppermost occurrence of sapropelic (carbonate-poor) sediment.
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Figure 3.6: Visible light color scan (CanoScan Lide 210) of resin-embedded core top (0 – 1 cm). Light and dark
colored laminae are calcite-rich and – poor intervals, respectively. Solid white circles indicate areas mapped
and analyzed with synchrotron-based X-ray fluorescence techniques. White arrow indicates downward vertical
dimension from sediment-water interface to ~ 1 cm sediment depth. Analysis at Fe K edge: map 1, analysis at
P K edge: maps 2 and 3. Map 1 and 2 were collected during separate scans (sample changes in between) and
therefore cover similar but not identical sample areas.

to formation of ~13 µmol g-1 CaCO3-adsorbed P. The SEDEX procedure extracted approximately
5 µmol g-1 exchangeable P, 6 µmol g-1 CDB-P and 0.5 µmol g-1 acetate-P; total extracted P was ~11
µmol g-1 of which about half was extracted as CDB-P. Calculated from the Ca concentration, the
CDB solution dissolved < 5 % of the CaCO3 while extracting 75 – 90 % of the adsorbed P.
3.3.5

Micro-scale analysis of surface sediment from station 2

Synchrotron-based µXRF maps (0.4 – 4 µm2) were collected from three regions (Fig. 3.6). Calcium
and Fe show distinctly enriched regions (Map 1; Fig. 3.7). The Fe map at 7500 eV showed abundant
micro-scale Fe enrichments, many of which were spatially correlated to S enrichments (Fig. 3.7).
The eigen analysis indicated that three components are required for a satisfactory reproduction of
all Fe spectra (Fig. 3.8). All three components showed close resemblance to standard spectra from
our Fe XAS reference library: pyrite (component 1), illite (component 2) and biotite (component
3). The smaller first peak of the white line in component 3 compared to biotite may indicate
that component 3 represents clay-bound Fe with a smaller Fe(II) over Fe(III) predominance.
The analyzed spots represented both pure phases and mixtures of the three ITFA-extracted
components (Table 3.5). The XANES spectrum of component 2 is also similar to that of FeOX such
as lepidocrocite, but the EXAFS spectrum shows marked difference between component 2 and FeOX,
indicating that the ferric iron is structurally (clay-)bound. This is also in line with the chemical
Fe results that showed no HCl-Fe(III) and only very little crystalline Fe(III). Overall, the results
indicate that Fe in the surface sediment from station 2 is present in pyrite, primary Fe(II)/Fe(III)
silicates with a predominance of Fe(II) represented here by biotite, and Fe(III)-containing clays
represented here by illite.
The µXRF data collected at 2300 eV from two areas around the sediment surface (Map 2 and
3; see Fig. 3.6) show a number of P enrichments against a disperse background (Fig. 3.9). The
enrichments consist of apatite, Ca5(PO4)3(OH,F) (square symbols in Fig. 3.9). A single enrichment
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Figure 3.8: Spectra of the three components obtained from iterative target transformation factor analysis in
comparison to normalized XANES (a) and EXAFS (b) spectra of different reference materials.
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Figure 3.7: Synchrotron-based µXRF mapping (2 µm step size) of calcium (a), iron (b), sulfur (c) and
phosphorus (d) for Map 1 from the sediment surface (see Fig. 3.6). Total scanned area is 0.39 × 0.55 mm; scale
bar in bottom left corner. Symbols in panel (b) indicate spot XAS measurements of different types of Fe-bearing
minerals: pyrite-Fe (square), clay-associated Fe (star) and mixed pyrite/clay phases (circle).
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in Map 3 yielded an X-ray absorption spectrum that closely resembles the iron phosphate ludlamite
(circle symbol in Fig. 3.9 and 3.10). Ludlamite is a ferrous iron phosphate with minor amounts (< 5
wt.%) of Mg and Mn, described by the generalized formula (Fe(II),Mg,Mn)3(PO4)2·4(H2O).
Spot P XANES measurements from areas with less intense P enrichment (“disperse P”; star
symbols in Fig. 3.9), show a relatively smooth P K-edge XANES spectrum with a white line at 2153
eV and oxygen oscillation around 2170 eV. The spectrum lacks the pre-edge features observed for
P associated with Fe(III) and Mn (oxyhydr)oxides (Giguet-Covex et al., 2013; Egger et al., 2015a;
Rivard et al., 2015), the post-edge shoulder indicative of Ca-associated P (Hesterberg et al., 1999;
Ingall et al., 2011), the post-edge peak of polyphosphate (Kraal et al., 2015a) and the pre- and postedge features associated with Fe(II)-P minerals (Fig. 3.10). The disperse P spectrum shows similarity
to the spectrum of organic P. In Fig. 3.10 phytic acid is used as an example, other common organic
P phases such as adenosine triphosphate have similar spectra (Brandes et al., 2007). Furthermore,
spectroscopic analysis of P adsorbed onto Al oxide and clay minerals collected by Giguet-Covex et
al. (2013) showed similar featureless spectra as the disperse P in our sample.
In summary, the synchrotron-based P analysis shows Ca phosphate enrichments and a
single Fe(II) phosphate particle, against a background of disperse P that is likely a combination
of adsorbed and organic P. The spectra collected from bulk samples from the surface (1.25 cm)
and deeper (32.5 cm) sediment at station 2 are very similar to that of adsorbed/organic P, but the
development of a post-edge shoulder and a slight shift of the absorption edge indicate an increased
contribution by Ca phosphate (apatite) to the total P pool (Fig. 3.10).

3.4 Discussion
3.4.1

A key role for adsorbed P in deep Black Sea sediments

The SEDEX step targeting Fe-associated P, using a citrate-dithionite-bicarbonate solution (CDB:
(Ruttenberg, 1992), is intended to extract easily reducible Fe(III) (oxyhydr)oxides and the associated
P. However, this study and previous work (Nembrini et al., 1983; Dijkstra et al., 2014) show that
CDB can also dissolve reduced Fe-P minerals such as vivianite. Ligand-promoted dissolution of
calcite (Petersen et al., 1966) and mineral fish debris that consist largely of hydroxyapatite (biogenic
apatite: Ca5(PO4)3OH) (Schenau and De Lange, 2000) may also occur. The adsorption experiment
conducted for this study showed that ~ 50 % of CaCO3-adsorbed P resisted extraction by MgCl2 and
was extracted in the subsequent CDB step. This P is thus strongly adsorbed or incorporated into
the calcite surface. The small percentage of concurrently extracted Ca (< 5 %) suggests that CDB
only dissolves the calcite surface and associated P. In summary, CDB-P can encompass a range of P
phases from Fe(III)-bound P to Fe(II)-P minerals and CaCO3-associated P.
The surface sediments from the two shallowest stations under oxygenated bottom waters, 7 (78
mbss) and 6A (120 mbss), likely contained true Fe(III)-associated P that was extracted by CDB.
Here, strong enrichments in poorly crystalline FeOX were observed and the Fe/P ratio in the CDB
extracts of 6 – 8 (Fig. 3.11) is indicative of P bound to poorly ordered FeOX (Jensen and Thamdrup,
1993; Slomp et al., 1996a). The surficial Mn enrichments at these sites suggest that P adsorption
onto Mn oxides may also contribute to the CDB-P pool. Below the surface sediment, the CDB Fe/P
ratio quickly falls below known values for Fe(III)-bound P and even Fe(II)-P minerals (vivianite:
Fe/P ≈ 1.5), and Fe was often below detection in the CDB extracts. This was also observed for
almost all samples from the anoxic and sulfidic deep basin and suggests extraction of P phases other
than Fe-associated P. In the deep basin, nearly all Fe is present in clays or pyrite, with potentially a
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Table 3.5: Weights of different Fe phases (i.e. fractions of total Fe) based on ITFA (see Appendix 3.3 for details).
Gray
fill
indicates
the
major
Fe
phase(s)
identified
at
each
spot.
Comp. 1
(pyrite)

Comp. 2
(illite)

Comp. 3
(biotite)

1

0.95

0.05

0.00

2

0.97

0.07

-0.04

3

1.00

0.00

0.00

4

1.00

0.01

-0.01

5

0.98

0.05

-0.03

6

0.00

1.00

0.00

7

0.00

0.59

0.41

8

0.21

0.00

0.79

9

0.52

0.48

0.00

10

0.07

0.92

0.01
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Spot

Figure 3.9: Synchrotron-based µXRF mapping (4 µm2 resolution) of phosphorus for Map 2 (a) and 3 (b) (see
Fig. 6). Scale bar in bottom left corner. Symbols indicate spot XAS measurements of different types of P-bearing
phases: apatite (square), ludlamite (circle) and adsorbed/organic PO4 (star).
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Figure 3.10: Normalized P K-edge XANES spectra for selected spot measurements from Map 2 and 3 (see Fig.
3.9), as well as spectra of reference for calcium phosphate (a), iron-associated phosphate (b) and disperse P
(c). In addition, P spectra collected from a surface and deep bulk sample from station 2 are included in (c).
For comparison of white line position and peak height, the spectrum of disperse P from the sample is added
as a dashed line. Here, the arrow indicates the development of a post-edge shoulder feature in the spectrum of
the deep sample as found in Ca phosphates. Dashed lines are drawn to compare white line positions, gray bars
indicate key absorption features for the various P phases

small pool of crystalline FeOX that have low affinity for HPO42- (Fe/P >> 10) and cannot account for
the measured pool of CDB-P.
Combining our chemical results with micro-scale spectroscopy suggests that CDB-extractable
P does not originate from the dissolution of Fe(III) oxides but rather represents P associated with
calcite and possibly clay surfaces.. The disperse P pool identified by spectroscopy shows P K-edge
spectra similar to those of organic P and adsorbed P (Fig. 3.10). Organic P is only sparingly soluble
in CDB and may therefore contribute to the total disperse P pool but not to the CDB-P pool. The
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CDB solution can extract adsorbed P by ligand-promoted dissolution of calcite and silicate surfaces.
The strong correlation (Pearson’s r = 0.68) between exchangeable and CDB-extractable P at the
deep stations (Fig. 3.4) likely reflects the separation of weakly and strongly adsorbed P, respectively,
where the latter exceeds the former by about an order of magnitude. Strongly adsorbed P may (in
part) represent surface-incorporated P; the peak height of the disperse P spectrum is low compared
to the spectra of P adsorbed onto reference materials (Fig. 3.10). This suggests suppression of
the detectable P K-edge fluorescence signal due to absorption by neighboring atoms caused by
incorporation of P into the surface of sediment components.
There are strong indications that CaCO3-associated P is an important contributor to the CDBextractable, adsorbed P pool in the investigated anoxic and sulfidic sediments. There was a positive
correlation (Kendall’s τ= 0.47) between Ca and P in the CDB extracts from station 4, 3 and 2, and
the CDB-P and CaCO3 profiles were similar (Fig. 3.5). Calcite is able to rapidly bind significant
amounts of dissolved HPO42- (Millero et al., 2001) and our experimental results showed that after
10 days, CaCO3-bound P is extracted as exchangeable P and CDB-extractable P in equal amounts.
However, the P K-edge XANES spectrum of disperse P resembles P adsorbed onto Al oxide or clay
rather than CaCO3 (Fig. 3.10). We propose that the high concentration of P (10 mmol L-1) used in
CaCO3-P synthesis by Giguet-Covex et al. (2013) may have favored formation at the calcite surface
of Ca-P (apatite) with the characteristic post-edge shoulder feature observed in their CaCO3-P
spectrum (Fig. 3.10). Phosphorus concentrations are three orders of magnitude lower in the Black
Sea pore waters (10 – 20 µmol L-1) and thus Ca-P formation at the calcite surface is less likely; this
would lead to a more featureless spectrum indicative of adsorbed CaCO3-P rather than Ca-P. It is
possible that clay-bound P also was present and contributed to the disperse P K-edge spectra; clay
minerals and CaCO3 both make up about half of the investigated sediment samples on a weight
basis. Polyphosphates are rapidly remineralized to dissolved HPO42- under anoxic and sulfidic
conditions (Brock and Schulz-Vogt, 2011; Diaz et al., 2012) and are therefore unlikely to represent a
significant sedimentary P pool in the deep Black Sea.
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Figure 3.11: Iron/phosphorus ratios in the CDB extracts from the shallow sites (left panel) and the deep sites
(right panel). Vertical dashed line indicates the Fe/P ratio for Fe(II)-P minerals of 1.5. Legend shows station
number with depth (mbss) between parentheses.
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Although adsorbed P is the main source of CDB-extractable P in the sulfidic sediments, the
micro-scale XRF and X-ray absorption results did provide evidence for Fe-P in the deep Black Sea.
A P enrichment with a spectrum very similar to that of the Fe(II) phosphate ludlamite was observed
in the surface sediment of station 2 (< 1 cm sediment depth, Fig. 3.9). Considering the highly
unfavorable conditions for Fe-P formation here (400 µmol L-1 HS-, no detectable dissolved Fe2+),
this enrichment likely represents Fe(II)- or Fe(III)-P that formed above or within the redoxcline and
escaped sulfidization before settling onto the sediment surface. This suggests that Fe-P shuttling,
which acts as a source of sediment P in deep (200 mbss) sulfidic Baltic Sea sediments (Jilbert and
Slomp, 2013a), can also deliver P to sediment at much greater water depths (2000 mbss). However,
the spectroscopic data indicate that this P pool is of minor importance in the deep Black Sea: the
Fe(II)-P enrichment accounted for around 5 % of the total P fluorescence collected from mapped
area 3 (Fig. 3.9). In mapped area 2, Fe(II)-P was likely equally or more scarce: all P enrichments
that could be analyzed by spot P K-edge XANES consisted of apatite, and the summed fluorescence
from all discrete enrichments accounted for ~10 % of total fluorescence. This is very similar to the
relative abundance of authigenic and detrital Ca-P as determined by chemical extraction for station
2 surface sediment (10 – 15 % of total P).
3.4.2

Benthic phosphorus dynamics and burial across the Black Sea redox gradient

Sedimentary P burial in the Black Sea shows marked changes along the depth transect. High
sedimentary phosphorus contents were found in surface sediments on the shelf and in the
redoxcline (stations 7, 6A and 6B) (Fig. 3.2). The low Corg/Preactive ratios reflect efficient P retention.
Peak P contents were not found under well-oxygenated waters on the oxic shelf (150 µmol O2 kg-1),
but under poorly oxygenated waters (~ 10 µmol O2 kg-1) in the redoxcline. Here, upward diffusing
dissolved Fe2+ from the anoxic waters at the lower boundary of the redoxcline is exposed to
oxygenated waters, leading to Fe2+ oxidation and the formation and deposition of Fe(III) (oxyhydr)
oxides that adsorb PO4 from the water column and pore water. This “P pump” (Shaffer, 1986)
results in excess P retention in surface sediments around the redoxcline. As a result, Fe(III)-bound
P is the most important P form in the surface sediment (50 – 60 % of total P) at these stations,
followed by organic P (~ 30 % of total P). At depth in the sediment, highly reactive Fe(III) phases
and Fe(III)-bound P decline and organic P becomes by far the most important P sink (~50 % of
total P). The absolute and relative increase in apatite P (acetate-P) with sediment depth at station 7
reflects authigenic Ca-P formation, i.e. transformation of more labile P reservoirs such as organic
P to apatite. This process of ‘sink switching’ (Ruttenberg and Berner, 1993) was also observed in
sediments from shallow water depths in the Black Sea by Dijkstra et al. (2014). Due to these
redox-dependent processes, temporal fluctuations in the vertical extent of the redoxcline affect the
formation or dissolution of Fe(III) (oxyhydr)oxides, and the surface sediment may switch between
being a net sink or source for P.
Below the redoxcline at stations 4, 3 and 2, there is a slight decline in sedimentary P contents
(Fig. 3.2) and a major change in the mechanisms by which P is buried in the sediment. A decrease in
the sedimentary P retention efficiency under the sulfidic deep waters is reflected in a strong increase
in the molar Corg/Preactive ratio from ~50 to ~250 (Fig. 3.3). Organic C is better preserved below the
redoxcline, while P is liberated from the OM and recycled back to the overlying water in the absence
of Fe(III) phases in the surface sediment (Ingall et al., 1993; Steenbergh et al., 2011). Furthermore,
anoxic conditions can promote the release of P from organic matter (Gächter et al., 1988; Hupfer et
al., 2004). In the sediment, detrital input of P declines with increasing water depth and distance to
shore and Danube inflow, the main source of dissolved and particulate matter in the northwestern
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Black Sea. However, the sedimentary P/Al ratio increases with increasing water depth below the
redoxcline (Fig. 3.12), likely because of the increased preservation of organic matter (the main P
source) with water depth (Fig. 3.2). As such, both Fe and P become enriched relative to Al below
the redoxcline (Fig. 3.12), but by different mechanisms. Phosphorus enrichment is directly linked to
OM preservation. For Fe, there is a shelf-to-basin shuttle that is driven by reductive Fe dissolution
from shelf sediment and formation of Fe(III) particles in the oxic shelf bottom waters. The Fe(III)
particles are in part transported beyond the shelf break, eventually sink below the redoxcline where
they are transformed to FeS2 that settles and increases the Fe contents of the deep basin sediment
(Wijsman et al., 2001; Lyons and Severmann, 2006).
There is a relative and absolute increase in the amount of CDB-P in the sediment with water
depth for the deep stations. As discussed in section 3.4.1, this CDB-P is likely not associated with
Fe but rather represents P adsorbed onto sediment components such as CaCO3 and clays. Our
findings indicate that the dominant P sinks in the deep sulfidic sediments are (CaCO3-)adsorbed
and organic P, each making up ~ 30 % of the total P reservoir. The adsorbed P may be formed both
in the water column and in the sediment. The increase in CDB-P at the Unit II/I transition contrasts
with the trends in the other P reservoirs and indicates a change in P burial dynamics at the Unit
II/I transition, with an increasingly important role for P adsorption onto/incorporation into the
calcareous sediment matrix. There are no major changes in the Corg/Preactive ratio from Unit II to Unit
I, apart from a slight decrease at station 3, suggesting that changes in sedimentary P cycling did
not strongly affect sedimentary P retention capacity. The absolute and relative increase in apatite
P with sediment depth, in particular in the top part of the sediment, at the deep stations indicate
that authigenic Ca-P formation also occurs in these highly sulfidic sediments. In Unit I sediment
at the deep stations, there is at least a two-fold increase with depth in the absolute and relative
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Figure 3.12: Aluminum-normalized iron and phosphorus contents versus water depth. Black circles represent
average of surface sediment (0 – 2 cm depth, n = 4), gray circles represent whole-core averages for each station
(n = 12 – 24). Gray horizontal bars indicate the approximate position of the redoxcline. Error bars show
standard deviation. Note the logarithmic y-axis, which is only labelled at station water depths (station number
between parentheses).

Chapter 3
Figure 3.13: Schematic overview of P cycling across the depth (redox) transect in the Black Sea. Panel A
shows the overall trend in chemical P forms with water depth, with the relative P distribution in the surface
sediment (0 – 2 cm, n = 4) shown as pie charts. We show both the P pump that enriches the surface sediment
of the redoxcline in Fe(III)-bound P, and the P shuttle that may transfer Fe-associated P from the shelf or
redoxcline into the deep basin. The P shuttle is depicted as a dashed line, as we did not find Fe-associated P
to be quantitatively important in the deep basin and it may be derived from lateral transport from the shelf.
Panel B and C show P diagenesis in surface sediments from the shelf with oxygenated bottom waters (station
7) and sulfidic deep basin (station 2), respectively. We assume that Fe-associated P under sulfidic conditions at
depth in the shelf sediments and throughout the sediment of the sulfidic deep basin is negligible, and that any P
extracted by CDB is in fact adsorbed P.
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contribution of apatite P, signifying the importance of stable authigenic Ca-P as a long-term P burial
phase in the deep sulfidic Black Sea.
In summary, our results show a shift from Fe(III)-bound P to P adsorbed onto CaCO3 and
possibly clay surfaces from the shelf with oxygenated bottom waters to the sulfidic deep basin in
the northwestern Black Sea, while organic P is a major P sink under all redox conditions (Fig. 3.13).
With increasing sediment depth, Ca-P authigenesis leads to an increasingly important role for
apatite as (long-term) P burial phase.

3.5 Implications
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Calcium carbonate can play a key role in P retention in anoxic and sulfidic sediments, and may
more generally be important for P retention in carbonate-rich sediments with low HPO42concentrations and thus limited P mineral authigenesis. This P pool is often overlooked; CaCO3-P
is generally considered a minor P pool that is extracted together with (and thus indistinguishable
from) authigenic Ca-P (i.e. apatite) (Ruttenberg et al., 2003). In fact, our results show that CaCO3-P
is extracted in the step targeting Fe-associated P, which emphasizes the caution required when
interpreting sequential chemical extraction results from (anoxic and sulfidic) sediments.
The results presented here show that this CaCO3-P can persist for at least a few thousand years
(Unit I represents ~ 2700 years), so there is potential for long-term P retention by CaCO3. This
mechanism may have contributed to P retention in carbonate-rich sediments during periods of
wide-spread and prolonged anoxia and euxinia, for instance during Holocene sapropel formation
in the Mediterranean Sea (Rohling et al., 2015) and during Cretaceous oceanic anoxic events in the
proto-Atlantic and Tethys oceans (Jenkyns, 2010).
The relative role of CaCO3-associated P also controls the sensitivity of P retention to pH
changes; CaCO3 is much more sensitive to proton-promoted dissolution than apatite (Amankonah
et al., 1985; Ruben and Bennett, 1987) and Fe-associated P phases. Consequently, shifts in the
calcite compensation depth over geological time could impact the P source/sink function of deep
sea sediments. Specifically, a decline in pH in response to increased uptake of atmospheric carbon
dioxide by the ocean, as observed in the past (e.g. the massive deep sea calcite dissolution during
the Paleocene – Eocene thermal maximum; Zachos et al., 2005) and projected for the future, could
alter benthic P release and affect marine primary productivity.
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Appendices
Appendix 3.1

Appendix 3.2

Sample preparation for synchrotron-based micro-scale analyses
The wet, unconsolidated uppermost sediment (0 – 7 cm) was sampled in a 1-cm-diameter
polypropylene tube, while the core was placed upright in a N2-filled glovebag. The core top sample
was embedded in epoxy-resin in an oxygen-free chamber, being kept upright throughout the
embedding procedure. The resin-embedded sediment core top was polished with 0.3 µm aluminum
oxide powder (as a fluid suspension between the blocks and a rotating stage). The top part (0 – 1
cm) was cut from the resin-embedded core top, scanned using a visible light color scanner (Canon
CanoScan LiDE 210), and used for micro-scale analyses. The resin-embedded sediment blocks were
continuously kept under an oxygen-free environment during preparation and storage, with the
exception of cutting, polishing and transfer from storage to analytical equipment.
Preliminary micro-scale X-ray fluorescence elemental mapping (µXRF) was performed with an
Orbis Micro X-ray Fluorescence Analyzer (EDAX) operating at 30 keV with 30×30 µm spatial
resolution and a dwell time of 300 ms, in order to locate regions of interest (i.e. areas with P
enrichments) for synchrotron-based analyses (data not shown).
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Synthesis and extraction of reference phosphorus compounds
The potential for Fe(II)-P dissolution in the citrate-dithionite-bicarbonate (CDB) solution, used
in the sequential P extraction to extract Fe-associated P (Ruttenberg, 1992), was tested. Vivianite
(Fe(II)(PO4)2·8H2O was synthesized under strictly anoxic conditions from N2-purged Fe2+ and PO43solutions at pH 7 using the procedure detailed in Scaccia et al. (2003). A sub sample was dissolved
in concentrated HNO3 and the Fe and P contents were found to be in excellent agreement with
the elemental composition of vivianite, Fe(II)3(PO4)2·8H2O. About 5 mg of the fresh vivianite and
a sample of geological (partially oxidized) vivianite (Ward’s Scientific) were shaken with the CDB
solution (pH 7.6) for 8 hours. In addition to the experiment, MINEQL (Westall, 1976) was used to
determine the solubility of vivianite in the CDB solution, using the Fe-citrate complex formation
constants determined by Königsberger et al. (2000).
In addition, we synthesized CaCO3-adsorbed PO4 by exposing 5 g L-1 CaCO3 powder (Sigma
Aldrich) to 100 µmol L-1 NaH2PO4 at pH 8 in 50 mL polypropylene tubes for 10 days (duplicate).
Afterwards, the CaCO3 was washed twice with 50 ml ultrapure water and the residue was subjected
to steps 1 – 4 (exchangeable P, CDB-P, acetate-P and detrital P) of the SEDEX sequential P
extraction procedure (Ruttenberg, 1992).

Appendix 3.3

Synchrotron-based micro-scale element mapping and Fe and P speciation
Areas of interest were subjected to micro-scale elemental mapping with a beam size of ~ 0.6 × 0.6
µm and step size between 1 and 2 µm, at either 7.5 keV (above Fe K edge at 7.112 keV) or 2.3 keV
(above P K edge at 2.15 keV) with a dwell time of 100 ms. At 2.3 keV, the K edges of relatively heavy
and abundant elements such as Ca, Fe and S are not excited; the fluorescence yield of relatively light
trace elements such as P is higher and deconvolution of the P peak in the XRF spectrum is easier
due to the absence of , in particular, Ca Kα emission lines. Fluorescence counts for elements were
corrected (E_corr) for variations in incoming photon flux (I0) and detector deadtime (dt):
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E_corr = IE
0

dt
/ (1- 100
)

(Eq. 3.1)

where E is the photon count for an element.
Element maps were processed and plotted R Core Team, 2016 using RStudio (R Core Team, 2016)
and ImageJ. For selected maps, color scales were rescaled to avoid strong small-scale enrichments
from masking all other enrichment features. Within the mapped areas, selected Fe and/or P-rich
regions were analyzed with spot X-ray absorption spectroscopy across the Fe K edge from 7.00 to
7.65 keV (extended X-ray absorption fine structure, Fe EXAFS) or across the P K edge from 2.13
to 2.40 keV (X-ray absorption near-edge spectroscopy, P XANES) in fluorescence mode. Spectra
from different spots that were very similar were merged to create averaged spectra representative
of the different sedimentary Fe and P phases. In addition to spot measurements, P K-edge XANES
data were collected in unfocussed mode from two bulk sediment samples from station 2 (1.75 and
32.5 cm sediment depth). Energy calibration was performed for Fe by setting the maximum of the
first derivative of the Fe K edge to 7112.0 eV using Fe foil, and for P by setting the maximum of
the first derivative of the P K edge to 2152.3 eV using Ca3(PO4)2. The collected Fe EXAFS and P
XANES spectra were normalized and, for Fe, used for linear combination fitting using the ATHENA
program (Ravel and Newville, 2005).
Spectra of Fe and P reference materials were taken from existing libraries collected during previous
sessions at beamline ID21 of the ESRF (Egger et al., 2015a; Rivard et al., 2016), beamline X19A at
the National Synchrotron Light Source (Kraal et al., 2015a), and the reference library from beamline
2-3 at the Stanford Synchrotron Radiation Lightsource.
Eigenanalysis has been performed in the energy range 7090 – 7300 eV of the normalized Fe spectra
collected from spot analyses from the resin-embedded surface sediment (0 -1 cm sediment depth)
of station 2 (2107 m water depth) using the ITFA software package (Rossberg et al. 2003). The
eigenanalysis indicates that three components are required for a satisfactory reproduction of all Fe
spectra. The residual percentage variance was about 0.5 % when using three components (about
38% with one and 10 % with two components). Application of varimax rotation gave a high loading
of two components on, respectively, two of the collected spectra. In the following it was assumed
that spectra from these spots represent two of the three components which constitute all spectra.
Based on this assumption (relative concentrations of components 1 and 2 were fixed to 1.0 for these
spectra, respectively) the iterative target test (ITT) analysis has been performed. Three end-member
spectra were extracted by the ITT analysis which were compared to those of reference spectra and
great similarity of XANES and EXAFS spectra was obtained with the spectra of pyrite, illite, and
biotite, respectively.
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CHAPTER 4
PHOSPHORUS DYNAMICS IN AND BELOW
THE REDOXCLINE IN THE BLACK SEA AND
IMPLICATIONS FOR PHOSPHORUS BURIAL
N. Dijkstra, P. Kraal, M.J.M. Séguret, S. Gonzalez, M.J.A. Rijkenberg and C.P. Slomp
(In preparation)
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Marine basins with oxygen-depleted deep waters provide a natural laboratory to investigate the
consequences of anoxic and sulfidic (i.e. euxinic) conditions for biogeochemical processes in
seawater and sediments. In this study, we investigate the dynamics of the key nutrient phosphorus
(P) and associated elements such as manganese (Mn), iron (Fe) and calcium (Ca) in the euxinic
deep basin of the Black Sea. By examining water column particles with scanning electron
microscope - energy dispersive spectroscopy and synchrotron-based X-ray absorption spectroscopy,
we show that Mn(III/IV)-P is the key form of particulate P (~ 75 %) in the redoxcline. Other forms
of particulate P include organic P, Fe(III)-P, and inorganic polyphosphates. Most inorganic P
particles that are formed in the redoxcline subsequently dissolve in the underlying sulfidic waters,
with the exception of some particulate Fe(III)-P that accounts for < 1 % of all P settling onto the
seafloor. Organic P is the dominant source of P to the sediment and likely contributes more than 85
% of all P deposited. Most of this organic P is degraded in the upper 2 cm of the sediment. Results of
sequential extractions and a 33P radiotracer experiment point towards the formation of labile Ca-P
and P adsorbed onto calcium-carbonate and clays in the sediment. The total P burial efficiency in
the sediments is ~ 27 %, which is relatively high when compared to estimates for sediments in other
euxinic basins such as, for example, the Baltic Sea (< 12 %). We suggest that the abundant presence
of calcium carbonate may contribute to the more efficient sequestration of P in Black Sea sediments.
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4.1 Introduction
Oxygen concentrations in many coastal waters have been decreasing since the 1960s, resulting in an
expansion of so-called dead zones where oxygen concentrations in bottom waters are below 2 mg/L
(Diaz and Rosenberg, 2008; Rabalais et al., 2014). One of the primary causes of the expansion of
dead zones is the enhanced riverine runoff of fertilizers, which stimulates primary productivity in
coastal surface waters and increases the oxygen demand in deep waters linked to remineralization
of the excess organic matter (Diaz and Rosenberg, 2008; Rabalais et al., 2014). An example of such
a coastal human-induced dead zone is the Baltic Sea (Carstensen et al., 2014; Conley et al., 2009),
where more than 60.000 km2 of bottom waters are seasonally or even permanently hypoxic, anoxic
or euxinic (i.e. < 2 mg O2/L, no oxygen or free dissolved sulfide (referred to as HS-) in bottom
waters, respectively).
Restricted basins such as the Cariaco Basin and the Black Sea naturally suffer from bottom
water euxinia due to stable water column stratification that limits vertical mixing in the water
column and thereby decreases the supply of oxygen to the deep waters (Arthur and Dean, 1998;
Degens and Ross, 1974; Scranton et al., 2001; Wilkin et al., 1997). These euxinic basins provide a
natural laboratory to investigate the consequences of low oxygen conditions on biogeochemical
cycling in the water column and sediments. While many studies have investigated the carbon (C),
manganese (Mn), iron (Fe) and sulfur (S) dynamics in these basins (Calvert et al., 1996; Fry et al.,
1991; Trouwborst et al., 2006; Wijsman et al., 2001), the dynamics of the key nutrient phosphorus
(P) in the water column and surface sediments are less well understood.
The potential carriers of P towards the seafloor in euxinic basins consist of both organic
and inorganic particles (Benitez-Nelson et al., 2007; McParland et al., 2015). Euxinic basins are
particularly enriched in inorganic P in or close to the redoxcline (i.e. the water layer that separates
the oxic surface waters from the sulfidic deep waters). This is, in part, caused by a close coupling
between the dynamics of particulate Mn, Fe and P in or close to the redoxcline (Dellwig et al.,
2010). The redoxcline is typically enriched in Mn(IV)-oxides such as birnessite (δ-MnO2), which are
reductively dissolved when sinking into deeper sulfidic waters (Tebo et al., 2004; Tebo, 1991). Part
of the released Mn2+ diffuses upwards into the redoxcline and is again converted into Mn-oxides,
thereby driving a so-called Mn pump in the water column. The cycling of Fe in the water column
is also driven by redox reactions but, in contrast to Mn, a distinct maximum in particulate Fe(III)(oxyhydr)oxide (Fe-oxide) is not always present in the redoxcline (Lewis and Landing, 1991;
Pakhomova et al., 2009). Phosphate (henceforth termed PO4) can bind to Mn and Fe particles,
resulting in the presence of Mn-Fe-P phases within the redoxcline (Dellwig et al., 2010). In addition
to these mixed particles, colloidal complexes containing Mn(III) and pyrophosphate (simplified as
Mn(III)-P) can contribute to the particulate P pool in the redoxcline of the Black Sea (Yakushev et
al., 2009, 2007). The formation and dissolution of particulate Mn-Fe-P is assumed to be responsible
for the classical “dipole structure” in PO4 depth profiles in euxinic basins with a minimum in PO4
where oxygen becomes depleted and a PO4 maximum at the depth where free dissolved sulfide
(HS-) starts to accumulate (Dellwig et al., 2010; Shaffer, 1986; Yakushev et al., 2009). Particulate
Fe(III) and Mn(III/IV) is highly susceptible to HS--induced dissolution. Half-life times for reactive
Fe-oxides (except magnetite) in sulfidic waters are less than 30 days (Canfield et al., 1992) and
Mn(IV)-oxides quickly dissolve in the presence of HS- (<10 min.; Burdige and Nealson, 1986).
In addition, Mn(III)-P complexes dissolve within seconds in sulfidic waters (Kostka et al., 1995).
In euxinic basins with long exposure times of particles to HS-, most particulate Mn-Fe-P is thus
assumed to undergo reductive dissolution before reaching the seafloor (Dellwig et al., 2010). Recent
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4.2 Methods
4.2.1

Study site and sample collection

The Black Sea experiences permanent sulfidic bottom waters below ~150 m water depth (> 7.000
years; Arthur and Dean, 1998; Calvert et al., 1996; Ross and Degens, 1974; Wilkin et al., 1997).
The deep central basin in the Black Sea is density-stratified with a stable redoxcline that separates
sulfidic and relatively saline deep waters from oxic and less saline surface waters. Most freshwater
discharge takes place on the north-western shelf of the Black Sea through the rivers Danube,
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studies in deep euxinic basins in the Baltic Sea and Black Sea (water depth > 170 meter below sea
surface (mbss)) suggest, however, that some Mn- and Fe-oxides can survive transport through a
euxinic water column and may act as a carrier of P towards the seafloor (Dijkstra et al., 2016, 2014;
Jilbert and Slomp, 2013a).
In addition to Mn-Fe-P phases, redoxclines can also be enriched in inorganic polyphosphates
(i.e. linear polymers of three to several hundred PO4 residues; Kornberg, 1995), as has recently been
shown for Effingham Inlet, a restricted anoxic fjord on the west coast of Vancouver Island (Diaz
et al., 2012). These inorganic polyphosphates do, however, dissolve when entering deeper anoxic
waters, presumably due to redox-sensitive remineralization (Diaz et al., 2012). This is in line with
other studies that show a release of PO4 from polyphosphates under reducing conditions (Brock and
Schulz-Vogt, 2011; Sannigrahi and Ingall, 2005; Schulz and Schulz, 2005).
Other forms of particulate P phases are less sensitive to dissolution in sulfidic waters than
Mn-Fe-P and inorganic polyphosphates. These are, for instance, biogenic hydroxyapatites (Schenau
and De Lange, 2000; Slomp et al., 2002) and detrital apatites (Ruttenberg, 2003). Sediments below
sulfidic waters can also contain carbonate fluorapatite (e.g. Mort et al., 2010). These apatites may
form in the water column in micro-environments in large sinking particles (Faul et al., 2005) and
can precipitate in-situ in the sediment as suggested for the deep Black Sea (Dijkstra et al., 2014).
In sulfidic calcium-carbonate(CaCO3)-rich sediments with limited burial of P in other phases,
P associated with CaCO3 can be an additional important P burial phase (Kraal et al., 2017). The
formation of CaCO3-P may already occur in the overlying water column via adsorption of PO4 onto
biogenic CaCO3, as has been proposed for the oxic Ems estuary (De Jonge and Villerius, 1989). In
addition to carbonates, PO4 can also be adsorbed to clays (Krom and Berner, 1980) but their role as
a carrier of P towards in the seafloor in sulfidic basins has not yet been investigated.
While the dynamics of P in and around the redoxcline in euxinic basins have been intensively
studied (e.g. Dellwig et al., 2010; Yakushev et al., 2009), the carriers of P towards the seafloor are
still undetermined. The susceptibility to reaction with HS- differs between P phases and with it the
extent to which the various P phases survive transport through sulfidic waters. Thus, the nature of
the P particles in the water column can determine the rate of P deposition and, ultimately, the burial
of P in the sediment.
In this study, we investigate the dynamics of Fe, Mn, Ca and P in the water column and in
the surface sediment at a site in the euxinic deep basin of the Black Sea using bulk geochemical
analyses, 33P radiotracer experiments with surface sediments and detailed analysis of particles with
scanning electron microscope – energy dispersive spectroscopy (SEM-EDS) and synchrotron-based
X-ray absorption spectroscopy (XAS). We demonstrate that organic P is the major carrier of P to
the seafloor. Most of the incoming organic P is degraded in the surface sediment. We further find
evidence for an important role for CaCO3 in P sequestration in the deep basin sediments, possibly
through the formation of adsorbed P, labile Ca-P and authigenic Ca-P
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Figure 4.1: Locations of stations 2 and 9 and water column characteristics at station 2. The temperature, density,
oxygen concentration and salinity for the upper 500 m of the water column for June 2013 are shown. Similar
trends with depth were observed in September 2015 (see Appendix 4.1 for comparison). The water column
properties show little change with water depth below 500 m (not shown).

Dniester and Dnieper (Tolmazin, 1985). Our key station 2 in the deep basin (N 42° 53.8’, E 30° 40.7;
Fig. 4.1) is overlain by a 2107 m water column.
Station 2 was visited with RV Pelagia in June 2013. Water samples were collected using a
conductivity-temperature-depth (CTD) rosette with 24 Niskin bottles and sensors to continuously
measure conductivity, temperature, fluorescence, beam transmission and dissolved oxygen. After
collection of the water samples, the remaining water from each depth (10-20 L) was filtered over
0.2 μm Isopore membrane filters (147 mm). In order to avoid oxidation of the collected particles,
the filters were placed into air-tight Geotech polycarbonate filter holders in a glovebag and all
tubing was purged with nitrogen gas and subsequently rinsed with deoxygenated ultrapure water
prior to filtration. Immediately after finishing filtration of a series of CTD bottles, the filter holders
with filters were transferred to a nitrogen-purged glovebag in a cold room (10 °C). The filters were
removed from the holder and stored at -20 °C in air-tight jars until micro-analysis. In addition,
McLane WTS-LV in-situ pumps were deployed to collect particles on pre-combusted glass fibre
filters (GFF; 0.7 μm pore size, 142 mm diameter). Flowmeters were used to register the volume of
filtered water for each in-situ pump. The filters were wrapped in aluminium (Al) foil after retrieval
under normal atmosphere and were directly stored at -80 °C until analysis. Sediment cores were
collected at station 2 using a multi coring device equipped with 60 cm-long polycarbonate tubes.
Sediments were sectioned at a depth resolution of 0.5 to 4 cm in a nitrogen-purged glovebag,
transferred to glass vials and transported at 4 °C to Utrecht University.
Station 2 was revisited in September 2015 with RV Pelagia to collect water samples for dissolved
Fe measurements using ultra-trace metal clean PVDF samplers with a Kevlar hydrowire (De Baar
et al., 2008; Rijkenberg et al., 2014). No distinct differences in water column characteristics (e.g.
oxygen, HS- and PO4) were observed between the 2013 and 2015 sampling campaigns (Appendix
4.1). Sediment for the 33P radiotracer incubations was collected in 2015 at station 2 and, for
comparison, at station 9 on the oxic shelf (27 mbss; 44°34.9’N 29°11.38’E).
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4.2.2

Water column analyses

4.2.3

Analysis of particles on GFF filters

An oven-dried (60 °C) GFF filter piece from each depth was digested overnight in a mixture of
hydrofluoric acid, nitric acid and perchloric acid solution at 90 °C. After the acids were fumed
off during the next day, the residues were dissolved in 1 M nitric acid. Total Mn concentrations
in the solutions were measured by ICP-OES whereas total P and total Fe concentrations were
measured colorimetrically by the molybdenum blue method (Strickland and Parsons, 1972) and
the phenanthroline method (APHA, 2005), respectively. All concentrations were corrected for
background concentrations with duplicate filter blanks. The detection limit was 1.3 nM for Mn, 4.3
nM for P and 2.1 nM for Fe (3 x blank standard deviation). No data was available for particulate P
from the 2000 mbss GFF filter. We therefore determined the P concentration at 2000 mbss by total
destruction of a piece of the Isopore filter from the Niskin bottles.
A second oven-dried filter piece was decalcified overnight in a desiccator with acid fumes that
were generated by an open petri dish with concentrated (37 %) HCl. The next day, the filters were
placed in a fume hood to remove any residual HCl. The Corg contents of the filters were determined
with a CN analyser (Fisons Instruments NA 1500). All samples were corrected for filter blanks. The
relative standard deviation based on blanks and in-house standards was generally below 5 %.
Particulate inorganic polyphosphate concentrations were quantified according to the
method of Martin and Mooy (2013). In short, a small filter piece (1 cm2; stored at -80 °C prior to
analysis) was boiled and digested in a 20 mM Tris buffer solution containing RNase, DNase and
Proteinase K. After four successive extractions, 4',6-Diamidino-2-phenylindole (DAPI) was added
to the final solution. The binding between polyphosphates and DAPI resulted in a peak in the
fluorescence emission spectrum of the mixed solution at 550 nm, which was then be quantified
by a spectrofluorometer (excitation wavelength: 415 nm). The calibration was performed using
a polyphosphate standard with a chain length of 45 ± 5 residues (Sigma-Aldrich; S4379), and all
concentrations were corrected for blanks. The relative standard deviation based on duplicate filter
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After retrieval, the water in the CTD rosette bottles was immediately sampled, filtered (0.2 µm)
and analysed on-board for dissolved PO4 and HS- with Quattro gas-segmented continuous flow
analysers (Grasshoff et al., 1983; Murphy and Riley, 1962). The relative standard deviation based
on duplicate samples was generally below 4 % for PO4 and below 10 % for HS-. A small aliquot of
the filtered water from each CTD bottle was acidified and stored (4 °C) until further analysis. At
Utrecht University, the acidified samples were diluted three times with 1 M HCl (Ultrapure). Total
dissolved Mn (dMn) was measured by inductively coupled plasma – optical emission spectrometry
(ICP-OES; SPECTRO ARCOS). The detection limit for undiluted samples was 0.33 µM Mn. Water
column profiles for ammonium (NH4+), nitrate (NO3-) and nitrite (NO2-) are shown in Appendix
4.1.
For the determination of dissolved Fe, 0.5 L of seawater was filtered through a 0.2 µm Sartobran
300 cartridge (Sartorius) under nitrogen pressure and collected in acid-washed 60 mL LDPE
bottles (Nalgene™). These bottles were acidified to pH 1.8 using distilled HCl and stored at 4 °C
prior to analysis at Utrecht University. Total dissolved Fe (dFe) was measured by flow-injection
with chemiluminescence with preconcentration detection (Klunder et al., 2011; Rijkenberg et al.,
2014). All triplicate samples from a station were analysed from surface waters to depth during the
same run. The detection limit was 0.025 ± 0.012 nM. The accuracy of the system was measured
daily using GEOTRACES reference material D1, 0.65 ± 0.04 nM, consistent with the community
consensus value of 0.64 ± 0.04 nM (Johnson et al., 2007).

Table 4.1: The SEDEX scheme according to Ruttenberg (1992), including modifications by Slomp et al. (1996a).
A H2O2 extraction method for organic P was applied to the sediment samples spiked with 33P following
Goldhammer et al. (2010) as no combustion oven was available in the isotope lab.
Steps

Extractants

Time

Target phase

Term

1

1 M MgCl2 (pH 8)
CDB solution (pH 7.6):
0.3 M Na3 citrate; 25 g/L Na dithionite;
1 M NaHCO3
1 M MgCl2 (pH 8)
1 M Na acetate
buffered to pH 4 with
acetic acid
1 M MgCl2 (pH 8)
1 M HCl
combustion at 550 °C
1 M HCl

0.5 h

Ex-P

0.5 h

Exchangeable P
P bound to Fe-oxides
Fe(II)-phosphatesa
CaCO3-Pb
Washing step

6h

Authigenic apatite

Authi
Ca-P

0.5 h
24 h
2h
24 h

Washing step
Detrital apatite

Detr-P

Organic P

Org-P

20 % H2O2c

48 h

Organic P

Org-P

2
3
4
5
6
7 (P)
7 (33P)

8h

CDB-P

: Fe(II)-phosphates such as vivianite can also dissolved in the CDB solution (Dijkstra et al., 2016; Nembrini et al.,1983)
: P bound to CaCO3 can also be extracted in the CDB solution (Kraal et al., 2017)
: remaining H2O2 was fumed off in a water bath at 70°C
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a

b
c

samples was < 10 %. As natural polyphosphates may fluorescence brighter than the synthetic
polyphosphate standard, the polyphosphate concentrations are considered to be relative measures
and are therefore expressed in nmol equivalents of P per liter (neq L-1; Diaz et al., 2016; Martin et
al., 2014).
4.2.4

Synchrotron-based µXRF and XAS of particles on Isopore filters

The Fe and Mn mineralogy of particles from three water depths (100, 250 and 2000 mbss) was
investigated at the beamline BL2-3 at the Stanford Synchrotron Radiation Lightsource (SSRL;
Menlo Park, USA). The filters were positioned between KaptonR tape and mounted on the sample
holder. All handling of the water column filters prior to the actual measurements was conducted
in an oxygen-free environment to avoid sample oxidation. We performed micron-scale X-ray
fluorescence element mapping (µXRF) at 7532 eV with a beam size of 2 x 2 μm and a step size of
2 – 5 μm. The intensity counts of the filter from 2000 mbss were multiplied by 0.5 to correct for
the longer dwell time (50 ms per pixel versus 25 ms per pixel for the filters from other depths).
Elemental maps for Fe and Mn were plotted on a logarithmic scale in the software package R (R
Core Team, 2016).
Selected spots were investigated with X-ray absorption near-edge spectroscopy (XANES) and
extended X-ray absorption fine structure (EXAFS) in the Mn and Fe energy range (6300-6900 eV
and 6900-7500 eV, respectively). The monochromator was calibrated against the maximum intensity
of the pre-edge feature of potassium permanganate (6543.34 eV) for Mn and the first derivative of
the Fe foil (7112 eV) for Fe. We used the ATHENA software package (Ravel and Newville, 2005)
for background subtraction and normalization. We also removed outliers with the deglitching tool
and performed a 3-point smoothing on all spectra to reduce overall noise. Individual spectra from
different spots that were very similar were merged to obtain average spectra.
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The Fe XAS spectra of the reference standards originate from the beamline BL2-3 library kindly
provided by Ben Kocar. The Mn standards were all characterized by XRD and measured at beamline
BM26a (DUBBLE) at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France
(beamline layout is described in Borsboom et al. (1998) and Nikitenko et al. (2008)). We evaluated
the consistency in the energy calibration by comparing spectra of reference materials that were
included in all datasets.
4.2.5

SEM-EDS analysis of particles on Isopore filters

Particles on carbon-coated Isopore filters were studied in detail at Utrecht University with a
scanning electron microscope (FEI Helios NanoLab G3 UC). We performed elemental mapping
with an acceleration voltage of 15 kV in 0.6 by 0.6 µm steps (dwell time = 3 µs; energy range =
20 keV). The total area analysed per filter was ~ 600 by 400 µm. Within this filter area, particles
were selected for SEM imaging and more detailed elemental mapping (step size of ~ 0.03 µm). The
relative abundances of elements on the particles were estimated using the AZtec software (excluding
carbon, oxygen, sodium and chloride for calculations). The 100 mbss filter was also investigated
using a HyperProbe electron probe microanalyzer (Appendix 4.2).
4.2.6

210

Pb analysis, mass accumulation rates and burial efficiencies
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Freeze-dried and ground samples from the 0 – 10 cm sediment interval at station 2 (6 samples)
were used for 210Pb (half-life 22.3 y) analysis using a Canberra BeGe gamma-ray spectrometer.
The activities of 210Pb and other γ-emitting radionuclides were determined using γ spectrometry.
Each sample was measured until at least 200 – 250 210Pb gamma-ray counts were recorded. After
correction of the 210Pb activity for background (supported) 210Pb activity, the constant flux model
(Sanchez-Cabeza and Ruiz-Fernández, 2012) was used to calculate mass accumulation rates (MAR,
g cm-2 y-1). Sedimentation rates (SR, cm y-1) were obtained by dividing the MAR by the dry bulk
density (g cm-3).
Deposition and burial rates and burial efficiencies for P and Corg at station 2 were calculated
as detailed below. Burial rates of the various forms of P and Corg were obtained by multiplying the
MAR with the P and Corg concentrations for the depth interval of 2 to 3 cm (Table 4.2), assuming
that most change in concentration due to organic matter degradation occurs in the upper 2 cm of
the sediment (Sun and Wakeham, 1994). Diffusive PO4 fluxes across the sediment-water interface
were determined using Fick’s law of diffusion and PO4 porewater profiles and bottom water
concentrations obtained during the 2013 and 2015 cruises (Appendix 4.3). The rate of deposition of
total P was calculated as the sum of the burial flux of total P and the diffusive flux of PO4 across the
sediment-water interface (Jensen et al., 1995).
The P extraction scheme method of Ruttenberg (1992) (SEDEX) with modifications by Slomp
et al. (1996a), as summarized in Table 4.1, was applied to sediments from 2 to 3 cm depth to
distinguish between different P forms: detrital P, citrate-dithionite-bicarbonate(CDB)-extractable
P (including exchangeable P), authigenic Ca-P and organic P. Detrital P is an unreactive P phase
in the water column and sediments, therefore the deposition rate was assumed equal to the burial
rate. The maximum deposition rate of CDB-extractable P was considered to be similar to the burial
rate (assuming no in-situ formation of CDB-extractable P). Authigenic Ca-P is low in the top 0.5
cm of sediment (0.8 µmol g-1) and gradually increases with depth (2.3 µmol g-1), suggesting apatite
formation in the surface sediments (Kraal et al., 2017). The maximum deposition rate of authigenic
Ca-P was assumed to equal the MAR multiplied by the authigenic Ca-P concentration in the top
0.5 cm of the sediment. The rate of organic P deposition should be equal to the deposition rate

of total P minus that of all inorganic P. Maximum rates of organic P deposition were calculated
assuming that detrital P was the only source of inorganic P, and minimum rates of organic P were
calculated assuming maximum deposition rates for all inorganic P phases. Deposition rates of Corg
were calculated from the organic P deposition rate assuming a Redfield C:P ratio of 106:1 mol mol-1
for marine organic matter, and in addition by assuming a Corg:P ratio similar to our estimation of
the particulate Corg:P ratio at 2000 mbss. The burial efficiency, i.e. the percentage of the depositional
flux of P that is buried (e.g. Jensen et al., 1995), was calculated for all P forms and organic C. We
also calculated the burial efficiency for reactive P (total P minus detrital P).
4.2.7

Synchrotron-based µXRF and XAS of resin-embedded sediments

We embedded a small subsample (~1 cm diameter) of the top 0-7 cm of a multicore under anoxic
conditions according to the method of Jilbert and Slomp (2013a) for a detailed investigation of Ca,
Fe, Mn and P enrichments in the surface sediment. The top section of the resin-embedded minicore was analysed at the beamline BL2-3 at the Stanford Synchrotron Radiation Light source (Menlo
Park, USA). Elemental µXRF mapping was performed at 7532 eV with a beam size of 2 x 2 μm and
a step size of 5 μm x 5 μm. Enrichments in Mn at the sediment-water interface were investigated by
Mn XANES (6300-6900 eV; see section 4.2.4 for technical details).
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4.2.8

33

P incubation experiments

To investigate the conversion of dissolved PO4 in the surface sediments to solid-phase P, a 33P tracer
experiment was performed with surface sediment from stations 2 and 9. We sampled the first 7 cm
of sediment at station 2 to obtain enough sediment for our incubation. At station 9, we sampled
the oxidized layer of surface sediment (~ 0-1 cm). Seawater from the deepest CTD deployment
per station was spiked with a 33P radiolabel solution (H333PO4; Perkin Elmer; half-life of 25.4 days)
and mixed with the surface sediment in a 1:1 volume ratio. The sediment slurry was divided over
centrifuge tubes, resulting in an initial radioactivity in each sample of 10 – 40 kBq 33P. The added
33
PO4 content was negligible compared to the PO4 concentrations in the sediment slurries so that
the radionuclide functioned as a true tracer (< 1 %). Handling of samples from station 2 was
conducted in an oxygen-free environment to avoid oxidation artefacts. Slurry samples with 3.7 %
formaldehyde served as abiotic controls and were treated in the same way as the other samples.
The 33P-spiked samples were incubated for 0, 3-5 or 30 days on a shaker at 9 °C in the dark and
stored at -80 °C until analysis. At the end of the experiment, all samples were thawed and directly
centrifuged to separate the overlying water from the sediments. The radioactivity in the overlying
water was measured in scintillation vials with an Ultima Gold XR scintillation cocktail (Perkin
Elmer) on a Tri-carb 2300 TR scintillation analyser (Packard Instrument Company, LaGrange, IL,
USA). Total activity in the aqueous phase of the incubated slurries was obtained by multiplying
the activity in the overlying water by the total volume of water in the sample. After three washes
with UHQ, the residual sediment was subjected to the SEDEX method of Ruttenberg (1992) with
modifications by Slomp et al. (1996a) and Goldhammer et al. (2010) (Table 4.1). The radioactivity
in the SEDEX extracts was multiplied by the extraction volume to obtain the total sediment activity.
Regarding the station 9 sediments, we used a correction factor of 1/0.45 as we only applied the
SEDEX procedure to a subsample of the 33P-spiked sediments (45 % of total sample mass). Organicbound P in the 33P-spiked sediments was targeted using a 20 % hydrogen peroxide solution (H2O2)
at room temperature for 48 hours (Table 4.1). Oxidation of organic matter led to high pressure
build-up and subsequent overflow of SEDEX solutions out of centrifuge tubes in some of the
samples from station 2. The results from these samples were discarded. A subsample of each SEDEX
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extract was mixed with a scintillation cocktail (Ultima Gold XR) and immediately analyzed with the
Tri-carb 2300 TR scintillation analyser. We used SEDEX solutions with known 33P activity to correct
for chemical quenching and the samples were corrected for background radioactivity using blanks.
All activities were back-calculated to the start of the experiment assuming exponential decay.
The first six steps of the SEDEX were conducted in an oxygen-free environment to avoid sample
oxidation and associated changes in P fractionation. All experiments were performed in triplicate.
Differences in mean activities between the sample groups (time steps and normal/abiotic control)
were compared by one-way analysis of variance (ANOVA) with post-hoc Tukey tests in Sigmaplot
12.3. Methods and results of 33P radiotracer incubations with additional shelf edge sediments
(43°42.6’N 30°06.1’E) are included in Appendix 4.4.
The P distribution in non-radioactive mixed surface sediments from station 2 and 9 was
also investigated with SEDEX (Table 4.1). The extraction scheme was also applied to synthesized
carbonated hydroxyapatite to assess its solubility in the CDB-extraction step (Appendix 4.5). The
P concentrations in the CDB extracts were measured by ICP-OES. All other P concentrations were
determined with the molybdenum blue method (Strickland and Parsons, 1972).

4.3 Results
4.3.1

Trends in solutes and particles with water depth
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The water column at station 2 is density-stratified with a sharp increase in density and salinity
between 40 and 200 m to values of 16.7 σθ (sigma theta, kg m-3) and 21.5, respectively (Fig. 4.1).
Due to the circulation patterns in the Black Sea, characteristic features in the redoxcline tend
to occur at greater depth in the shelf areas compared to the central gyres. Plotting trends as a
function of density instead of water depth is therefore preferred (Murray and Yakushev, 2006). The
temperature profile shows a distinct trend with the lowest temperature at a density of 15.1 σθ (50 m
water depth) and higher values in the deeper water column (~ 8.8 °C).
The redoxcline at station 2 is situated between 80 and 110 mbss (15.9 – 16.3 σθ; Fig. 4.2).
Oxygen concentrations fall below 0.5 µM underneath the upper limit of the redoxcline. Below the
redoxcline, HS- concentrations gradually increase to a maximum value of 420 µM at 2000 mbss
(17.2 σθ). The depth profile of dissolved PO4 displays a minimum at the top of the redoxcline (0.6
µM), a maximum in the lower part of the redoxcline (7.9 µM) and a broad minimum to values as
low as 5 µM at 170 mbss. Particulate P concentrations are elevated in the oxic waters (55 nM), very
high within the redoxcline at 90 mbss (113 nM; 16.0 σθ) and low (~ 10 nM) in the sulfidic waters.
Dissolved Mn concentrations are below detection in the oxic waters, increase within the redoxcline,
reach values of almost 8 µM just below the redoxcline and then decrease with water depth. The
redoxcline at 95 mbss is enriched in particulate Mn (85 nM; 16.1 σθ) whereas the sulfidic deep
waters do not contain particulate Mn (<1 nM). A maximum in dissolved Fe of 0.32 µM is observed
in the sulfidic water at 170 mbss (16.6 σθ), just below the maximum in dissolved Mn. We observe
three maxima in particulate Fe: at 85 mbss (25 nM; 16.0 σθ), 250 mbss (41 nM; 16.8 σθ) and 2000
mbss (27 nM; 17.2 σθ). The highest concentrations of particulate Corg were observed at 50 mbss
(15.1 σθ) and at 2000 mbss (17.2 σθ). Particulate molar Corg:P ratios were close to the Redfield ratio
for marine organic matter (106:1 mol mol-1) at all depths, except for the redoxcline (Corg:P ratios <
30:1 mol mol-1) and the water column at 2000 mbss (288:1 mol mol-1). The trend in polyphosphates
generally follows the trend in particulate P with a maximum at a density of 16.0 σθ (90 mbss; 0.92
neq L-1). The ratio between polyphosphates and particulate P is below 0.1 eq mol-1 at all water
depths.
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4.3.2

Examination of Fe and Mn particles by XAS

The mineralogy of Fe and Mn particles from 100, 250 and 2000 mbss (16.1, 16.8 and 17.2 σθ,
respectively) on 0.2 µm Isopore filters was investigated by synchrotron-based μXRF (Fig. 4.3)
and XAS (Fig. 4.4). The water column at 100 mbss contains Fe-rich, Mn-rich and mixed Fe-Mn
particles. Note that the 0.7 µm GFF filters from 100 mbss water depth were depleted in particulate
Mn at this depth (<2 nM; Fig. 4.2). This difference in Mn content between both filters may be due
to a slight change in the position of the redoxcline between both deployments. The filters from the
sulfidic water column contain Fe particles but were depleted in Mn particles (Fig. 4.3).
All water column Fe particles from 100 mbss and some particles in the deeper water column
(250 and 2000 mbss) are characterized by pre-edge and white line positions that are typical for
Fe(III)-phases. The Fe XANES spectrum of the particles does not contain the pre-edge shoulder
of magnetite (Fig. 4.4A). Due to high signal-to-noise ratios of the Fe EXAFS spectra, we could not
distinguish between clay-associated Fe(III) and other Fe-oxides in our sample spectra based on
linear combination fitting using Fe reference spectra (Fig. 4.4B). We do not observe distinct changes
in the Fe(III) XANES and EXAFS spectra with water depth that may point towards alteration of
Fe(III) mineralogy during particle sinking. In addition to Fe(III) particles, the sulfidic waters also
contained particles with Fe XANES and EXAFS spectra that closely resemble the spectrum of pyrite
(FeS2).
The XANES spectrum of the Mn-particles at 100 mbss resembles the spectrum of birnessite,
a mixed Mn(III/IV) oxide, and not that of the Mn(II) and Mn(III) reference materials MnO and
bixbyite, respectively. (Fig. 4.4C). The Mn EXAFS spectrum of the water column particles is also
most similar to the spectrum of birnessite (Fig. 4.4D).
4.3.3

Elemental composition of individual particles by SEM-EDS

Individual particles from 100, 250 and 2000 mbss were investigated by SEM-EDS (Fig. 4.5). On the
filter from 100 mbss, we observed Fe and Mn particles containing P that were < 10 µm in size (Fig.
4.5A and 4.5B). The mixed Fe and Mn phases were either enriched in Mn or in Fe (Appendix 4.2).
The filter also contained larger agglomerates that presumably consist of a mixture of Mn-oxides
with P, salts, clays and organic matter (including silica(Si)-rich debris of diatoms; Fig. 4.5C and
4.5D). We also observed CaCO3-rich exoskeletons of coccolithophores (Fig. 4.5A).
The 250 mbss filter contained agglomerates of pyrite, organics, clays and salts (Fig. 4.5E-G).
The P-rich particles in Fig. 4.5F are assumed to be organic with attached Mg from salt as inorganic
precipitation of Mg-phosphates is modern marine enviroments is considered impossible (Golubev
et al., 2001). Note, that the high background carbon on the carbon-coated filters precludes
identification of organic particles by SEM-EDS based on carbon contents. We further detected an Fe
particle (Fig. 4.5G) and apatite (Fig. 4.5H). Similar to the 250 mbss filter, the filter from 2000 mbss
contained clay particles (high in Si, K, Al and Fe) with some P (Fig. 4.5I). We further identified a Fe
particle with P and Si (Fig. 4.5J). The P enrichment on the Fe particle results in a clear correlation
between Fe and P counts (Fig. 4.5K). Counts for Mn were very low on the filters with particles from
250 and 2000 mbss, as illustrated for 2000 mbss in Fig. 4.5L.
4.3.4

Rate of deposition and burial efficiency

Sedimentation rates (SRs) and mass accumulation rates (MARs) in the surface sediments at station
2 are 0.23 cm y-1 and ~ 60 g m-2 y-1 (Fig. 4.6), which is in agreement with other estimates for the
western Black Sea basin (Crusius and Anderson, 1992). The burial rate of total P in the sediments
at station 2 is 1098 µmol g-1 (Table 4.2) and the average diffusive flux of PO4 at station 2 is 2920
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Figure 4.3: Fe and Mn µXRF maps of particles collected on Isopore filters (0.2µm) for water depths of 100, 250
and 2000 mbss. The intensity (# of counts) is given on a logarithmic scale. The volume of filtered water and the
density for each water depth are given between brackets.
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Figure 4.4: Fe and Mn XANES and EXAFS spectra for water column particles from water depths of 100, 250
or 2000 mbss (red) and various standards (black). The grey shades highlight areas with characteristic features
within the spectra. We merged 2 to 9 individual spectra from different spots that were very similar to obtain
average spectra (number of individual spectra per merged spectrum is given between brackets). The particles
were collected on Isopore filters (0.2 μm).

µmol m-2 y-1 (based on porewater PO4 profiles for 2013 and 2015; Appendix 4.3). The deposition
rate of total P is then estimated to be 4018 µmol m-2 y-1. This results in a burial efficiency for total P
of 27 %. Organic P is the major burial P pool in the sediments (49 % of total P) and is also the main
depositional P phase. The maximum deposition rate of exchangeable and CDB-extractable P is 336
μmol m-2 y-1. Some P may also settle onto the seafloor as detrital P (90 μmol m-2 y-1) and authigenic
Ca-P (max. 48 μmol m-2 y-1). The burial efficiency of organic P ranges from 14 to 15 % and thus is
much lower than the Corg burial efficiency of 88 % when assuming that the Corg:P ratio of incoming
organic matter is similar to the Redfield ratio of 106:1 mol mol-1.
4.3.5

Elemental distribution in the surface sediments

The elemental maps for the upper cm of the sediment at station 2 show a clear correlation between
P and Ca (Fig. 4.7). Sediments at the sediment-water interface contain some Mn. Their Mn XANES
spectrum is similar to the Mn XANES spectrum of rhodochrosite (MnCO3). Enrichments of Fe are
mainly observed at depths in the sediment where P, Ca and Mn are low.
4.3.6

33

P incubation experiments

We were able to track most of the added 33P activity in either the solid or aqueous phase of the
slurries from station 2 and 9 (Table 4.3). The remaining 33P activity was likely lost during UHQ
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washing of the slurries prior to the P extraction scheme. More than 70 % of all 33P activity was
directly incorporated in the solid phase (day 0 = within a few hours) for both stations. The 33P
activity in the aqueous phase continued to decrease with time in the station 2 samples, resulting in
minimum 33P activities in the aqueous phase on day 30. At station 2, the solid-phase 33P activity was
significantly higher on day 30 than at the start of the experiment (day 0). No statistical differences
between the samples and abiotic control group were observed.
Authigenic Ca-P, CDB-extractable P and organic P are the major P pools in the mixed sediments
from station 2 and station 9 (Fig. 4.8). At both stations, highest 33P activities were observed in the
P fraction that was extracted in the CDB solution of the SEDEX (> 80 %). This uptake was not
biologically controlled as the 33P activity in the CDB fraction was similar between the sediment
slurries treated with formaldehyde (abiotic control) and the untreated sediment slurries. There was
a significant decrease in the 33P activity in the exchangeable P fraction with time at both stations.
At station 9, the 33P activity in the organic P fraction was significantly higher after 30 days than at
the start of the incubation (day 0; p < 0.01). We only observe significant differences between the
samples and abiotic control group at station 9, with the abiotic samples having lower 33P activities in
the exchangeable and organic 33P than the samples that were not treated with 3.7 % formaldehyde.
In addition to the 33P radiotracer experiment, we show that roughly 30 % of synthesized carbonated
hydroxyapatite dissolves in the CDB extraction step (Appendix 4.5).
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Figure 4.5: SEM images with EDS results of particles from water depths of 100, 250 and 2000 mbss (A-J) and
correlation plots for Fe-P and Mn-P from 2000 mbss (K and L). Particles were collected on Isopore filters (0.2
μm). The elemental composition in mol% was estimated with AZtec software and excludes carbon, oxygen,
sodium and chloride. The Fe-oxide particulate from 2000 mbss, indicated with a yellow star, contains P (J and
K).
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Figure 4.6: Depth profiles of 210Pb and sediment age at station 2 and corresponding mass accumulation
rates (MAR) and sedimentation rates (SR) as a function of sediment age. The 210Pb activity was corrected for
background (supported) 210Pb activity. The mass accumulation rates were calculated using the constant flux
model (Sanchez-Cabeza and Ruiz-Fernández, 2012). Error bars show standard deviations.

Table 4.2: Burial rates, deposition rates and burial efficiencies of phosphorus and organic carbon (Corg). The P
and Corg concentrations in the sediment interval from 2-3 cm depth at station 2 are from Kraal et al. (2017). The
SEDEX of Ruttenberg (1992) as modified by Slomp et al. (1996a) extracted various P fractions: detrital P, CDBextractable P, authigenic Ca-P, and organic P (reactive P is total P minus detrital P). The deposition rate of Corg
was calculated assuming the Redfield C:P ratio for organic matter (106:1 mol mol-1) and using the Corg:P ratio
of particles from 2000 mbss (288:1 mol mol-1; Fig. 4.2). Burial efficiencies were calculated as the percentage of
the incoming depositional flux that was buried below a depth of 2 cm.
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Figure 4.7: Synchrotron-based µXRF maps of phosphorus (P), manganese (Mn), iron (Fe) and calcium (Ca)
and Mn-XANES for Mn enrichments near the sediment-water interface at station 2. The sediment-water
interface is located at the top of the elemental map. Average spectrum of the Mn-enrichments (yellow star; # of
spectra = 2) is similar to the Mn-XANES spectrum of rhodochrosite (MnCO3).

4.4 Discussion
4.4.1

Organic matter is a major carrier of P towards the seafloor
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The Black Sea surface waters are inhabited by a diverse community of phytoplankton, consisting
primarily of diatoms, dinoflagellates and coccolithophores (Oguz and Merico, 2006). Together, these
micro-organisms are estimated to be responsible for the fixation of ~ 8300 mmol C m-2 y-1 in the
surface waters (Deuser, 1971). Assuming a C:P ratio for marine organic matter of 106:1 mol mol-1
(Redfield, 1958), this results in the simultaneous fixation of 78 mmol P m-2 y-1. Most of the organic
matter is degraded in the surface waters (Deuser, 1971). This is in accordance with the observed
decrease in Corg and particulate P in the oxic waters at our study site (Fig. 4.2). Besides phototrophic
production in surface waters, 10-30 % of the total carbon fixation in the Black Sea water column
may occur just below the redoxcline via chemosynthesis (Jørgensen et al., 1991; Sorokin et al.,
1995; Wakeham et al., 2007; Yilmaz et al., 2006). This carbon fixation pathway can explain the small
increase in Corg concentration in the upper sulfidic waters between a density of 16.3 and 16.7 σθ at
our site (Fig. 4.2). A similar Corg increase in the upper sulfidic waters was observed previously in the
central deep basin (Wakeham et al., 2007). Organic matter in the sulfidic waters of the Black Sea acts
as a key carrier of P towards the seafloor. To account for the P burial rate and the high diffusive PO4
flux out of the sediments, yearly ca. 4000 µmol P m-2 is estimated to be deposited onto the seafloor,
of which at least 85 % is estimated to be deposited as organic P (Table 4.2; Appendix 4.3).
If settling organic matter has a Corg:P ratio similar to the Redfield ratios for organic matter
of 106:1 mol mol-1, then the depositional flux of organic carbon towards the seafloor in the deep
basin is ~ 426 mmol C m-2 y-1 (Table 4.2). This is close to estimated Corg fluxes of in sulfidic waters
(1200 mbss) in the southern Black Sea based on to sediment traps (110-400 mmol C m-2 y-1 Hay
et al., 1990). This organic matter deposition rate will, however, result in a Corg burial efficiency in
the underlying sediments that is higher than values earlier reported for the deep basin of the Black
Sea and other euxinic systems (88 % versus 13-80 %; Table 4.2; Canfield, 1989; Slomp et al., 2002).
We therefore hypothesize that preferential release of P relative to C from organic matter (Ingall et
al., 1993) due to the activity of carbon-limited bacteria in the sulfidic deep waters (Steenbergh et
al., 2013, 2011), may result in higher Corg:P ratios in settling matter than 106:1 mol mol-1. This is
also suggested by our particulate Corg:P trend in the water column (Fig. 4.2) and is in accordance
with the redox-dependence of Corg;P ratios observed in marine sediments (Algeo and Ingall, 2007).
Whereas the particulate Corg:P ratio in the upper part of the sulfidic water column (110-1000 mbss)

Table 4.3: 33P budget as % recovery of 33P activity added at the start of the experiment. Standard
deviation based on triplicates is indicated between brackets (control = abiotic control). Differences
in small letters between groups (a/b) indicate statistical differences in means between the time steps,
as determined by one-way ANOVA tests (p<0.01).
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Figure 4.8: Distribution of 33P activity in the sedimentary P fractions for station 9 and 2. The dashed grey
lines show relative P content in the sediment slurries (actual values are given between brackets on the x-axes).
We applied the SEDEX protocol of Ruttenberg (1992) with modifications as described in Table 4.1. Different
alphabetical superscripts (a/b) indicate statistical differences in means between the time steps as determined
by one-way ANOVA tests (p<0.01; small letters for samples and capital letters for abiotic control set). Asterisks
show significant differences in means between the sample and abiotic control group from same fraction and
time step (one-way ANOVA tests; p<0.01).
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is close to 106:1 mol mol-1, the Corg:P ratio at 2000 mbss is considerably higher (288:1 mol mol-1; Fig.
4.2). Applying a Corg:P ratio of 288:1 mol mol-1 for settling organic matter results in a Corg deposition
rate of 1157 mmol C m-2 y-1 and an organic carbon burial efficiency of 32 % (Table 4.2). Although
we cannot determine how representative this single measurement is for the mean Corg:P ratio of
particles deposited onto the seafloor, this back-of-the-envelope calculation illustrates that it is likely
that particles settling onto the deep basin seafloor have a Corg:P ratio which is higher than 106:1 mol
mol-1. Preferential release of P from organic matter may have continued after deposition, resulting
in a low burial efficiency of organic P relative to Corg in the surface sediments (14-15 % versus >
32 %; Table 4.2). The elevated Corg:Porg ratio of 702 mol mol-1 in the sediments at 2-3 cm depth is
indicative for ongoing preferential release of P relative to organic C from organic matter during
early diagenesis (Table 4.2). The sulfidic conditions in both the deep waters and surface sediments
in the Black Sea thus result in less organic P burial in the sediments than expected based on Corg
deposition rates.
4.4.2

Inorganic P particles in the redoxcline
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Euxinic basins are enriched in inorganic P particles in or close to the redoxcline (Dellwig et al.,
2010; Diaz et al., 2012; McParland et al., 2015). In the Black Sea, the presence of these inorganic
P particles results in a particulate P maximum of > 80 nM (Fig. 4.2; e.g. Coban-Yildiz et al.,
2000), as well as low particulate Corg:P ratios (< 25:1 mol mol-1; Fig. 4.2). Long-chain inorganic
polyphosphates (≥ 15 P atoms) can be an important P pool in marine redoxclines (Diaz et al., 2012)
but inorganic polyphosphate concentrations were very low at our site (<1 neq L-1 at all depths; Fig.
4.2). In contrast to inorganic polyphosphates, Mn-Fe-P particles are abundant in the redoxcline
at station 2 (100 mbss). This is demonstrated by synchrotron-based μXRF and XAS, providing
evidence for the presence of mixed Mn(IV)- and Fe(III)-rich particles (Fig. 4.3 and 4.4), and SEMEDS analyses, which showed that Mn and Fe particles contain P (Fig. 4.5A-D). At our site, most of
the mixed Fe-Mn particles were enriched either in Mn or in Fe (Fig. 4.5 and Appendix 4.2).
The 100 mbss Mn(IV) particles have molar Mn:P ratios between 1:1 and 7:1 (Fig. 4.5). These
values are close to the previously reported mean Mn:P ratio of Mn(IV)-P particles in the Black
Sea redoxcline of 2.6:1 mol mol-1 (Dellwig et al., 2010). Colloidal Mn(III)-P (0.02 – 0.40 µm in
diameter) may also be collected as particulate Mn on our 0.2 µm Isopore filters and 0.7 µm GFF
filters while being too small for identification by synchrotron-based XAS and SEM-EDS. Our
particulate P maximum is indeed located at a density of 16.0 σθ where Mn(III) is assumed to be
at a maximum (Fig. 4.2; Trouwborst et al., 2006). With a molar Mn:P ratio of 0.17:1 or 0.25:1,
Mn(III)-complexes with pyrophosphate (simplified as Mn(III)-P) are a more efficient carrier of P in
the water column than Mn(IV)-P (Davies, 1969; Yakushev et al., 2009). Particulate Mn(III)-P may
explain a large fraction of the particulate P pool in the upper part of the redoxcline if we assume that
25 % of all particulate Mn in the redoxcline is Mn(III), as illustrated in Fig. 4.9. This would result
in a Mn(III)-P concentration of ~50 nM P at 90 mbss that is in the range of estimated Mn(III)-P
concentrations in the Black Sea redoxcline (based on pyrophosphate measurements; Pakhomova et
al., 2009; Yakushev et al., 2009). The maximum concentration of particulate Fe in the redoxcline is
lower than the maximum concentration of particulate Mn (25 versus 80 nM; Fig. 4.2). When we
assume a molar Fe:P ratio of 2:1, as reported in Dellwig et al. (2010), Fe(III)-P phases only represent
~5 % of the particulate P in the redoxcline. In reality, this percentage is likely even smaller as this
calculation does not account for the Fe fraction in clays and the presence of almost pure Fe-oxides
without abundant P (as in Fig. 4.5A).
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Figure 4.9: Particulate P phases in and close to the redoxcline of the Black Sea (station 2). Organic P is
determined using the Redfield C:P ratio for organic matter (106:1) whereas the molar Fe:P ratio for Fe-oxides
in the Black Sea redoxcline is assumed to be 2:1 according to Dellwig et al. (2010). We applied a molar Mn:P
ratio of 2.6:1 for Mn(IV)-P (Dellwig et al., 2010) and a molar Mn:P ratio of 0.21:1 for Mn(III)-P (Davies, 1969;
Yakushev et al., 2009). We assume that Mn(III) is 25 % of all particulate Mn. Without Mn(III)-P, Mn(IV)-P
would not be sufficient to explain the particulate P concentrations (see black and grey line). Particulate
Mn-Fe-P is assumed to be an insignificant P pool in the oxic zone (80 mbss) due to low PO4 concentrations
(<1 µM; Fig. 4.2). The missing particulate pool at 100 mbss might be adsorbed P (see section 4.4.4) or detrital
P (both not included in the Figure), and/or is caused by an underestimation of particulate Mn concentration at
this depth.

Note that our observed Mn-Fe-P dynamics in the redoxcline, with a major role for Mn and
not for Fe (Fig. 4.9), may not be a universal signature for the deep basin as there is a large range
in maximum particulate Mn and Fe concentrations in the Black Sea redoxcline (8-2300 nM and
15 – 300 nM, respectively; Lewis and Landing, 1991; Pakhomova et al., 2009). This variation is
proposed to be linked to spatial differences in lateral inputs of Mn and Fe and seasonal variability
(Pakhomova et al., 2009). Storms may, for instance, transport relatively large amounts of oxygen
towards the redoxcline, which in turn affects oxidation and reduction reactions and, subsequently,
the redoxcline dynamics of Mn, Fe and P.
4.4.3

Fate of Mn-P and Fe-P in sulfidic deep waters

Whereas most studies on Mn-Fe-P dynamics in euxinic basins focus on the particulate dynamics
in or close to the redoxcline (e.g. Dellwig et al., 2010; Yakushev et al., 2009), we specifically wish
to address the fate of particulate Mn(III/IV)-P and Fe(III)-P in the sulfidic deep waters. The sharp
decline in particulate Mn that we observe in the lower part of redoxcline at our station (Fig. 4.2) is
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(

Fe(III)-P

)

where Fe(III)-P is the depositional flux of Fe-oxide P, Fhr is the total flux of highly reactive Fe
towards the seafloor in the deep basin, fFe_ns is the fraction of highly reactive Fe that is not sulfidized,
and Fe:PFe(III)-P is the molar Fe:P ratio of settling Fe-oxides with associated P. The values for Fhr and
fhr_ns were obtained from literature (6805 µmol Fe m-2 y-1 and 9.6 %, respectively; Anderson and
Raiswell, 2004). We assumed an Fe:P ratio of 50:1 mol mol-1, which is the value for the Fe-oxide
from 2000 mbss (50:1 mol mol-1; Fig. 4.5J), that is also close to reported molar Fe:P ratios for
crystalline Fe-oxides (e.g. > 30:1 mol mol-1 for goethite; Galvez et al., 1999). These Fe:P values are
assumed to be more representative for the Fe(III)-P in the sulfidic waters than the very low Fe:P
ratio of particulate Fe(III)-P in the redoxcline. Our estimated Fe(III)-P flux is 13 µmol P m-2 y-1,
which contributes less than 1 % of the total particulate P flux towards the seafloor in the deep basin
of the Black Sea (Table 4.2). Some of the Fe(III)-oxide P may be converted to Fe(II)-P phases such
as ludlamite in the water column or sediment, but although some ludlamite was indeed present
in the surface sediment at station 2 (Kraal et al., 2017), we did not detect it in the water column.
Particulate Fe-P can thus not explain the high CDB-extractable P concentrations in the surface
sediments of the Black Sea (Table 4.2).
4.4.4

P associated with CaCO3 and clays in the water column and sediments

The exchangeable and CDB-extractable P pool in the surface sediments in the deep basin (5.6 µmol
g-1; Table 4.2) may represent P associated with CaCO3 and, possibly, with clay (Kraal et al., 2017).
This conclusion is supported by the high correlation between P and Ca in the surface sediments
at our site (Fig. 4.7). However, the exchangeable and CDB-extractable P pool in these sediments
(Fig. 4.2 and Appendix 4.3) cannot solely be attributed to surface adsorption. This is apparent when
comparing P sorption coefficients (K) for CaCO3 from the literature to those calculated from the
ratio of the “adsorbed” pool of P (µmol g-1) and the ambient porewater concentrations of PO4 in
Black Sea sediments (µmol mL-1). If surface adsorption would account for all exchangeable and
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similar to the decrease in particulate Mn with water depth seen at other locations in the deep basin
(Lewis and Landing, 1991). No particulate Mn was detected at 250 and 2000 mbss at our site by
synchrotron µXRF (Fig. 4.3) and the counts for Mn by SEM-EDS were very low (Fig. 4.5). The few
Mn carbonate enrichments present at the sediment-water interface contained only little P (Fig. 4.7).
These results show that Mn(III/IV)-P, the key pool of particulate P in the redoxcline, is subject to
reductive dissolution in the deeper anoxic and sulfidic waters in the Black Sea and does not act as a
carrier of P towards the sediments.
Similar to particulate Mn, most particulate Fe(III) in the Black Sea undergoes reductive
dissolution within the upper part of the sulfidic water column, where it is converted to Fe(II)sulfides (Lewis and Landing, 1991; Lyons, 1997; Muramoto et al., 1991). This is also observed at our
station where pyrite is already present at 250 mbss (density of 16.8 σθ; Fig. 4.3, 4.4 and 4.5). Some
particulate Fe(III) does, however, survive transport through the sulfidic water column. At our site,
particulate Fe(III) is present at 250 and 2000 mbss (Fig. 4.4). At least part of this Fe(III) is present as
Fe-oxides and not as Fe(III)-rich clays since not all non-sulfidized Fe particles in the sulfidic waters
contain elements associated with clays (e.g. Si, Al and K; Fig. 4.5). Whether Fe(III) is a relevant
carrier of P towards the seafloor is estimated as follows:
			
		
Fe(III)-P flux = Fhr x fFe_ns x Fe:P 1
		
(Eq. 4.1)
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CDB-extractable P in the surface sediments, then the K value in the surface sediments would be
700 ml g-1 (porewater PO4 concentrations of ~ 8 µM; Appendix 4.3). This K value is more than a
magnitude higher than typical K values for CaCO3, clays and anoxic sediments (Edzwald et al.,
1976; Krom and Berner, 1980; Millero et al., 2001). Carbonated hydroxyapatite can also dissolve in
the CDB-extraction step (31 % of all extracted P; Appendix 4.5). We thus conclude that the CDBextractable P pool not only consists of P adsorbed onto CaCO3 and clays but also includes labile
Ca-P phases, possibly formed at CaCO3 surfaces, that dissolve in the CDB-extraction step of the
SEDEX procedure.
Adsorbed P or labile Ca-P could form either in the water column or sediment. Although we
found no P on the CaCO3-rich exoskeletons from the water column (e.g. Fig. 4.5A), this does not
exclude that CaCO3 (and clay) is a carrier of P, as illustrated with the following calculation. If, for
instance, 50 % of the exchangeable and CDB-extractable P is deposited at the seafloor as CaCO3associated P (168 µmol m-2 y-1; Table 4.2) with a CaCO3 deposition rate of 75 mmol m-2 y-1 (Hay et
al., 1990), then the fraction of P on the settling particulate CaCO3 would be only 0.2 mol%. Even
though these settling particles would make up a large P flux towards the sediments, it would be
impossible to detect P on the investigated CaCO3 particles by SEM-EDS. Our 33P radiotracer
experiments show that adsorbed P and/or labile Ca-P can form in-situ in deep basin sediments
of the Black Sea. (Fig. 4.8 and Table 4.3), explaining the fast abiotic uptake of 33PO4 in the CDBextractable P fraction in the sediments. This uptake of 33P is almost as rapid as the uptake of 33P
in the Fe-oxide rich surface sediments on the Black Sea shelves (station 9; Table 4.3). We further
notice a significant decrease in the 33P activity in the exchangeable P fraction over 30 days (Fig.
4.8). This may reflect an abiotic sink-switching from easily adsorbed P (exchangeable P) to strongly
adsorbed or labile Ca-P (CDB-extractable P). Adsorbed P and labile Ca-P may be converted into
more stable authigenic Ca-P upon sediment burial. The P dynamics in the deep basin of the Black
Sea are summarized in Fig. 4.10 and emphasize the role of adsorbed P, labile Ca-P and authigenic
Ca-P as key burial phases in the deep basin besides organic P. Detrital Ca-P plays only a minor role
in the P dynamics in the deep basin of the Black Sea (~2% of the deposited P; Table 4.2).

4.5 Implications for P burial in euxinic basins

In this study, we show that most inorganic Mn-P-Fe particles and polyphosphates formed in the
redoxcline of the Black Sea do not survive transport through the sulfidic waters to the seafloor (Fig.
4.10). Whether this also holds for other euxinic basins likely depends on the HS- concentrations in
the water column and the travel time of the particles before reaching the seafloor. In the Cariaco
Basin, for instance, HS- concentrations in the deep waters (1200 mbss) are an order of magnitude
lower than in the deep basin of the Black Sea (40 versus 400 µM; Fig. 4.2 and Taylor et al., 2001).
As a consequence, more particulate Fe-oxide P may survive transport through the water column,
possibly explaining the large pool of exchangeable and CDB-extractable P in the sulfidic deep
waters of the Cariaco Basin (McParland et al., 2015). Similarly, lower HS- concentrations (< 75 µM)
and shorter travel times of particles to the seafloor (< 437 mbss) allow the input of Fe-oxide P to
sediments of euxinic basins in the Baltic Sea (Dijkstra et al., 2016; Jilbert and Slomp, 2013a; Reed et
al., 2016).
Apart from periods of strongly enhanced Fe-transfer from shelves, e.g. linked to the onset of
shelf hypoxia (Reed et al., 2016), organic P is still thought to be the main source of P to sediments
in the euxinic basins of the Baltic Sea (Dijkstra et al., 2016; Reed et al., 2016). We show here that
organic P also dominates the input of P to the seafloor in the Black Sea. Preferential release of P
relative to C from organic matter in the sulfidic deep waters and surface sediments, however, results
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Figure 4.10: Schematic overview of P dynamics in the water column and surface sediments in the Black Sea.
Values are given in μmol P m-2 y-1. Phototrophic P fixation and chemosynthesis result in a major flux of organic
P towards the seafloor (1). The flux of adsorbed P and labile Ca-P (2) is assumed to be equal to at most 336 μmol
P m-2 y-1 as some adsorbed P may in fact form in the surface sediments, presumably from PO4 that is released
by organic matter decomposition. Particulate Mn(IV)-Fe(III)-P forms in the redoxcline and a small proportion
of the Fe(III)-P may escape sulfidization in the sulfidic waters (3). The Mn(III)-pyrophosphate complexes and
long-chain polyphosphates that form in the redoxcline are assumed to dissolve when entering the sulfidic water
column (4-5). Some detrital apatite P may also be deposited onto the seafloor (6). Most authigenic Ca-P forms
in the sediment (7).

in less burial of organic P than we expected based on Corg contents. While this finding contrasts with
the preferential remineralization of P under oxic instead of anoxic conditions as reported for the
Cariaco Basin water column (Benitez-Nelson et al., 2007), our results are in line with many previous
studies that show preferential P release in sediments overlain by euxinic waters (e.g. Ingall et al,
1993; Ingall and Van Cappellen., 1997; Jilbert et al., 2011). This preferential release of P also explains
the lower burial efficiency of organic P when compared to that of Corg in our Black Sea sediments
(Table 4.2), as observed previously for Mediterranean sapropels (Slomp et al., 2002). The effect of
preferential P release on sedimentary P burial should therefore be considered when studying the
dynamics of P in anoxic and sulfidic basins.
We find that, besides organic matter, P associated with CaCO3 may also be a quantitatively
important P sink in sediments of euxinic basins. While the importance of CaCO3 for sedimentary
P burial was suggested previously for deep sea sediments (Froelich et al., 1982; De Lange, 1992;
Morse and Cook, 1978), most CaCO3-P was later shown to be associated with Fe-oxide coatings
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(Palmer, 1985; Ruttenberg, 2003; Sherwood et al., 1987). However, results of sequential extractions
and 33P-incubations of Fe-oxide-free, CaCO3-rich coastal sediments also suggest a rapid uptake of
P by CaCO3 and a possible sink-switching to Ca-P minerals (Jensen et al., 1998, 2009). Particularly
in sediments where other mechanisms of inorganic P sequestration are less efficient, interactions
of P with CaCO3 may thus become relevant. Strikingly, the burial efficiency of total P in the deep
basin sediments of the Black Sea is higher than that in the CaCO3-poor sediments in the Eastern
Gotland Basin, a euxinic basin in the Baltic Sea (27 % versus 0.2-12 %; Viktorsson et al., 2013).
We hypothesize that the presence of CaCO3 may play a key role in P retention and possibly longterm sequestration by inducing Ca-P formation in sediments of euxinic basins, thereby reducing the
recycling of P from the sediment.
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Appendix 4.1

Comparison of water column trends at station 2
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Figure A4.1: Oxygen (O2), sulfide (HS-), phosphate (PO4), ammonium (NH4+), nitrate (NO3-) and nitrite (NO2) concentrations as a function of density at station 2 in June 2013 and in September 2015 (grey shaded area
indicates the position of the redoxcline). Ammonium, nitrate and nitrite concentrations were analysed onboard
with Quattro gas-segmented continuous flow analysers according to Grasshoff et al. (1983) and Helder and
Vries (1979). Other analyses are described in section 4.2.2.

Appendix 4.2

Analysis of particles from 100 mbss using a HyperProbe Electron Probe Microanalyzer
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Figure A4.2: Analysis of particles from 100 mbss (density=16.1 σθ) using a HyperProbe Electron Probe
Microanalyzer (JXA-8530F). The elemental mapping was performed with an acceleration voltage of 15 kV in
0.4 by 0.4 µm steps on Isopore filters (dwell time = 10 s; beam current = 15nA). Manganese (Mn), phosphorus
(P) and iron (Fe) intensities (# of counts) were determined by a wavelength dispersive X-ray spectrometer. We
applied an isotropic Gaussian blur (σ=1) using the spatstat package in R (Baddeley et al., 2015; R Core Team,
2016) before the elemental maps (A) and P-Fe-Mn correlation plots (B) were made.
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Porewater PO4 profiles and diffusive flux calculations
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Figure A4.3: Porewater PO4 profiles (0 to 0.05 m depth) in June 2013 and September 2015 (station 2).

The diffusive fluxes were calculated in R (R Core Team, 2016) with the marelac package (Soetaert
et al., 2010; see Table A4.3 for data) using Fick’s law of diffusion. The diffusion coefficient of PO4
was corrected for temperature, salinity and the tortuosity in the sediments according to Boudreau
(1996).

Table A4.3: Sediment data for flux calculations and the estimated diffusive PO4 flux.
Gradient

Salinity

Temperature

Pressure

Porosity
3

-3

Flux

Station 2

m mM

(-)

°C

bar

cm cm

µmol P m-2 y

2013 (0-0.5 cm)

3.92

22.3

9.1

213

0.994

3010

2015 (0-0.5 cm)

4.17

22.3

9.1

213

0.994

2829

Average

-1

2920
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Distribution of 33P activity in the solid-phase P fractions for station 5 (190 mbss).
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Figure A4.4: : Location of station 5 (190 mbss) and the distribution of 33P activity in its solid-phase P fractions.
The dashed grey lines show relative P content in the sediment slurries. At this station, we sampled the top 5
cm of the sediment (see section 4.2.8 for the protocol). Different alphabetical superscripts indicate statistical
differences in means between the time steps (one-way ANOVA tests; p < 0.01; small letters for samples and
capital letters for abiotic control set (ab)). Asterisks show significant differences in means between the sample
and abiotic control group from the same fraction and time step (one-way ANOVA tests; p < 0.01). All sample
handling except the organic P extraction step was conducted in an oxygen-free environment to avoid oxidation
artefacts. There was no pressure build-up in the samples during the organic P extraction step due to slow
addition of the 20 % H2O2 solution to the centrifuge tubes.
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Phosphorus fractionation results for carbonated hydroxyapatite
The carbonated hydroxyapatite was synthesized by a slow addition of CaNO3 and Na3PO4 to a HCO3
solution at 70 °C. The CaNO3 and Na3PO4 solutions were added at a rate that was similar to the
theoretical precipitation rate of carbonated hydroxyapatite to sustain a constant stoichiometry in the
solution.
Table A4.5: Results of extraction of carbonated hydroxyapatite using the SEDEX scheme of Ruttenberg (1992),
including modifications by Slomp et al. (1996).
% of recovered P

Exchangeable P

CDB-extractable P

Authigenic Ca-P

Detrital P

Organic P

Mean

0.5

31.4

68.0

0.1

0.0

Standard deviation

0.1

5.5

5.6

0.0

0.0
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CHAPTER 5
VIVIANITE IS A KEY SINK FOR PHOSPHORUS
IN SEDIMENTS OF THE LANDSORT DEEP, AN
INTERMITTENTLY ANOXIC DEEP BASIN IN THE
BALTIC SEA
Nikki Dijkstra, Caroline P. Slomp, Thilo Behrends and IODP Expedition 347 Scientists
Chem. Geol. 438, 58-72, 2016
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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 microanalysis 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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5.1 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 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., 2011, 2013). 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 et
al., 1993; Ingall and Jahnke, 1997; 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., 1996a). 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
formation and burial of authigenic apatite-P at depth (Reed et al., 2011b; Ruttenberg and Berner,
1993; Slomp et al., 1996a). 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 sink90

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).

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 shows that Fe-bound P, in
the form of vivianite, is a major P burial phase in the Landsort Deep.
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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). 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., 2016). 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.

5.2

Methods

5.2.1

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 Ancylus 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. 5.1) is permanently stratified with an
upper layer of brackish water with salinities of 7 – 8 and more saline deep waters of 11 – 13 (Conley
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Figure 5.1: 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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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 = 437 m; Fig. 5.1). 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°37.34N, 18°15.25E) during the IODP Baltic Sea Paleoenvironment Expedition
347 in 2013.
5.2.2

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 Fig. 5.2. 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 Ancylus 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 Ancylus 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 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.
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 et al., 2009; Kraal and Slomp, 2014). 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 (Van 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 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%.
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5.2.3

5.2.4

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).
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5.2.5

Sequential extractions

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; 2 h). All extractions were performed at room temperature in an argon-filled glovebox with
argon-purged solutions to prevent further oxidation artefacts (Kraal et al., 2009; Kraal and Slomp,
2014). 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., 2015a).
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 (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.
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5.2.6

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 (Andrén 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
(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 SEMEDS (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.
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Phosphorus extraction
The SEDEX method (Ruttenberg, 1992), as modified by Slomp et al. (1996a), 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 (1 M 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 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).

Table 5.1: Reference samples used for XANES and EXAFS spectroscopy.
Name

Fe

Mn

P

2+

Description and/or source

Vivianite

(Fe )3(PO4)2.8H2O

Egger et al. (2015a)

Siderite

FeCO₃

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

Lepidocrosite

γ-FeO(OH)

Purchased from Lanxess (Leverkusen, Germany).
Trade name: Bayferrox 943

ferrihydrite with coprecipitated PO4

Hydrated Fe3+10O14(OH)2(PO4)

Egger et al. (2015a)

Pyrite

FeS2

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

Hureaulite

(Mn2+)5(PO4)[PO3(OH)]2.4H2O

Manceau et al. (2012)

MnPO4

(Mn3+)(PO4)

Manceau et al. (2012)

2+

Vivianite

(Fe )3(PO4)2.8H2O

Egger et al. (2015a)

Carbonate fluorapatite

Ca5(PO4, CO3)3 F

Synthesized as described by Jahnke (1984)

Hureaulite

(Mn2+)5(PO4)[PO3(OH)]2.4H2O

Egger et al. (2015a)

Rhodochrosite with
co-precipitated PO4
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Formula

2+

(Mn )CO3(PO4)

Synthesized as described by Katsikopoulos et al.
(2009) and precipitated in the presence of 1M PO4

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.
5.2.7

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 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 2θ range of 5-85° with a step size of 0.026° 2θ and 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.
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Figure 5.2: 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 5.2.1 and (Andrén
et al., 2015). The A/L transition defines the transition from the Ancylus Lake to the Littorina Sea within the
sediment record. Hypoxic intervals are highlighted by light brown bars (HTMHI, MCA1HI and MCA2HI).

5.2.8

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 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
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Figure 5.3: Porewater depth profiles for salinity, magnesium (Mg2+), alkalinity, ammonium (NH4+), phosphate
(PO4), iron (Fe2+) and manganese (Mn2+). Sediment lithology: see caption of Fig. 5.2. 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) are shown. We did not differentiate between the different
holes (A-E) as major trends in porewater were similar for the different holes.

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 5.1). Consistency in energy calibration was evaluated
using spectra of reference materials which were included in the various spectra sets.

5.3 Results
5.3.1

Total sediment composition

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, 9.511.0 m and 3.5-7.4 m, respectively (Fig. 5.2). 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/L98
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Figure 5.4: Depth profiles of solid phase iron fractions for Hole E. Sediment lithology: see caption of Fig. 5.2.
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.

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).
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. 5.3; 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 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.
5.3.3

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. 5.4). The sediments that were
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Figure 5.5: Depth profiles of solid sulfur fractions for Hole E. Sediment lithology: see caption of Fig. 5.2. 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.

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/Ltransition are enriched in Fe-carbonates while Fe-carbonates are nearly absent deeper in the core.
The 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/Ltransition barely contain any of these two S phases (Fig. 5.5). 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.
5.6). 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).
5.3.4

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. 5.7). The crystals in the upper 4 m of sediment are small (< 100 µm) and are platy and/or
needle-shaped (Fig. 5.7A). In contrast, large blue aggregates where recovered from the sediment
from 12.7 m (> 800 µm; Fig. 5.7B). The blue spherical aggregates from 27.4 m are slightly smaller in
diameter (~ 400 µm; Fig. 5.7C).
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Figure 5.6: Depth profiles of phosphorus phases for Hole E and C. Sediment lithology: see caption of Fig.
5.2. 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).

5.3.5

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. 5.8). 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
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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. 5.7D). Main diffraction peaks for the
aggregate are located at 15.4, 13.1, 35.2 and 21.2 and 38.6 ° 2θ Co Kα 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 5.2). According to EDS analysis, the
minerals tend to have higher (Fe,Mn,Mg)/P – ratios (Table 5.2). This discrepancy between the ICPOES 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 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.
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Figure 5.7: 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 lines mark peaks
at similar angles).

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 5.8D. The white line is positioned at 2153.3 eV. The
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Table 5.2: 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

P

37

16a

12

14a

10

6a

ST. DEV
7

Fe

21

51a

13

21b

6

64a

26

Mn

17

28a

11

11b

11

7b

3

b

11

2a

3

Mg

21

3

4

20

Si

-

2a

2

28 b

26

15 a-b

25

Al

4.0

1a

1

6a

5

6a

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

a

5.4 Discussion
5.4.1

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. 5.3). 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 bioturbation resulted in the
continuous deposition of laminated sediments as observed at our site (Fig. 5.2; Andrén et al., 2015).
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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.
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Figure 5.8: 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 5.2.

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. 5.2). Sedimentary Mo can often also be used as a proxy for
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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%; Appendix 5.1), are characteristic for strongly restricted basins.
The almost identical enrichments in Mo in the HTMHI and MCA2HI sediments (Fig. 5.3) 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 (Appendix 5.1; 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 MCA1HI and MCA2HI sediments
are for instance characterized by lower Corg/Porg ratios than the HTMHI (Fig. 5.2). 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. 5.4).
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. 5.4
and 5.5). 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. 5.2 and Fig. 5.5). 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. 5.2).
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 5.2;
Fig. 5.7). The (Fe,Mn,Mg)/P-ratio of an aggregate from 12.7 m sediment depth of 1.6 (Table 5.2)
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 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. 5.6). 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. 5.8). In contrast, the bulk P XANES spectra
do not show the post-edge features that are characteristic for vivianite (Fig. 5.8E). 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,
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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. 5.6; section 5.3.6). 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.,
1996a). 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-HClextracted 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. A5.2). 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 (Appendix 5.3),
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
(Appendix 5.3). Given that only very few fish fragments were observed during sediment sampling,
we expect this to be a minor P burial phase in the 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 et
al. (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. 5.6). 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 with
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Mn-Ca-P-carbonates and apatite species, vivianite can thus account for the high P burial pool in the
Littorina Sea deposits (Fig. 5.2).
5.4.3

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. 5.3).
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 et al., 1993; Ingall and Jahnke, 1997; 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 (Appendix 5.4). 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 (Appendix 5.4).
Although organic P only constitutes a minor P phase in the marine sediments of the Landsort Deep
today (Fig. 5.6), 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 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).
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 100000; 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. 5.2). 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. 5.3).
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 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
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(Reed et al., 2016). 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/Bratio).
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 reconstruction
of modern Fe shuttling in the same basin (Reed et al., 2016). 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; Appendix 5.5). 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 (Appendix 5.6). 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. 5.4) 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 (Appendix 5.5). 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+.
5.4.5

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 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., 2015a). In addition, some Mn in the sediments in the Landsort Deep is buried as Mn sulfides
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(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.
5.2). 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 et al., 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. 5.3). 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-Pcarbonates, as reflected by the concurrent trends in authigenic Ca-P and total Mn throughout the
Littorina deposits (Fig. 5.2 and Fig. 5.6).
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. 5.2; 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+ 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).
5.4.6

Diagenesis and vivianite burial in the Landsort Deep
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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 5.2; Fig. 5.3). Also the highest surface
enrichments in Fe and Mn are observed at a depth where Fe2+ and Mn2+ are abundant (1.6 m; Table
5.2; Fig. 5.3). 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. 5.7) 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 et al., 2015). In contrast, the less crystalline aggregates at 12.7
m (Fig. 5.7) 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. 5.7C) 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).
Ancylus lake deposits are enriched in Fe-oxides (Fig. 5.4; Böttcher 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 Ancylus Lake deposits than in the underlying
sediments but also created an Fe2+ pool at depth in the Landsort Deep sediments (Fig. 5.3). The
upward diffusing Fe2+ meets the downward diffusing PO4 that is released by organic matter
degradation of the Littorina Sea deposits at the A/L-transition (Fig. 5.3). 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 5.2). The formation of vivianite may thus explain the small peak in
Fe-bound P in the sediments at the A/L-transition (Fig. 5.6).

Chapter 5

5.4.7

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. 5.9. Similar mechanisms may also explain the high Fe-bound
P and authigenic Ca-P content in the surface sediments of the Landsort Deep (Fig. 5.6; 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., 2016). 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., 2015b; Lyons
and Severmann, 2006; Raiswell and Anderson, 2005; Scholz et al., 2013; Scholz and Severmann,
2014). 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).
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. 5.2). This is contrary to what is expected based on preferential release of P from
organic matter under low-oxygen conditions (Ingall et al., 1993; Ingall and Jahnke, 1997). This
illustrates that the specifics of depositional environments should be considered when using Corg/Ptot
to reconstruct past redox-conditions in marine systems.
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5.5 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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Appendices
Appendix 5.1

Organic carbon content (C org ) versus Mo for several brackish/marine systems
400
HTMHI
MCA2HI
Fårö Deep
N. Gotland Basin

Mo (ppm)

300

Fårö Deep

200

N. Gotland Basin
Framvarden Fjord

MCA2HI
HTMHI

100

Black Sea

0
5

10

15

20

Corg (wt%)
Figure A5.1: 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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Appendix 5.2:

Depth profile of reactive Fe-oxides relative to Fe-bound P for Hole E
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Figure A5.2: 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. 5.2 and section 5.2.1. 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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Depth profiles of CDB-extractable Fe, Mn and Ca for Hole E
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Figure A5.3: Depth profiles of CDB-extractable Fe, Mn and Ca for Hole E. Sediment lithology: see caption of
Fig. 5.2. 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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Preferential release of phosphorus relative to carbon from organic matter
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Figure A5.4: 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. 5.2 and section
5.2.1. 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)

(Eq. A5.1)

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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)

(Eq. A5.2)
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Total sedimentary Fe/Al versus Fe-bound P in the Littorina Sea sediments
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Figure A5.5: 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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Depth profile of total S relative to reactive Fe for Hole E
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Figure A5.6: 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. 5.2 and section 5.2.1. 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.
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Iedereen drinkt bier in het café.
En wie niet drinkt rijdt auto,
en spat mijn pijpen nat,
want niemand van mijn vrienden nam me mee.
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HOLOCENE REFRESHENING AND
REOXYGENATION OF A BOTHNIAN SEA ESTUARY
LED TO ENHANCED PHOSPHORUS BURIAL
Nikki Dijkstra, Nadine B. Quintana Krupinski and Caroline P. Slomp
(Under review for Estuaries and Coasts)
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Salinity variations in restricted basins like the Baltic Sea can alter their vulnerability to hypoxia
(i.e. bottom water oxygen concentrations < 2 mg/l) and can affect the burial of phosphorus (P), a
key nutrient for marine organisms. We combine pore water and solid phase geochemistry, microanalysis of sieved sediments (including XRD and synchrotron-based XAS) and foraminiferal δ18O
and δ13C analyses to reconstruct the bottom water salinity, redox conditions and P burial in the
Ångermanälven estuary, Bothnian Sea. Our sediment records were retrieved during the Integrated
Ocean Drilling Program (IODP) Baltic Sea Paleoenvironment Expedition 347 in 2013. We
demonstrate that bottom waters in the Ångermanälven estuary became anoxic upon the intrusion
of seawater in the early Holocene, like in the central Bothnian Sea. The subsequent refreshening and
re-oxygenation, which was caused by gradual isostatic uplift, promoted P burial in the sediment in
the form of Mn-rich vivianite. Vivianite authigenesis in the surface sediments of the more isolated
part of the estuary ultimately ceased, likely due to continued refreshening and an associated decline
in productivity and P supply to the sediment. The observed shifts in environmental conditions also
created conditions for post-depositional formation of authigenic vivianite, and possibly apatite
formation, at ~ 8 m sediment depth. These salinity-related changes in redox conditions and P burial
are highly relevant in light of current climate change. The results specifically highlight that increased
freshwater input linked to global warming may enhance coastal P retention, thereby contributing to
oligotrophication in both coastal and adjacent open waters.
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6.1 Introduction
The area of coastal waters with hypoxic bottom waters (i.e. oxygen concentrations < 2 mg/l) is
expanding worldwide (Diaz and Rosenberg, 2008; Rabalais et al., 2014). This not only increases fish
mortality, but also results in increased habitat compression and changes in benthic communities
(Diaz and Rosenberg, 2008). Restricted basins are naturally prone to bottom water hypoxia due to
a density stratified water column, which may limit the vertical mixing of oxygen-rich surface water
towards deeper waters (e.g. Farmer and Freeland, 1983; Lefort et al., 2012; Officer et al., 1984). Many
restricted basins today suffer from bottom water hypoxia, anoxia or even euxinia (sulfidic bottom
waters). Examples include the Baltic Sea, Chesapeake Bay and the Lower St. Lawrence Estuary
(Conley et al., 2011; Diaz and Rosenberg, 2008; Thibodeau et al., 2006).
Variations in salinity can alter the degree of water column stratification and renewal of bottom
water oxygen in restricted basins and thus affect their vulnerability to hypoxia (e.g. Jilbert et al.,
2015; Lefort et al., 2012). Many restricted basins have been subject to salinity changes throughout
the Late Pleistocene and the Holocene (Björck, 1995; Dionne, 1988; Hobbs, 2004; Middelburg,
1991), and are likely to be affected by salinity changes in the near future. For instance, the annual
mean salinity in the Gotland Deep (Baltic Proper) at the end of the 21th century is expected to be
lower than any values observed since 1850 (Meier et al., 2012). In the Chesapeake Bay, the annual
mean salinity may also change in the coming century by as much as -2 to 2 due to projected changes
in the yearly streamflow (−40 to +30% in 2100; Najjar et al., 2010).
Phosphorus (P) is a key nutrient for marine organisms (Tyrrell, 1999), and its burial is highly
sensitive to variations in water column salinity and redox conditions (Ruttenberg, 2003; Slomp,
2011). For example, a lower salinity is thought to lead to more retention of Fe-oxide-bound P
in sediments because of a lower availability of sulfate (SO42-), and associated lower rates of SO42reduction and sulfide (HS-)-induced reduction of Fe-oxides (e.g. Caraco et al. 1990; Hartzell et
al. 2009). In contrast, low oxygen conditions in bottom waters may enhance SO42- reduction and
ultimately stimulate the release of P from Fe-oxides (Rozan et al., 2002). Changes in salinity and
bottom water redox conditions can also affect the formation of other P-bearing minerals such as
carbonate fluorapatite (CFA) (e.g. Ruttenberg and Berner 1993; Slomp et al. 1996; Kraal et al. 2012)
by influencing porewater alkalinity, Ca2+ and phosphate (henceforth termed PO4) concentrations
through a complex interplay of geochemical and microbial processes (Ruttenberg, 2003; Slomp,
2011). The resulting changes in burial of sediment P can play a key role in regulating P availability
and, subsequently, primary productivity and oxygen consumption in coastal waters (Froelich et al.,
1982; Ruttenberg, 2003).
Another relevant P form that is, however, rarely considered in studies of salinity and redoxdependent P burial in coastal sediments is vivianite, a reduced iron-phosphate ((Fe3(PO4)2.8H2O).
The formation and burial of authigenic vivianite depends on the balance between dissolved
HS-, iron (Fe2+) and PO4 in porewaters (Rothe et al., 2015). In most marine sediments, Fe is
mainly captured in Fe-sulfides and no Fe2+ is left to precipitate with PO4, thereby preventing the
precipitation of vivianite. In many lake sediments, in contrast, bottom water SO42- concentrations
are low and may allow for accumulation of Fe2+ and PO4 in the porewater and subsequent authigenic
vivianite formation (Nriagu and Dell, 1974; O’Connell et al., 2015; Rothe et al., 2014). In sediments
of brackish/marine basins, an excess supply of reactive Fe-oxides may also act as a key driver of
vivianite formation (Dijkstra et al., 2016; Jilbert and Slomp, 2013a; Reed et al., 2016). In addition
to vivianite formed near the sediment-water interface, vivianite can also form diagenetically in
brackish/marine basins below the sedimentary sulfate/methane transition zone (SMTZ) when
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porewater Fe2+ accumulates in the absence of HS- and meets porewater PO4 (Egger et al., 2015a; Hsu
et al., 2014; März et al., 2008a).
Major shifts in water column conditions can also affect P diagenesis in the subsurface by
creating distinct geochemical gradients. For instance, vivianite crystals can form at lake/marine
transitions in sediments, where upward diffusing Fe2+ from the lacustrine deposits meets PO4 from
the overlying organic-rich marine deposits, as demonstrated recently for the Baltic Sea (Dijkstra
et al., 2016). Moreover, enhanced input of organic matter may result in an upward shift of the
SMTZ within the sediment (Egger et al., 2015b). This, in turn, results in an upward shift of the
zone below the SMTZ where vivianite formation can be favorable due to the abundant presence of
porewater Fe2+ (Egger et al., 2015a). Most studies on the relationship between variations in bottom
water salinity and redox conditions and P burial focus on surface sediments along a salinity and/
or redox transect (e.g. Dijkstra et al., 2014; Hartzell et al., 2009; Mort et al., 2010; Oxmann and
Schwendenmann, 2015). As a result, post-depositional P diagenesis related to non-steady state
depositional regimes often remains unrecognized.

In this study, we show that the coastal zone of the Bothnian Sea experienced anoxia after the
intrusion of brackish water during the early Holocene. The later refreshening and reoxygenation
affected P burial in the estuarine sediments by promoting vivianite authigenesis in the surface
sediments. We further show that such shifts in environmental conditions can create settings for
diagenetic vivianite formation at greater depth. Finally, we discuss the consequences of our findings
within the context of increased freshwater inputs to the coastal zone linked to current climate
change.
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The Baltic Sea has been subject to variations in salinity and redox conditions throughout the
Holocene (Andrén et al., 2011; Björck, 1995; Zillén et al., 2008), and is thus an ideal location to
study both P authigenesis upon deposition and P diagenesis at depth. Currently, one of the largest
hypoxic areas is located in the Baltic Proper (Fig. 6.1). The Baltic Sea is experiencing widespread
hypoxia and severe cyanobacteria blooms, which are linked to enhanced external inputs of nutrients
into the coastal waters from agriculture and waste water (Carstensen et al., 2014; Funkey et al.,
2014; Gustafsson et al., 2012). In the past, large parts of the Baltic Proper were also hypoxic after
the intrusion of seawater into the freshwater Ancylus lake and the establishment of the Littorina
Sea (A/L-transition; ~ 8.000 yrs ago; Andrén et al., 2011). This interval of hypoxia occurred during
the Holocene Thermal Maximum (HTM; 8.000-4.000 yrs ago) when the inflow of North Sea water
and warmer sea surface temperatures together likely promoted water column stratification and the
subsequent development of hypoxia in the Baltic Proper (Zillén et al., 2008).
A recent paleo-bathymetric model shows that the Bothnian Sea was probably well-connected
to the Baltic Proper between 8.000 to 4.000 years ago due to a deeper sill at its southern boundary.
During that time, deep saline water from the Baltic Proper may have entered the Bothnian Sea
(Jilbert et al., 2015), and the subsequent formation of stagnant deep waters likely promoted bottom
water hypoxia in the Bothnian Sea. However, continuous isostatic shoaling of the Åland sills since
deglaciation gradually restricted inflow of saline deep water into the basin, and the Bothnian Sea
became oxic ~4.000 years ago (Jilbert et al., 2015). Over the past 8.000 years, the coastal zones of the
Bothnian Sea were also less isolated from the other parts of the Baltic Sea than at present (Berglund,
2012; Lambeck et al., 1998), and may have experienced changes in salinity and redox conditions. It
is unknown how these changes affected P burial in coastal areas of the Bothnian Sea.

6.2 Materials and Methods
6.2. 1 Study area

Our study area, the Ångermanälven estuary, is one of the largest estuaries in the Bothnian Sea. It has
a water volume of 3.180 km3 and is characterized by a short water residence time (5-14 days) and
sediment accumulation rates of 5 to 6 mm/year (Humborg et al., 2003, and references therein). The
modern estuary is oligotrophic, with mean monthly P concentrations of 0.3±0.2 μM and nitrogen
(N) concentrations of 18.7±5.5 μM in the surface waters (0-20 m below sea surface; Humborg et
al., 2003; Baltic Sea Environmental Database). The current annual discharge of the Ångermanälven
River, which connects the estuary to the Bothnian Sea, is 16.7 km3 (Humborg et al., 2003). The
present surface water salinity is estimated to be 2.7 in winter and 4.1 in summer (as determined
with an estuarine circulation model; Humborg et al., 2003; Stigebrandt, 1981). The area where the
estuary is situated (Ångermanland) has experienced the highest rate of uplift of north-western
Sweden, with a 250 m rise in the last 10.000 yrs (relative to sea level; Berglund, 2012). The current
uplift is estimated at ~ 7 mm/year (Ekman, 1996; Lambeck et al., 1998).
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6.2.2

Coring, lithology and biostratigraphy

During the Integrated Ocean Drilling Program (IODP) Baltic Sea Paleoenvironment Expedition
347 in 2013, sediment cores were retrieved from two sites in the Ångermanälven estuary: Site
M0061 (62°46.70'N, 18°02.95 'E) and Site M0062 (62°57.35'N, 17°47.70'E). Site M0061 is located at
the mouth of the Ångermanälven estuary (86 m water depth) whereas Site M0062 is located further
upstream (68 m water depth; Andrén et al., 2015; Fig. 6.1). Piston cores were collected from three
holes at Site M0061 (Hole A-C) and four holes at Site M0062 (Hole A-D). The composite depth scale
in Andrén et al. (2015) was used to calculate composite depths.
The lower 20 m of the sediment record from Site M0061 consist of sand, silt or a combination
of both (Fig. 6.2). These sediments are overlain by a 1.3 m thick section of more organic-rich
laminated silty-sandy clay. The upper part of the sediment record from Site M0061 consists of
greenish to black laminated clay which gradually becomes lighter upwards, marking a decrease in
organic matter content in the younger sediments. The lower part of the sediment record from Site
M0062 consists of fine sands that were likely deposited in a glaciofluvial or fluvial system (Hole A
and B; Andrén et al. 2015). This sandy layer is overlain by a ~ 10 m thick interval of very dark
greenish-grey laminated silty clay. Within this layer, there is a distinct interval with greenish black
intervals between 6 and 8.5 mcd. A more detailed description and interpretation of the lithology can
be found in Andrén et al. (2015).
Diatom and foraminifera assemblages (Andrén et al., 2015) were used to identify changes in
salinity. At Site M0061, the first diatoms occur at ~ 8 mcd. The assemblage consisted of freshwater
taxa, brackish-freshwater and more marine species (65, 15 and 20 % of total assemblage,
respectively). Brackish species are most abundant in the upper 6 m of sediments (> 50 %), likely
representing the transition to more marine conditions. Based on the transition from freshwater to
brackish diatom species at ~ 7 mcd, the A/L-boundary was estimated to have occurred at this depth.
At Site M0062, the first diatom species occurred at 8.6 mcd and mainly consisted of freshwater
species. A sharp decrease in freshwater taxa occurs between 8.6 to 6.8 mcd, and the transition
from a freshwater to a brackish environment was therefore set at 8.6 mcd upwards. The freshwater
taxa are again more abundant in the upper 3.4 m of sediments (> 65 % of total taxa), indicating a
refreshening of the estuary.
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Figure 6.1: Map of the Baltic Sea with the sampling sites, bathymetry and main basins (G.o.F.: Gulf of Finland;
G.o.R.: Gulf of Riga). Depth is in meters below sea surface. The right panel shows a detailed map of the coring
locations in the Ångermanälven estuary.

6.2.3

Benthic foraminifera stable isotope and trace element analyses

In the foraminifera-bearing interval at Site M0061, foraminifera of sufficient abundance for stable
oxygen and carbon isotope (δ18O and δ13C) analysis were found between 3.4 - 4.15 mcd (Hole C).
At the University of California Santa Cruz (UCSC), 11-18 foraminifera per sample of the species E.
albiumbilicatum (size 63-250 μm) were analysed for δ18O and δ13C using an IR-MS (MAT-256) with
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Sediment samples for foraminifera were washed over a 63 µm sieve, dried, and inspected for
foraminifera. Benthic foraminifera were found between 1.7 to 6.3 mcd in the sediments at Site
M0061, with a maximum abundance at 3.4 mcd (Andrén et al., 2015). All foraminifera belonged
to the species Elphidium albiumbilicatum or Elphidium excavatum, two species that can tolerate
very low salinity (Lutze, 1965; Rottgardt, 1952). Foraminifera abundance was evaluated from core
catchers during shipboard sampling directly after coring, while the remaining samples were taken
4-5 months later during core sampling. The observed foraminifera abundances were lower in the
latter samples. This discrepancy may be caused by dissolution of foraminifera by sulfuric acid that is
released by pyrite oxidation during sample storage (Kraal et al., 2009). No foraminifera were found
at Site M0062 (Andrén et al., 2015).

a Kiel auto-carbonate device. Analytical precision based on replicate measurements of the in-house
carbonate standard Carrara Marble and NBS-19 included with the analytical run was ± 0.03 ‰ for
δ13CCaCO3 and ± 0.06 ‰ for δ18OCaCO3 (1σ). One sample (M0061C, 1H-CC, 3.37 mbsf) contained
enough foraminifera for trace element analysis, and was prepared using standard methods (Martin
and Lea, 2002), including reductive cleaning. Analyses via ICP-MS were conducted for Mg, Mn, Fe,
Al, B, U and Ca at UCSC following techniques in Quintana Krupinski et al.(in review). Because of a
lack of suitable Mg/Ca-temperature calibrations for this species and setting at this time, calculation
of paleotemperature is not suitable, but the trace elemental data are provided in Appendix 6.1.
The foraminiferal δ18O data were used to estimate the maximum benthic salinity change over this
interval and provided a sensitivity analysis giving a range of possible absolute salinities. However,
these calculations required an assumed temperature, as a value for past bottom water temperature
is not available. We assumed a range of local bottom water temperatures between 1.5 to 4 °C based
on recent water temperature variations at 90 m water depth in the Bothnian Sea (Marmefelt and
Omstedt, 1993). We used the δ18O-temperature calibration of Epstein et al. (1953), as modified to a
linear form by Bemis et al. (1998), to calculate seawater δ18O, and applied a salinity- δ18OSW mixing
line for the Baltic Sea to Skagerrak region (Frohlich et al., 1988). Trends in foraminiferal δ13C data
were used to qualitatively evaluate changes in benthic water conditions (i.e. salinity, productivity
and oxygen).
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6.2.4

Sediment total elements and organic carbon

Sediment samples were obtained during the onshore sampling at the Bremen Core Repository,
stored in aluminum bags purged with nitrogen gas (N2) at 4°C and transported to Utrecht
University (Site M0061 and M0062). These samples were freeze-dried and ground with an agate
mortar and pestle in an oxygen-free environment prior to total destruction (both sites) and
additional CN analysis and sequential extractions (only Site M0061). A set of organic carbon (Corg)
analyses for Site M0062 were already performed at Bremen during the onshore science party (see
Andrén et al. (2015) for more details).
To determine the total elemental composition, additional freeze-dried subsamples (0.125
g) were digested in a mixture of hydrofluoric acid, nitric acid and perchloric acid at 90 °C.
These acids were fumed off during the next day and 1 M nitric acid was added to redissolve the
residue. The total molybdenum (Mo), sulfur (S), Fe, aluminum (Al), manganese (Mn) and P
concentrations in the final solutions were determined by Inductively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES; SPECTRO ARCOS). Note that the Mo values below Background
Equivalent Concentration (BEC) are only approximate values (relative standard error can be >10%).
For comparison, the Mo concentrations for a selection of the samples from Site M0061 were also
analysed by ICP-MS. We observed no distinct differences between the Mo content measured
by ICP-OES (including values below BEC) and by ICP-MS at Site M0061 (Fig. 6.2). The relative
standard deviation for all elements, based on analyses of laboratory reference material (ISE-921),
in-house standards and sample triplicates, was generally less than 3 %.
Sediment subsamples (0.2 g) from Site M0061 were decalcified at Utrecht University with two
washes with hydrochloric acid (1 M HCl; 4 and 12 hours, respectively) and a final rinse with UHQ
water (Van Santvoort et al., 2002). The decalcified samples were freeze-dried and Corg contents were
determined by CN analysis (Fisons Instruments NA 1500 NCS analyzer). The relative standard
deviation for the high resolution samples was generally below 5 %.
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6.2.5

Porewater analysis

Porewater was collected on the ship directly after core recovery using either rhizon samplers or
squeezers (0.2 μm pore size). Salinity was calculated from Cl- concentrations (as determined with
Metrohm 882 Compact Ion Chromatography). Alkalinity was determined by single-point titration
according to Grasshoff et al. (1983) and ammonium (NH4+) was determined by conductivity
following the method of Hall and Aller (1992). The total P, Fe and Mn concentrations of filtered
and acidified pore waters (0.2 μm; 10 µL of conc. HNO3 per mL) were determined by ICP-OES
(SPECTRO ARCOS) and are assumed to represent PO4, Fe2+ and Mn2+, respectively. The Metrohm
882 compact ion chromatograph at the University of Bremen was used to measure SO42-. To
determine CH4 content, a 5 cm3 sediment sample was collected immediately after core recovery.
The sample was extruded into a glass vial with 8 mL of 1 M NaOH solution and directly sealed
and stored upside down. At Utrecht University, a volume of 250 µL from the head space of the
sample vial was injected into a Thermo Finnigan Trace GC gas chromatograph to determine CH4
concentrations (relative standard deviation generally < 10 %). For further details on the analyses
that were conducted onboard or during the sampling in Bremen, we refer to Andrén et al. (2015).
6.2.6

Sequential phosphorus extraction

6.2.7

SEM-EDS of vivianite crystals

During the on-board sampling campaign, examination of sieved sediment with a light microscope
revealed the presence of blue crystals (> 63 μm). These crystals were observed at five depths in the
upper two meters of sediment at Site M0061 (Hole A: 0.28 and 1.19 mcd; Hole B: 0.14 and 0.23 mcd;
Hole C: 1.55 mcd), and were collected for further analyses (SEM-EDS, XAS, XRD). In addition,
blue crystals were also observed at 5.25 mcd at Site M0062. The blue color is a characteristic
oxidation artefact of phosphates from the vivianite group (e.g. Nriagu, 1972; Yakubovich et al.,
2001). This mineral group consists of minerals with the common formula M3(TO4)2.8H2O, where
M represents Fe, Mg, Zn, Ni, Co and T represents P or As. We will refer to this group of phosphates
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We applied the SEDEX method (Ruttenberg, 1992), as modified by Slomp et al. (1996a), but
including the exchangeable P step on freeze-dried and ground sediment subsamples (0.1 g) for
Site M0061 (Hole B). The exchangeable P fraction was targeted by an extraction with a magnesium
chloride solution (1 M MgCl2 brought to pH 8 with sodium hydroxide) for 0.5 h. Afterwards,
Fe-bound P was targeted with a CDB solution (0.3 M trisodium citrate and 25 g/L sodium dithionite
buffered to pH ~ 7.6 in 1 M sodium bicarbonate) for 8 h, followed by a wash step with 1 M MgCl2
for 0.5 h. In addition to Fe-oxide bound P, reduced Fe-phosphates such as vivianite also dissolve
in the CDB-step of the SEDEX extraction (Dijkstra et al., 2016). The authigenic Ca-P fraction was
targeted with a sodium acetate solution (1 M) buffered with acetic acid (pH 4) for 6 h, and again
followed by a short 1 M MgCl2 wash step (0.5 h). The subsample residue was then extracted with
1 M HCl for 24 h (detrital P). 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. The P, Fe, Mn and Ca in the CDB
solutions were determined by ICP-OES (see Appendix 6.2 for CDB Fe, Mn and Ca). All other P
concentrations were determined by the colorimetric molybdenum blue method (Strickland and
Parsons, 1972). To minimize sample oxidation and associated changes in P fractionation (Kraal et
al., 2009), the samples were not exposed to oxygen during the extraction. The sum of the sequential
P fractions over the whole cores was generally similar to the total P concentrations as derived from
the ICP-OES (< 15 % difference). The relative errors, based on sample triplicates and in-house
standards, were generally below 10 %.

as vivianite (Fe(II)3(PO4)2, the pure Fe-phosphate form of the vivianite group (excluding arsenates).
Blue crystals from Site M0061 (Hole C; 1.19 mcd) were mounted on an aluminum stub, coated with
platinum and analyzed by scanning electron microscope energy dispersive spectroscopy (SEMEDS; JCM 6000PLUS NeoScope Benchtop SEM). The SEM-analysis was conducted with a 15 kV
accelerating voltage, Si/Li detector, and 1 μm beam in backscatter mode. In addition, EDS analysis
was performed in the 0-20 keV energy range (probe current: 1 nA; acquisition time: 50 seconds).
We used SEM-EDS software to estimate the relative abundances in mol% for the major elements (P,
Fe, Mn, Mg, Silica (Si) and Al). All other measured elements contributed on average less than 2% to
the total molar mass.
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6.2.8

XAS of sieved sediment samples

Blue crystals from Site M0061 (Hole C; 1.19 mcd) were investigated by X-ray absorption
spectroscopy for both X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) at the European Synchrotron Radiation Facility (ESRF) in
Grenoble, France. Prior to analysis, we concentrated the blue crystals in the sieved sediment samples
by removing other large compounds with a tweezer underneath a light microscope. The sieved
sample was then ground with an agate mortar and pestle and mounted between Kapton® tape. The
sample was investigated at the Dutch-Belgium beamline (DUBBLE, BM26) in June 2014 on the
Fe and Mn energy range (7.00 – 7.65 keV and 6.50 – 6.90 keV, respectively). In addition, a sieved
sample from 0.14 mcd was ground with an agate mortar and pestle and investigated under vacuum
at the ID21 beamline in April 2015 on the P energy range (2.13 – 2.40 keV). After calibration of the
monochromator against the maximum intensity of the first derivative of a Fe foil (7.11198 keV), Mn
foil (6.53862 keV) and a tricalcium phosphate standard (2.14943 keV), the spectra were collected
with an unfocused beam at room temperature in transmission (Fe) or fluorescence mode (Mn and
P). Details on the layouts of the beamlines can be found in Borsboom et al., (1998), Nikitenko et al.
(2008) and Salomé et al. (2013).
All individual spectra (2-8 spectra per sample) were merged to obtain average spectra. We did
not collect any EXAFS spectra on the P energy range due to low signal to noise ratios. The ATHENA
software package (Ravel and Newville, 2005) was used for background removal and normalization.
We also performed linear combination fitting with same software package (fitting range of 7100 –
7180 eV for XANES and 3 – 9 Å-1 for EXAFS). The XANES and EXAFS spectra of Fithian illite were
also collected at BM26 in June 2014. The Mn-vivianite and the synthesized vivianite are described
and published in Dijkstra et al. (2016) and Egger et al. (2015a). More information on the hureaulite
Mn-spectra can be found in Manceau et al. (2012).
6.2.9

XRD and total destruction of sieved sediment sample

We investigated the mineralogy of the ground sample with blue crystals from Site M0061 (Hole C;
1.19 mcd) using a Bruker D2 diffractometer with Cobalt Kα radiation over a 5-85 2θ range (step
size: 0.026°; measurement time: 0.4 seconds per step). The XRD spectrum of the vivianite standard
is available in Dijkstra et al. (2016). Afterwards, the sieved sediment sample was digested as
described in section 6.2.4. We calculated the relative molar abundances of the major elements (note
that Si is lost to the atmosphere during the HF digestion), excluding elements that contributed less
than 2 % to the total molar mass of the sample.
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6.3. Results
6.3.1

Total elemental composition of the sediment

At both sites, the sediments that were deposited during and just after the transition to more brackish
conditions are enriched in Mo, Corg and S (Fig. 6.2). In contrast, most surface sediments and deeper
lacustrine sediments are low in those elements (<0.1 µmol Mo/g, 1 wt% Corg and 100 µmol S/g). The
organic-rich sediments are also slightly elevated in Fe/Al. At Site M0062, these organic sediments
were also high in Mn (>100 µmol/g). At both sites, maxima in P (>30 µmol/g) are observed in the
upper part of the organic-rich sediment layer and at the transition from freshwater to brackish
conditions.
6.3.2

Foraminiferal stable isotopes

6.3.3

Porewater chemistry

At both sites, salinity is highest in the lacustrine sediments (values up to 9.4) and lower in the
surface sediments (~ 6) (Fig. 6.4). Alkalinity, NH4+ and PO4 are lowest in the deeper lacustrine
sediments with values below 10, 0.4 and 0.05 mmol/L, respectively. Highest values for alkalinity,
NH4+ and PO4 are observed in the organic-rich deposits. Maxima in NH4+ and PO4 in the organicrich deposits are higher at Site M0061 than at Site M0062. The dissolved Fe concentrations vary
strongly with depth with high values in the lacustrine sediments below the transition from
freshwater to brackish conditions (> 0.2 mmol/L) and lowest values in the deeper part of the organic
rich sediments (< 0.05 mmol/L). Concentrations of Fe2+ are highest in the youngest lacustrine
deposits at Site M0062. The trends in Mn2+ are generally similar to the trends in Fe2+, although
Mn2+ is also very low in sediments just below the organic-rich deposits. Only the deeper sediments
contain porewater SO42-, whereas porewaters high in CH4 are only observed in the upper sediments.
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Foraminiferal δ18O values change from -2.5‰ at 4.15 mcd to -3.1‰ at 3.40 mcd, and δ13C values
change from -1.6‰ at 4.15 mcd to -2.3‰ at 3.40 mcd (Table 6.1). Both isotopes show a trend
toward more negative values in younger sediments, and δ18O and δ13C are highly positively
correlated (R2 = 0.80, p << 0.05). We calculated a maximum decrease in salinity of 2.3 over the
interval 4.15-3.40 mcd (Fig. 6.3) if we assume that all change in foraminiferal δ18O (-0.6 ‰) is due
to salinity change (by assuming a constant temperature). It is unlikely that the calculated changes in
salinities are over-estimated due to a warming of the bottom waters during the same interval. The
high magnetic inclinations in the sediments at ~2 mcd (Hole A) may correspond to the Holocene
inclination features ε1 (~2650 cal y BP) or γ(1290 cal y BP) (Andrén et al., 2015; Snowball et al.,
2007). Assuming a comparable mean sedimentation rate for the sediment interval between 4 and 2
m as for the upper two meters of sediments, it is most likely that the foraminifera from 4.15 to 3.4
mcd were deposited at the end of or just after the HTM (~5.000 – 2.500 yrs ago). At that time the
Baltic Sea experienced a general cooling trend instead of warming (e.g. Moros et al., 2004; Seppä et
al., 2005). Much of the δ18O signal is therefore expected to be a response to refreshening.
Given a range of bottom water temperatures between 1.5 - 4°C, we can calculate a range of possible
salinities during this interval. With an assumed constant temperature of 1.5 °C, the salinity
would have decreased from 10.7 to 8.6 toward younger sediments, while for an assumed constant
temperature of 4.0 °C, salinity would have decreased from 12.8 to 10.7. These salinities lie within the
range of or slightly above the maximum mid-Holocene surface salinity estimates of Widerlund and
Andersson (2011; 11-12 for the Bothnian Sea).
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Figure 6.2: Trends of key elements with depth in the sediments from Site M0061 (Hole A-C) and M0062 (Hole
A, C, D). Sediment depth is in meters composite depth (mcd). A simplified lithologic column is shown on the
right for each site; the detailed sediment lithology is described in Andrén et al. (2015). Note that the Mo values
below Background Equivalent Concentration (BEC) are only approximate values (precision can be > 10% (1
σ)). Phase A comprises the Ancylus lake phase. The other phases (B-D) occurred after the seawater intrusion in
the Early Holocene. Sediments that were deposited during phase B are most enriched in Mo and Corg, whereas
maxima in P are observed in the phase C sediments. The near-surface sediments at Site M0062 (phase D) are
lower in Mo, Corg and P than the other Littorina Sea deposits
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An SMTZ, the transition zone where upward diffusing SO42- meets downward diffusing CH4, is
located at ~16 mcd at both sites.
6.3.4

Sequential extraction of phosphorus

Exchangeable P is only a minor P burial form in the sediments at Site M0061 (< 2.2 µmol/g; Fig.
6.5). Organic P is below 1 µmol/g in the deeper lacustine sediments and highest in the upper 6 m
of sediment (> 2 µmol/g). Detrital P is an important P burial form throughout the sediment record
(on average ~ 12 µmol/g), and contents are particularly high in the lacustrine sand, clayey silt and
silty clay deposits. The upper part of these lacustrine sediments is also enriched in authigenic Ca-P.
There is a distinct maximum of Fe-bound P in the upper 3 m of the sediment record with values
reaching almost 60 µmol/g. In addition, there is a small peak in Fe-bound P at 7.15 mcd.
6.3.5

Crystal morphology, XRD and elemental quantification

The blue crystals that were observed in the upper 2 m of the sediments at Site M0061 were all platy
or needle-shaped and approximately 100 µm in size (Fig. 6.6A and 6.6B). Main diffraction peaks of
the sieved sample with blue crystals are located at 31.1, 15.3, 24.3 and 32.6 °2θ, and can be assigned
to either vivianite or quartz (Fig. 6.6C). Other significant peaks can be attributed to kaolinite, albite
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Figure 6.3: Sensitivity analysis providing a range of estimated salinities and maximum salinity change,
calculated from foraminiferal δ18O values from Site M0061. This sensitivity analysis assumes that all change in
foraminiferal δ18O in this interval is due to salinity change by using constant minimum and maximum bottom
water temperature estimates (1.5 and 4 °C).

6.3.6

XANES and EXAFS spectra

The Fe-XANES and-EXAFS spectrum of the sieved sediment can be reproduced by a combination
of vivianite and illite (Fig. 6.7A and 6.7B). The relative weights of vivianite and illite are 0.58 and
0.42 for the XANES spectrum (chi-square=0.09; R-factor: 0.003) and 0.67 and 0.33 for the EXAFS
spectrum (chi-square=1.31; R-factor: 0.06), respectively. This suggests that vivianite is the main Fe
mineral in the sieved sediment sample. The peak position of the white line of the sieved sediment
is located between the peak positions of the white lines for the vivianite (7126.7 eV) and the illite
standard (7132.0 eV). The post-edge oscillations of the sieved sediment and the vivianite standard
are almost similar in shape and position. The Fe-EXAFS spectrum of the sieved sediment sample is
also most identical to the Fe-EXAFS spectrum of the vivianite standard (Fig. 6.7B).
The Mn XANES spectrum of the sieved sediment is almost similar to the spectra of hureaulite
and Mn-rich vivianite (Fig. 6.7C). The peak positions of the XANES spectra are located at 6552.3,
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or illite. Some diffraction peaks of the vivianite crystal are slightly shifted to the right in comparison
to the synthesized vivianite standard (0.1-0.2 °2θ). A similar shift has been observed in other
vivianite samples from natural environments (e.g. Egger et al., 2015a; Nakano, 1992).
The elemental composition of the sediment sample (Table 6.2) is in general accordance with
the XRD analysis. The total elemental analysis of the sieved sediment indicated that it was enriched
in elements associated with clay and quartz such as Al and Fe, and also contained P (11 mol%).
Dissolution of salts may explain the slight enrichments of Mg, Ca, K, Na and S in the sample (< 10
mol%). With the SEM-EDS analyses, we were able to examine single blue crystals (Table 6.2). These
crystals contained elements associated with vivianite (P, Fe and Mn, Mg). The high Si, Al and Fe
contents likely reflect clays particles that were not removed from the aggregates prior to SEM-EDS
analysis.

Table 6.1: Benthic foraminiferal (E. albiumbilicatum) oxygen and carbon isotope results from Site M0061, and
a sensitivity analysis providing a range of estimated salinities assuming a minimum and maximum constant
bottom water temperature of 1.5 and 4 °C. The salinities are estimated using the δ18O-temperature calibration
of Epstein et al. (1953), as modified by Bemis et al. (1998), and the δ18OSW mixing line of Fröhlich et al. (1988).
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Figure 6.4: Porewater chemistry at Site M0061 and Site M0062. For information on the phases A-D: see Fig. 6.2

6552.4 and 6552.6 eV, respectively. The higher amplitude of the Mn-XANES spectrum of the
sediment sample compared to the spectra of hureaulite might be caused by less self-absorption in
our sediment sample compared to the hureaulite standard. The EXAFS spectrum of the sieved is
almost identical to the spectra of the Mn-rich vivianite (Fig. 6.7D).
The position of the white line of the P-XANES of the sieved sediment sample (2153.4 eV) is
close to the position of the white lines of the Mn-rich vivianite and the synthesized vivianite
standard on the P energy range (2153.3 eV). The post-edge oscillations of the sieved sediment
are identical but less pronounced than the post-edge oscillations of the Mn-rich vivianite and the
synthesized vivianite standard.
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Figure 6.5: The P forms in sediments at Site M0061, as determined by sequential P extraction (Hole B). The
fractions are exchangeable P (Ex P), organic P (Org P), detrital P (Detr P), authigenic Ca-P (Authi Ca-P) and
Fe-bound P. The total extracted P pool is compared with the total P pool, as determined by total digestions and
ICP-OES, in the right panel. For information on the phases A-D: see Fig. 6.2.

6.4 Discussion
6.4.1

Holocene reconstruction of salinity, redox conditions and P burial

Based on lithology, biostratigraphy, geochemistry and foraminiferal isotope data, we have
reconstructed the environmental conditions in the Ångermanälven estuary during the Holocene.
We have distinguished four phases that are described individually below (see Fig. 6.8 for a schematic
overview).

Phase B: Hypoxia in the estuary after sea water intrusion
Approximately 8.000 years ago, seawater entered the Baltic Sea at its southwestern entrance, and
the brackish waters from the Baltic Proper intruded the Bothnian Sea (Jilbert et al., 2015). At
that time, the Ångermanälven estuary was better connected to the Bothnian Sea than at present
(Berglund, 2012), and it is likely that the seawater intrusion into the Ångermanälven estuary and
open Bothnian Sea occurred nearly simultaneously. Salinities in the estuary may have been as high
as 12 at Site M0061 (Fig. 6.3), creating a suitable environment for foraminifera and brackish diatoms
to establish (Andrén et al., 2015). The more inland located part of the estuary was probably less
well-connected to the Bothnian Sea and was consequently less saline. This could explain the lack of
foraminifera and the absence of marine diatom species at Site M0062 (Andrén et al., 2015).
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Phase A: The Ancylus Lake phase
The Ancylus lake deposits were identified in our sediment records by their low Corg and S content
and the absence of foraminifera and brackish/marine diatoms (Fig. 6.2; Andrén et al., 2015). Just
before the A/L-transition, the inland-ice within the catchment of the Ångermanälven estuary
disappeared (Cato 1985). This may have caused a shift from glacial towards more fluvial weathering.
The associated nutrient inputs may have stimulated primary productivity in the estuary, resulting
in an increased organic matter flux towards the seafloor. This may explain the concurrent peak in
Corg and elements associated rock and soil weathering (Al, Cr, Cu, K and Ti; Zhou et al. 2004) in
sediments just below the A/L-transition (Fig. 6.2; Appendix 6.3).
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Figure 6.6: Investigation of blue crystals from 1.19 mcd at Site M0061 (Hole C) with light microscopy (A),
SEM-EDS (B) and XRD (C). The sieved sediments that were analysed by XRD also included other compounds
than vivianite (q=quartz, k=kaolinite, a=albite, i=illite). No scale was available for the light microscope images
(A).
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Table 6.2 Relative elemental abundances in mol% of a sieved sediment sample from 1.19 mcd, as determined
by ICP-OES (total destruction) and SEM-EDS (n=number of measurements; REL STD=relative standard
deviation). The Si content cannot be quantified with total destruction and ICP-OES.
Elements

ICP-OES (n=1)

SEM-EDS (n=3)

(mol %)

MEAN

MEAN

REL STD

P

11

5.2

0.42

Fe

26

51

0.1

Mn

*

4.1

0.20

Mg

7.2

4.8

0.32

Si

-

30

0.07

Al

29

53.5

0.21

Ca

4.3

*

K

7.5

*

Na

8.0

*

S

6.3

*

*: below 2 mol% of total elemental distribution and excluded from calculations.
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Due to the seawater intrusion, the estuary became more vulnerable to water column stagnation
and deoxygenation of the bottom water. Hypoxia is recorded in both sediment records by the
increase in sedimentary Mo to values > 0.4 µmol/g (Fig. 6.2). Such enrichments are generally
observed in sediments that are intermittently/seasonally overlain by euxinic waters (Scott and
Lyons, 2012). The associated abundant presence of HS- in the porewaters may have led to more
sequestration of Fe as Fe-sulfides, resulting in sediments enriched in S and Fe/Al (Fig. 6.3). The
variations in bottom water oxygen may have stimulated the transformation of Mn-oxides to more
stable Mn-carbonates in these sediments, in particular at Site M0062 where Mn content is > 100
µmol/g (Fig. 6.2; Huckriede and Meischner 1996; Lenz et al., 2015b). The high Corg content in these
Mo-enriched sediments is likely the combined effect of enhanced preservation of organic matter
in sediments under anoxic conditions (e.g. De Lange et al., 2008; Hartnett et al., 1998; Tsandev et
al., 2012), and an increased flux of organic matter from the productive water column towards the
seafloor. The increased organic matter input is also reflected in maxima in porewater alkalinity,
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Figure 6.7: XANES and EXAFS spectra of the sieved sediment from Site M0061 (1.19 mcd; Hole C) and
selected standards in the energy range for Fe (A, B), Mn (C, D) and P (E). Dashed lines show linear combination
fit. No EXAFS spectra were collected in the P energy range due to low signal to noise ratios. The standards are
described in section 6.3.8
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Fig. 6.8 Schematic overview of the Holocene history of the Ångermanälven estuary. The estuary has
experienced four different phases with varying salinity, redox conditions and productivity. Due to seawater
intrusion, the Ångermanälven estuary changed from an oligotrophic, freshwater, system (A) to a hypoxic
brackish system with productive waters (B). Afterwards, isostatic uplift resulted in a gradual refreshening and
subsequent re-oxygenation of the estuary (C). At that time, the surface sediments were high in pore water PO4
but low in HS-, which resulted in authigenic vivianite formation (Fe(II)-P). At site M0062, the oligotrophic
conditions, which lead to a decrease in organic P flux towards the seafloor, ultimately inhibited vivianite
formation (D).
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NH4+ and PO4, given that part of the organic matter will degrade in the sediment (Fig. 6.4). The
changes in salinity and productivity after the onset of the A/L-transition are also clearly reflected
in the sediment lithology where a shift to darker, and more greenish, clay rich in organic matter is
observed at both sites (Fig. 6.2).
In contrast to Corg, the P content in the sediments did not increase during phase B (Fig.
6.2). This is in accordance with the general observation that Porg is often inefficiently retained in
sediments of hypoxic basins (Algeo and Ingall, 2007) due to preferential release of Porg from organic
matter by C-limited microbes (Ingall et al., 1993; Steenbergh et al., 2013, 2011). Such sediments are
characterized by sedimentary Corg/Porg ratios above the Redfield ratio for marine organic matter, just
as we observe here (> 400 versus 106 mol/mol; Appendix 6.4).
Phase C: Refreshening and vivianite formation in the estuary
The continuous uplift that occurred in the Baltic Sea region after the deglaciation led to gradual
isolation of the estuary from the Bothnian Sea and other parts of the Baltic Sea. The subsequent
refreshening may explain the decreasing foraminifera abundance from 5 mcd upwards (Andrén
et al., 2015), and is also recorded in our foraminiferal isotopic record which indicates a decline in
salinity of 2.3 between 4.15 and 3.40 m sediment depth (Table 6.1; Fig. 6.2). The strong correlation
of foraminiferal δ18O and δ13C and the low regional salinity suggests that much of the δ13C signal
also reflects declining salinities after the A/L-transition, with impacts of bottom water oxygenation
or productivity on δ13C being secondary.
We assume that these changes in the basin bathymetry and subsequently salinity were the
main drivers for the reoxygenation of the Ångermanälven estuary that is recorded in our sediments
by a sharp decrease in total Mo (Fig. 6.2). The thinner section of Mo-enriched sediments at Site
M0062 than at Site M0061 (Fig. 6.2) suggests that the re-oxygenation occurred first at the shallower,
and more upward located, Site M0062. The duration of the hypoxia in the shallow estuary may
have been less than 3.800 yrs, the estimated interval of hypoxia in the deep part of the Bothnian
Sea (Jilbert et al., 2015). At both sites in the estuary, the re-oxygenation was followed by a gradual
decrease in productivity in the estuary, shown by declining Corg content in the sediment (Fig. 6.3).
Due to the refreshening and re-oxygenation, the HS- concentrations in the bottom waters and
sediments likely declined, resulting in less sequestration of S and Fe in the sediments (Fig. 6.3).
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During the refreshening and re-oxygenation, Fe2+ started to accumulate in the sediments due
to the absence of HS- (Fig. 6.4). This created suitable conditions for vivianite authigenesis in the
estuarine sediments, whereby the abundant Fe2+ precipitates with PO4 that is released from organic
matter decomposition. Indeed, blue aggregates were observed in the upper part of the organicrich sediments at both sites (Andrén et al., 2015). With the use of XRD and SEM-EDS, we show
that these aggregates consist of vivianite (Fig. 6.6; Table 6.2). Also, the XAS analysis confirms that
the blue crystals are vivianite and that they contain Mn (Fig. 6.7). The high Fe-bound P content
in the upper sediments at Site M0061 is thus assumed to represent a large sedimentary pool of
vivianite. The formation of these P-bearing minerals likely explains the more than twofold increase
in sediment P concentrations in the upper part of the organic-rich sediments at both sites (Fig. 6.2).
Phase D: Low productivity in the modern estuary (Site M0062)
Together with the continuous isostatic uplift, the enhanced burial of P may have caused a further
decline in water column productivity and lower organic matter burial at both sites. At Site M0062,
the Corg content are even below 1 wt% in the upper 6 m of sediments (Fig. 6.2), and low organic
matter remineralization resulted in a decreased release of alkalinity, NH4+ and PO4 to the porewaters
(Fig. 6.4). Low PO4 concentrations in the porewaters may have ultimately inhibited vivianite
authigenesis in the sediments at Site M0062, resulting in sedimentary P concentrations that are
similar to values below the A/L-transition (Fig. 6.2).
6.4.2

Coupled changes in salinity and redox conditions in the past and future
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The low oxygen conditions in the Ångermanälven estuary appear to have coincided with the
extensive hypoxia that occurred during the HTM throughout the Baltic Proper and in the central
Bothnian Sea (8.000-4.000 yrs ago; Jilbert and Slomp, 2013b; Zillén et al., 2008). Not only the
Ångermanälven estuary but all coastal waters in the region were better connected to the open
waters of the Bothnian Sea 8.000 yrs ago (Lambeck 1998; Berglund 2012). The hypoxia during the
HTM thus likely covered large areas of the Baltic Sea.
In contrast, the hypoxia in the Baltic Proper during the Medieval Climate Anomaly (MCA;
2.000-800 yrs ago) is not recorded in our coastal sediments (Fig. 6.2). This agrees with the study of
Jilbert et al. (2015), in which the reduced deep-water exchange at the Åland sills during the MCA is
proposed to be a primary cause of the prevalence of oxic bottom water conditions in the central part
of the Bothnian Sea (Jilbert et al., 2015).
Such glacio-isostatic control on salinity and redox conditions also occurred in areas beyond the
Bothnian Sea. For instance, coastal sites adjacent to the Baltic Proper were also more connected
to the open waters 8.000 yrs ago (Påsse and Andersson, 2005). At Gåsfjärden, a Swedish coastal
site located on the western shores of the Baltic Proper, bottom water hypoxia also occurred during
the HTM whereas the area remained oxygenated during the MCA (Ning et al., 2016). The central
Bothnian Bay was also likely more saline and productive in the early Holocene than today (Ingri
et al., 2014). Other brackish basins have also been subject to Holocene isostatic uplift, such as the
Lower St. Lawrence Estuary and Norwegian Fjords (Duchesne et al., 2010; Skei, 1988). These basins
may also have become more vulnerable to hypoxia since deglaciation, as proposed recently by
Jilbert et al. (2015). This further illustrates that paleobathymetric changes can control salinity and
past hypoxia in restricted basins.
The bottom water salinities in the Ångermanälven estuary may have decreased over the last 8.000
years from ~11 (Fig. 6.3) to salinities in the bottom waters that are close to current surface water
salinities of 3.4 (Humborg et al., 2003; Stigebrandt, 1981). This change is of similar magnitude as

the decrease in bottom water and surface water salinities for other parts of the Baltic Sea during the
Holocene (Gustafsson and Westman, 2002). In the coming century, climate projections predict a
decline in average mean salinity in the Baltic Sea of ~2 due to increased freshwater runoff (Meier et
al., 2012). This refreshening is expected to occur at a rate that is an order of magnitude faster than
during the last 8.000 years, and may thus impact future bottom water oxygen concentrations in the
Baltic Sea.
This is supported by a coupled physical-biogeochemical modelling study of Meier et al. (2011),
which predicts that increased freshwater inputs, together with wind speed changes, indeed may
increase bottom water oxygen concentrations in the coastal zones of the Baltic Sea in the coming
century. The Gulf of Finland (Fig. 6.1) is another site in which the impact of reduced stratification
due to increased runoff may lead to more oxygen-rich bottom waters by the end of the 21th century
(Meier et al., 2011). In restricted basins without severe stratification, climate-induced refreshening
can thus potentially counteract the effects of warmer temperatures on water column stratification.
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6.4.3

Vivianite and CFA authigenesis in semi-enclosed basins

We demonstrate that authigenic vivianite minerals can form in near-surface sediments in restricted
basins that are recovering from hypoxia (Fig. 6.8). We also show that sediments from the central
coastal Bothnian Sea that were deposited after the recovery from hypoxia were enriched in P (> 30
µmol/g; Jilbert et al., 2015). These P enrichments may be caused by authigenic vivianite formation.
In the Archipelago Sea (Finland), weakly laminated sediments in the upper part of the Holocene
deposits were enriched in Fe-bound P (> 40 µmol/g; Virtasalo and Kotilainen 2008). Just as in the
Ångermanälven estuary, this P pool may consist of vivianite. Other recent studies of modern Baltic
Sea sediments also show that vivianite plays an important role as a burial sink for P (Egger et al.,
2015a; Jilbert and Slomp, 2013a).
The observed coupling between water column refreshening and sedimentary vivianite burial
in the Ångermanälven estuary is highly relevant in the light of current climate change as some
coastal systems may experience refreshening in the near-future due to increased freshwater inputs
(e.g. Najjar et al. 2010; Meier et al. 2012b). This decrease in water column salinity may promote
bottom water oxygenation and enhance phosphorus burial in the sediments, thereby contributing to
oligotrophication in both coastal and adjacent open waters.
The shifts in environmental conditions in the Ångermanälven estuary not only affected the
P diagenesis upon deposition, as discussed above, but also resulted in diagenetic alternations at
greater depth in the sediments. We find removal of both Fe2+ and PO4 where downward diffusing
PO4 from the organic-rich sediments meets the upward diffusing Fe2+ (Fig. 6.4). The dissolved Fe
is supplied by reductive dissolution of Fe-oxides at depth in the lacustrine sediments. As these
sediments are rich in methane (CH4) but low in SO42- (Fig. 6.4), some of the Fe-reduction might be
coupled to anaerobic oxidation of CH4 (Beal et al., 2009), as has been suggested for other sites in
the Baltic Sea (Egger et al., 2015b). The presence of vivianite at depth can explain the P enrichments
in the sediments at the A/L-transition (Fig. 6.3) and the peak in Fe-bound P (Fig. 6.5). Recently,
blue aggregates were also discovered at the A/L-transition in sediments from the Baltic Proper and
identified as vivianite by SEM-EDS (Dijkstra et al., 2016). The presence of vivianite in sediments at
the A/L-transition may thus be a widespread phenomenon throughout the Baltic Sea.
Although many other restricted basins are also characterized by a clear lake-marine transition
in the sediment (e.g. Björck, 1995; Dionne, 1988; Hobbs, 2004; Middelburg, 1991), this may not
always lead to vivianite formation at this sedimentary boundary. In the Ångermanälven estuary, a
SMTZ in the lacustrine sediments prevents SO42- from greater depths from diffusing up towards
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the lake-marine boundary and allows Fe2+ to accumulate in the methanogenic lacustrine sediments.
In contrast, Black Sea lake sediments that are located just below the Holocene marine deposits are
high in porewater SO42- and lack Fe2+. As a consequence, vivianite precipitates only in the deeper
sediments far (~ 2 m sediment depth) below the lake-marine transition, where downward diffusing
SO42- is fully consumed by anaerobic oxidation of CH4 and organoclastic SO42- reduction (Egger
et al., 2016). This illustrates that Fe, S and CH4 dynamics in non-steady state regimes act as an
important control on post-depositional P diagenesis.
Some of the removal of PO4 below the A/L-transition might also be the result of diagenetic
formation of apatite in the lacustrine sediments of the Ångermanälven estuary. The high fraction
of authigenic Ca-P below the A/L-transition at Site M0061 (Fig. 6.5) may represent apatite
minerals that form when downward diffusing PO4 meets porewaters rich in Ca2+ (> 6 mM Ca2+
in the lacustrine sediments; Andrén et al., 2015). The release of PO4 from either organic matter
or Fe-oxides and the formation of apatite typically occur at approximately the same depth in the
sediments (Ruttenberg, 2003; Ruttenberg and Berner, 1993; Slomp et al., 1996a). A less direct
sink-switching mechanism, whereby PO4 released from brackish sediments diffuses downwards
and precipitates in the underlying lacustrine sediments, might thus be present in non-steady state
regimes as the Ångermanälven estuary.

6.5. Conclusion
The Ångermanälven estuary of the Bothnian Sea became hypoxic after the seawater intrusion
during the Holocene, much like the central Bothnian Sea and large parts of the Baltic Proper.
These low oxygen conditions were followed by a period of re-oxygenation and refreshening, which
resulted in massive burial of Fe-phosphates (vivianite) in the sediments (~50 µmol P/g). Vivianite
authigenesis later decreased in the upper part of the estuary. We also have strong indications for
post-depositional vivianite authigenesis at the transition from lacustrine to brackish sediments
(A/L-transition), a phenomenon that might be widespread throughout the Baltic Sea. Refreshening,
as may occur in some coastal systems in the near-future due to increased freshwater inputs, can thus
promote burial of vivianite and enhance coastal P retention.

Acknowledgements

139

Chapter 6

This research was funded by the European Research Council under the European Community’s
Seventh Framework Programme (FP7/2007-2013)/ERC Starting Grant 278364, the Netherlands
Organisation for Scientific Research (NWO Vici Grant 865.13.005), and the Integrated Ocean
Drilling Program. This research used samples and/or data provided by the Integrated Ocean
Drilling Program (IODP). We thank the captain, crew and scientists on board on the Greatship
Manisha from 12th of September until and 1st of November 2013 and the scientists that were
part of the onshore science party in Bremen from 22 January to 20 February 2014. Funding for
beam time at the DUBBLE beamline was granted by the Netherlands Organisation for Scientific
Research (NWO experiment 26-01-1002) and for the ID21 beamline via the European Synchrotron
Radiation Facility (experiment number #ES45 and #ES171). We further acknowledge C. Rivard
and D. Banerjee for their assistance at the beamlines and thank E. Smedberg for providing us with
the Baltic Sea bathymetric map. Thilo Behrends is thanked for his guidance at the beamlines and
helpful discussions. We thank Wilrieke Boterblom for her help with the laboratory analyses.

Appendices
Appendix 6.1

Trace element measurement of benthic foraminifera
Site M0061, 1H-CC, 3,37 mcd, E. albiumbilicatum
Size: 125-250 µm; Sample mass: 198 µg; Number of forams: 45
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Appendix 6.2

The sediment Fe, Mn, Ca concentrations and molar Fe/P ratio for the CDB extraction from Site M0061.
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Figure A6.2: The sediment Fe, Mn, Ca concentrations and molar Fe/P ratio for the CDB extraction from Site
M0061. The CDB Fe content is highest in the upper 10 m of sediment. The CDB Mn is low (< 10 µmol/g) and
generally follows the depth trend of CDB P. No clear trend in CDB Ca is observed. Apart from the upper three
meters of sediments, the CDB Fe/P ratio in the CDB solutions is above 1.5 mol/mol, the Fe/P stochiometry for
pure vivianite. Phase A comprises the Ancylus lake phase. The other phases (B-D) occurred after the seawater
intrusion in the Early Holocene. Sediments that were deposited during phase B are most enriched in Mo and
Corg, whereas maxima in P are observed in the phase C sediments. The near-surface sediments at Site M0062
(phase D) are lower in Mo, Corg and P than the other Littorina Sea deposits.
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Depth profiles of elements associated with rocks and soil weathering for Site M0061 and M0062
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Figure A6.3: Depth profiles of elements associated with rocks and soil weathering for Site M0061 and Site
M0062 (analysed by ICP-OES). Phase A comprises the Ancylus lake phase. The other phases (B-D) occurred
after the seawater intrusion in the Early Holocene. Sediments that were deposited during phase B are most
enriched in Mo and Corg, whereas maxima in P are observed in the phase C sediments. The near-surface
sediments at Site M0062 (phase D) are lower in Mo, Corg and P than the other Littorina Sea deposits.

Appendix 6.4

Depth profile of the ratio between organic C and organic P (mol/mol) in the sediments of Site M0061
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Figure A6.4: Depth profile of the ratio between organic C (Corg) and organic P (Porg) in the sediments of
Site M0061. Phase A comprises the Ancylus lake phase. The other phases (B-D) occurred after the seawater
intrusion in the Early Holocene. Sediments that were deposited during phase B are most enriched in Mo and
Corg, whereas maxima in P are observed in the phase C sediments. The near-surface sediments at Site M0062
(phase D) are lower in Mo, Corg and P than the other Littorina Sea deposits.
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CHAPTER 7
POST-DEPOSITIONAL VIVIANITE FORMATION
ALTERS SEDIMENT PHOSPHORUS RECORDS
Nikki Dijkstra, Mathilde Hagens, Matthias Egger and Caroline P. Slomp
(in preparation)

Abstract

Phosphorus (P) concentrations in sediments are frequently used to reconstruct past environmental
conditions in freshwater and marine systems, with high values thought to be indicative of a high
biological productivity. Recent studies suggest that the post-depositional formation of vivianite, an
iron(II)-phosphate mineral, might significantly alter trends in P with sediment depth. To assess its
importance, we investigate a sediment record from the Bornholm Basin that was retrieved during
the IODP Baltic Sea Paleoenvironment Expedition 347 in 2013, consisting of lake sediments
overlain by brackish-marine deposits. Combining bulk sediment geochemistry with micro-analysis
using scanning electron microscope energy dispersive spectroscopy (SEM-EDS) and synchrotronbased X-ray absorption spectroscopy (XAS), we demonstrate that manganese- and magnesium-rich
vivianite is located in the lake sediments just below the transition to the brackish-marine sediments
(at 11.5 to 12 m sediment depth). In this depth interval, phosphate that diffuses down from the
organic-rich, brackish-marine sediments meets porewaters rich in dissolved iron in the lake
sediments, resulting in vivianite precipitation. The peak in vivianite originally may have occurred at
the lake-marine transition (9 to 10 m) and likely moved downwards due to changes in the depth of a
sulfidization front. Experiments in which vivianite was subjected to sulfidic conditions demonstrate
that incorporation of manganese or magnesium in vivianite does not affect its susceptibility to
sulfide-induced dissolution. Our work highlights that post-depositional vivianite formation has
the potential to strongly alter sedimentary P records particularly in systems that are subject to
environmental perturbation, such as a change in primary productivity, which can be associated with
a lake-marine transition.
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7.1 Introduction
Phosphorus (P) is a key nutrient for marine organisms as it is essential for intracellular energy, cell
growth and metabolism (Tyrrell, 1999). In marine waters, dissolved phosphate (henceforth denoted
as PO4) is converted into particulate organic P by phytoplankton. Part of this particulate P sinks
through the water column as dead organic matter and is deposited onto the seafloor (Ruttenberg,
2003). In surface sediments below oxic bottom waters, PO4 that is released by the decomposition
of organic matter typically diffuses back into the water column or is bound to iron-oxyhydroxides
(Fe-oxide bound P). Most Fe-oxides are dissolved by dissimilatory Fe(III) reduction or by reactions
with hydrogen sulfide (HS−) upon burial (Canfield et al., 1992), thereby releasing PO4 to the
porewater. The subsequent accumulation of porewater PO4 at depth in the sediments can promote
precipitation of P-bearing minerals such as apatites (authigenic calcium(Ca)-P; mainly carbonate
fluor-apatite). This so-called “sink-switching” acts as an efficient P trap in sediments and limits the
diffusive flux of PO4 towards the water column (Ruttenberg and Berner, 1993; Slomp et al., 1996a).
As a consequence, sedimentary P concentrations can be a measure of the organic matter supply to
the sediment (Calvert and Pedersen, 2007; Tribovillard et al., 2006). Trends in sedimentary P with
sediment depth have for instance been used as evidence that upwelling zones were more productive
during interglacial stages compared to glacial stages (Ganeshram et al., 2002).
In sediments overlain by hypoxic or anoxic bottom waters (oxygen concentrations below
2 mg/L or absent, respectively), P is generally less efficiently retained in the surface sediments.
This is due to the absence of Fe-oxides that can adsorb P (Slomp et al., 1996a) and other redoxdependent mechanisms, such as the decreased sequestration of polyphosphates in sediments
overlain by anoxic waters (Sannigrahi and Ingall, 2005) and the preferential regeneration of P from
organic matter (Ingall et al., 1993; Ingall and Jahnke, 1997; Jilbert et al., 2011). Less retention of P
in surface sediments can hamper build-up of porewater PO4 in the sediments and sink-switching of
P to P-bearing minerals, resulting in less burial of P relative to organic carbon (Corg). Trends in the
ratio of Corg to total P (Corg/P) with sediment depth thus can reflect bottom water redox conditions.
This has been demonstrated for various environments and on various timescales, ranging from the
Phanerozoic Ocean (Algeo and Ingall, 2007) and the Quaternary Mediterranean (Kraal et al., 2010)
to the modern Black Sea (Dijkstra et al., 2014) and Baltic Sea (Jilbert and Slomp, 2013b).
Besides sedimentary P concentrations and Corg/P-ratios, the occurrence of vivianite
((Fe3(PO4)2.8H2O) in sediments is also used in reconstructions of paleo-environmental conditions
in lake and marine basins (e.g. Derkachev et al., 2007; Kalniņa et al., 2000; Taldenkova et al., 2010).
These Fe(II)-phosphates can precipitate in surface sediments with sulfide-depleted porewaters that
are rich in both Fe2+ and PO4 (Berner, 1981; Nriagu and Dell, 1974; Nriagu, 1972). The presence
of vivianite in sediments may therefore reflect anoxic non-sulfidic bottom waters upon sediment
deposition. The large vivianite concretions (> 500 µm) in Late Glacial and Holocene sediments from
the Laptev Sea are, for example, assumed to be the result of low bottom water oxygen upon sediment
deposition (Taldenkova et al., 2010). Vivianite minerals that were discovered in the presence of
organic matter and iron sulfides in marine Latvian sediments from the middle Pleistocene were also
linked to oxygen-poor bottom waters at the time of deposition (Kalniņa et al., 2000).
Post-depositional processes during burial can, however, alter the geochemical signature of
sediments. An active downward oxidation front, for instance, can reoxygenate former anoxic
organic-rich sediments, resulting in a decrease in Corg/P-ratios as Corg is remineralized while the
released P is retained in the sediments (Slomp et al., 2002). Post-depositional diagenesis can also
result in the precipitation of vivianite in sediments. This is known to occur below the sulfate/
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methane transition zone (SMTZ) in sediments, where porewater Fe2+ can accumulate in the
absence of sulfide and react with porewater PO4 (Egger et al., 2016, 2015a; Hsu et al., 2014; März
et al., 2008a). Vivianite can also form post-depositionally at lake-marine transitions, where upward
diffusing porewater Fe2+ from lake deposits meets PO4 from the overlying organic-rich marine
deposits, as recently confirmed by micro-spectroscopy in sediments from the Landsort Deep (Baltic
Sea; Dijkstra et al., 2016). Post-depositional vivianite authigenesis is also assumed to have caused a
distinct P maximum (~ 60 µmol/g) at the lake-marine transition in coastal Bothnian Sea sediments
(Dijkstra et al., in review). The occurrence of vivianite in sediments can thus not always be ascribed
to the environmental conditions in the surface sediments and overlying waters upon deposition.
Diagenesis can also result in the dissolution of depositional or post-depositional vivianite
in sediments, as this P-bearing mineral is assumed to dissolve in the presence of even small
concentrations of sulfide (Vuillemin et al., 2013). Recently, sulfide-induced dissolution of
vivianite was included in a reactive transport model for deep basin sediments in the Black Sea and
significantly improved the model fits for porewater PO4 and Fe2+, as well as for sedimentary P (Egger
et al., 2016). This Black Sea case study showed that diffusion of sulfide into lake sediments can result
in a continuous downward migrating vivianite front just below the sulfidization front. Over the past
7500 years, the peak in vivianite in these Black Sea sediments may have migrated downwards from
its initial position at the lake-marine transition over a distance of more than two meters (Egger et
al., 2016). In contrast to the Black Sea, the Landsort Deep in the Baltic Sea was only intermittently
sulfidic throughout the Holocene and vivianite is preserved close to the lake-marine transition
(Dijkstra et al., 2016). The sediment depth at which post-depositional vivianite can overprint paleorecords of total P and Corg/P may thus depend on the porewater sulfide concentrations during
sediment burial.
Also other factors might affect the stability and, subsequently, the presence of vivianite in
sediments. In many lake and marine sediments, vivianite aggregates are enriched in magnesium
(Mg) and manganese (Mn) (Dijkstra et al., 2016; Egger et al., 2015a; Hsu et al., 2014). These
enrichments may reflect the substitution of Fe2+ by Mn2+ and Mg2+ in the crystal structure of
vivianite (Dijkstra et al., 2016; Frost et al., 2002; Nakano, 1992). In Fe-oxides, the incorporation
of cations such as Mn3+ into the crystal structure affects the mineral stability and can result in
higher acid dissolution rates of Fe-oxides (Alvarez et al., 2007). At present, it is unknown whether
the substitution of Fe2+ in vivianite crystals by other cations affects the mineral stability and its
susceptibility to sulfide dissolution.
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In this study, we investigate the post-depositional formation of vivianite in sediments of a hypoxic
basin in the Baltic Sea, the Bornholm Basin. Combining various types of geochemical analyses (e.g.
total elemental analysis, P extractions), we demonstrate that vivianite minerals began to precipitate
below the lake-marine transition in the Bornholm Basin after the seawater intrusion. Vivianite
authigenesis at depth resulted in a doubling of the total P concentrations in our sediments, thereby
significantly altering the P burial record. With a sulfidization experiment, we further show that the
susceptibility of vivianite to sulfide-induced dissolution is not affected by the incorporation of Mn
or Mg in the mineral.

Bothnian Bay

Bothnian Sea

Baltic Proper

Kattegat
M0065

Figure 7.1: Map of the major basins in the Baltic Sea with our study site (M0065) in the Bornholm Basin.

7.2 Methods

Chapter 7

7.2.1

Study site, coring and lithology

The Baltic Sea is a semi-enclosed basin in which the water column salinity is strongly affected by
changes in sea level (Björck, 1995). The basin was a freshwater environment (the Ancylus lake)
before the intrusion of North Sea water approximately 8900 years ago. This intrusion was followed
by a gradual transition to more saline conditions and the establishment of the Littorina Sea (~8000
years ago; Andrén et al., 2011; Sohlenius et al., 2001). Large parts of the Baltic Sea experienced
bottom water hypoxia ~7000-4000 years ago during the Holocene Thermal Maximum. This is
assumed to be the result of the inflow of North Sea water and warmer sea surface temperatures,
which together may have caused water column stratification and the subsequent development of
widespread hypoxia in the Baltic Sea (Zillén et al., 2008).
The Bornholm Basin is located in the central Baltic Sea (Fig. 7.1), and is currently characterized
by a surface water salinity of 7-8 and a deep water salinity of 16-20 (Mohrholz et al., 2006). At
present, the bottom waters are seasonally hypoxic with minimum oxygen concentrations below
0.5 mg/L (Mohrholz et al., 2006). Sediment cores were recovered from three holes (A-C) at
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station M0065 in the Bornholm Basin during IODP Expedition 347 in October 2013 (55° 28.09’
N, 15° 28.63’ E; water depth: 84.3 m). We applied the mid-composite depth scale as reported in
the proceedings of the expedition (mcd; Andrén et al., 2015). The upper two meters of sediment
were not sampled due to the risk of mustard gas contamination. A multicore was recovered from
the same location in June 2016 during a research cruise with RV Pelagia for additional porewater
analyses (0-50 cm sediment depth).
The lowest part of the long sediment record (below ~ 13.5 mcd) consists of greyish-brown to
dark grey clays with a down-core increase in the silt and sand fraction. These sediments are overlain
by grey clays of which the upper part is dominated by iron sulfide laminations. The top sediments
are composed of organic-rich clays containing fragments of bivalve shells and organic remnants (<
9.65 mcd, < 9.85 mcd and < 9.69 mcd for Holes A, B and C, respectively). These organic-rich clays
contain benthic foraminifers and brackish-marine diatom species, whereas the deeper sediments are
generally characterized by freshwater diatom taxa and the absence of benthic foraminifera. These
shifts in lithology and biostratigraphy mark the lake-marine transition between ~ 9 and 10 mcd. A
detailed description of the lithology and biostratigraphy can be found in Andrén et al. (2015).
7.2.2

Porewater analysis

Porewater was collected and filtered during the IODP 347 expedition using rhizons or squeezers
(0.2 μm pore size). Alkalinity was calculated by the method of Grasshoff et al. (1983) after titration
with 0.01 M HCl. Dissolved inorganic carbon (DIC) was measured in samples poisoned with
saturated HgCl2 using an AS-C3 analyzer (Apollo SciTech) that consisted of an acidification and
purging unit in combination with a CO2/H2O analyzer (LICOR-7000). The conductivity method in
Hall and Aller (1992) was used to determine ammonium concentrations (NH4+) in the porewaters
and dissolved sulfide (denoted as HS-) was measured using the methylene blue method of Cline
(1969). Porewaters were acidified and analyzed for Mg, P, Ca, Fe and Mn by inductively coupled
plasma – optical emission spectrometry (ICP-OES), and are assumed to represent Mg2+, PO4,
Ca2+, Fe2+ and Mn2+, respectively. The sulfate (SO42-) and chloride (Cl-) concentrations were
determined by a Metrohm 882 compact ion chromatograph at the University of Bremen. Salinity
was calculated from Cl- concentrations (Dickson et al., 2007). To determine concentrations of
porewater methane (CH4), 5 cm3 sediment samples were extruded in glass vials filled with 1 M
NaOH solution, sealed and stored upside down for further analysis. After headspace injection (250
µL), the CH4 concentrations were determined using an Agilent A7890 gas chromatograph. More
details on the porewater procedures can be found in Andrén et al. (2015). The methods used to
analyze porewaters from the multicore are described in Egger et al. (2016).
7.2.3

Bulk sediment analysis
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Sediment samples were collected at a 2 m depth resolution immediately after core retrieval and
stored in nitrogen-purged aluminum bags to prevent sample oxidation (Hole C). Sediment samples
were also collected at a 20 cm resolution during the on-shore sampling campaign (Hole A). The
sediment record at and just below the lake-marine transition was studied in more detail using
samples collected in November 2014 at the Bremen Core Repository (5 cm resolution; Hole AHR).
All sediment samples were freeze-dried and ground with an agate mortar and pestle at Utrecht
University prior to further analysis.
Sediment subsamples (0.125 g) were dissolved overnight at 90 °C in a mixture of hydrofluoric
acid, nitric acid and perchloric acid. After evaporation of the acids at 140 °C, the residue was
redissolved in a nitric acid solution (1 M). Total concentrations of Mo, Fe, aluminum (Al), S, Mn, P,

Ca and Mg in the solutions were determined by ICP-OES (Perkin Elmer Optima 3000). The relative
standard deviation for all elements was generally less than 3 % (laboratory reference material (ISE921), in-house standards and sample replicates).
During the on-shore sampling party at the Bremen Core Repository, Corg content was
determined in decalcified sediment samples with a LECO CS-300 carbon-sulfur analyser (Holes
A-C, see Andrén et al., 2015 for more details).
7.2.4

Sequential Fe and S extractions

We performed a sequential Fe extraction on dry sediment subsamples (0.1 g) from Hole C according
to the method of Poulton and Canfield (2005) in an oxygen-free atmosphere. The extractants to
target the various Fe phases, i.e. carbonate-associated Fe (Fe-carb), easily reducible Fe-oxides (Feox1), crystalline Fe-oxides (Fe-ox2) and magnetite (Fe-mag), are summarized in Table 7.1. The
Fe-ox1 and Fe-ox2 fractions together define the sedimentary Fe-oxide fraction in the sediment (Feox; without magnetite). The 1,10-phenanthroline method was used to determine Fe concentrations
in the solutions (APHA, 2005).
For the same set of sediment samples we determined the acid volatile sulfide (AVS) and
chromium-reducible sulfide (CRS) fractions with the S extraction method as developed by Burton
et al. (2008). We used a 6 M HCl/0.1 M ascorbic acid solution and an acidic chromium(II) solution
to convert sulfide in AVS and CRS into hydrogen sulfide gas. The gas was trapped in an alkaline
zinc-acetate solution, in which the amount of sulfide was then measured by iodometric titration
(APHA, 2005). The sediment samples were shielded from the atmosphere to avoid sample
oxidation, using either a glovebox (AVS) or a nitrogen gas line (CRS). The AVS fraction is assumed
to represent iron monosulfides (FeS) and the CRS fraction is assumed to represent pyrite (FeS2). The
CRS concentrations (in µmol S/g) were divided by two to represent concentrations of FeS2 (in µmol
FeS2/g). The relative standard deviations were generally below 10 % for both the Fe and S extraction,
based on replicates and in-house standards.
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7.2.5

Bulk phosphorus analysis (SEDEX and P XANES)

The P fractionation in ground sediment subsamples (0.1 g) was investigated with the SEDEX
method (Ruttenberg, 1992), as modified by Slomp et al. (1996a), with the inclusion of the
exchangeable P step. The extraction steps are summarized in Table 7.2. The P concentrations in the
citrate-dithionite-bicarbonate (CDB) solutions were measured by ICP-OES. The P concentrations
in the other extractants were measured colorimetrically by the molybdenum blue method
(Strickland and Parsons, 1972). For Holes C and AHR, the total extracted P was almost similar
to the total P concentrations as derived by total destruction (< 15 % difference). For Hole A, the
sum of all extracted elements for the sediments from Hole A slightly underestimated the total P
content (on average 18 % lower). The relative standard deviations, as based on sample triplicates
and in-house standards, were generally below 10 %. To avoid changes in P fractionation related to
sample oxidation (Kraal et al., 2009; Kraal and Slomp, 2014), samples that were collected during
the expedition and on-shore sampling (Holes C and A) were not exposed to oxygen during sample
preparation and the first six steps of the P extraction. The samples from hole AHR were exposed
to oxygen for more than a year before sample collection and were therefore not treated anoxically
during the SEDEX. Trends with sediment depth were, however, similar between the different holes
and sampling campaigns, suggesting no distinct changes in P fractionation due to sample oxidation.
Apart from the sequential P extractions, we investigated the P fractionation in a sediment
sample from 11.67 mcd (Hole C) with unfocused X-ray absorption near edge structure (XANES)
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Table 7.1: Details on the Fe extraction method by Poulton and Canfield (2005): chemical solutions and targeted
phases.
Steps

Extractant

Time

Target phase

Term

I

1 M sodium acetate brought to pH 4.5 with acetic acid

II

1 M hydroxylamine-HCl
in 25% v:v acetic acid

24 h

Carbonate-associated Fe

Fe-carb

48 h

Easily reducible Fe-oxides
FeSa

Fe-ox1b

III

50 g/l sodium dithionite solution buffered to pH 4.8 with
0.35 M acetic
acid/0.2 M sodium citrate

2h

Crystalline Fe-oxides

IV

0.2 M ammonium
oxalate/0.17 M oxalic acid

2h

Magnetite

Fe-ox2b
Fe-mag

a

: Some of the extracted Fe in this solution may represent FeS (Egger et al., 2015b).
: The Fe-ox1 and Fe-ox2 fractions together define the sedimentary Fe-oxide fraction in the sediment (Fe-ox; without magnetite).

b

Table 7.2: Chemical solutions, targeted phases and terms of the SEDEX (Ruttenberg, 1992), including the
modifications by Slomp et al. (1996a).
Steps

Extractant

Time

Target phase

Term

I

1 M MgCl2 (pH 8)

0.5 h

Exchangeable P

Ex-P

IIa

CDB solution (pH 7.6):
0.3 M Na3 citrate; 25 g/L Na dithionite; 1 M NaHCO3

8h

P bound to Fe-oxides
Fe(II)-phosphates1

Fe-P

IIb

1 M MgCl2 (pH 8)

0.5 h

Washing step

IIIa

1 M Na acetate
buffered to pH 4 with
acetic acid

6h

Authigenic apatite

IIIb

1 M MgCl2 (pH 8)

0.5 h

Washing step

IV

1 M HCl

24 h

Detrital apatite

Detr-P2

V

Combustion at 550 °C
1 M HCl

2h
24 h

Organic P

Org-P

Authi Ca-P2

1

: Fe(II)-phosphates as vivianite can also dissolved in the CDB solution, as shown by Dijkstra et al. (2016) and Nembrini et al. (1983).
: Authigenic Ca-P and detrital P are assumed to both represent Ca-phosphates with different susceptibilities towards acid dissolution
and are summed as Ca-P.
2
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spectroscopy. The analysis was conducted in April 2015 at the ID21 beamline at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France (see Salomé et al. (2013) for details
on the beamline). Prior to analysis, the monochromator was calibrated against the first derivative
of tricalcium phosphate (2149.43 eV). The ground sediment was fixed between Kapton® tape and
analyzed under vacuum with an unfocused beam in fluorescence mode at the P K-edge (2130 –
2300 eV; room temperature). Background removal and normalization were performed using the
ATHENA software package (Ravel and Newville, 2005). We applied a 3-point smoothing on the
mean spectrum (# of individual spectra = 35) to reduce overall noise. All standards are described in
Dijkstra et al. (2016).

Table 7.3: Key characteristics of the synthesized phosphate minerals with molar iron (Fe), magnesium (Mg)
and manganese (Mn) fractions in the precipitates relative to phosphorus (P). The mineralogy was investigated
by XRD (Figure 7.8A).
#

Mineral phase

(Fetot+Mgtot+Mntot)/Ptot

Fetot

Mgtot

Mntot

1

Vivianite

1.49

1.40

0.09

0.00

Dark blue

2

Vivianite

1.44

1.24

0.14

0.06

Dark blue

3

Vivianite

1.44

0.99

0.14

0.31

Blue

4

Vivianite & struvite

1.41

0.74

0.31

0.36

Blue

5

Vivianite & struvite

1.34

0.81

0.52

0.01

Light blue

7.2.6

Colour

SEM-EDS of blue spherical aggregates

While examining sediments with a light microscope, we observed blue spherical aggregates in
sediments from 11.98 mcd (Hole AHR). These aggregates were coated with carbon, mounted on
an aluminum stub with carbon tape and investigated by scanning electron microscope energy
dispersive spectroscopy (SEM-EDS; JCM 6000PLUS NeoScope Benchtop SEM). The imaging
was conducted in backscatter mode with an acceleration voltage of 15 kV. We performed EDS in
the 0-20 keV energy range for elemental quantification of the aggregates (probe current: 1 nA;
acquisition time: 50 s). The SEM-EDS software was used to estimate the relative abundances in
mol% for the major elements (Standardless ZAF procedure). Elements associated with salt particles
and clays (i.e. Na and K) were on average below 2 mol% and were not included in the results.
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7.2.7

Vivianite sulfidization experiment

We performed a sulfidization experiment to examine the stability of vivianite in the presence
of sulfide. Various P-bearing minerals were synthesized by mixing a 0.2 M Mohr salt solution
((NH4)2Fe(SO4)2·6H2O) with a solution of 0.16 M ammonium acetate and 0.47 M disodium
phosphate in a glovebox (1:1 volume ratio) following procedures described by Rouzies et
al. (1993). We also added 0.6 M MgCl2 and 0.6 M MnCl2 solutions in various ratios to the Fe-P
solution to synthesize minerals with varying Fe, Mg and Mn concentrations. All chemical
solutions were deoxygenated before mixing and prepared in sulfate-free artificial seawater with
a salinity of 14, which is equal to the porewater salinity at the P peak location in the sediments
(Fig. 7.2). After 24 hours, the precipitates were filtered and washed twice with deoxygenated
water and dried in the glovebox for 7 days. A small subsample (0.01-0.1 g) of each precipitate was
destructed in hydrofluoric acid, nitric acid and perchloric acid for 24 hours. After evaporation of
the acids, the residue was redissolved in 1 M nitric acid and analyzed by ICP-OES for P, Fe, Mn
and Mg concentrations (relative standard deviation was 11 % on average; based on duplicates
and triplicates). The mineralogy of the precipitates was determined by XRD using a Bruker
D2 diffractometer with Cobalt Kα radiation over a 5-85 2θ range with a step size of 0.026°. Two
precipitates (1 and 4) were also examined by SEM-EDS (see sect. 7.2.6 for technical details).
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We synthesized three vivianite minerals (precipitate 1-3) and two mixtures of vivianite and
struvite (MgNH4PO4.6H2O; precipitate 4 & 5) (Table 7.3). The (Fe+Mg+Mn)/P ratio for the
vivianite precipitates is between 1.44-1.49 mol/mol (Table 7.3), and thus close to the theoretical
stoichiometric ratio of 1.5 mol/mol (Nriagu, 1972). The total fraction of Mg, Mn, Fe relative to
total P (Mgtot, Mntot, Fetot; Table 7.3) can be used to estimate the relative contribution of vivianite
and struvite to the mixed precipitates at the start of the experiment (Pstru and Pviv). The elemental
fractions in vivianite and struvite are expressed as:

Mgviv+Mnviv+Feviv
= 1.5
Pviv

(Eq. 7.1)

Mgstru
= 1.0
Pstru

(Eq. 7.2)

Equations 7.1 and 7.2 can be solved with the following assumptions: 1) Fe and Mn are only
incorporated in vivianite (i.e. Mntot = Mnviv and Fetot = Feviv) and 2) the fraction of Mg in vivianite
is 14% of the P fraction in vivianite, i.e. Mgviv = 0.14 Pviv, in accordance with the Mg/P-ratio of
vivianite precipitates 2 and 3 (Table 7.3). Rearranging terms leads to Eq. 7.3 with one unknown
parameter (Pviv);

0.14Pviv+Mntot+Fetot
Mgtot-0.14Pviv
= 1.5
Pviv
1-Pviv

(Eq. 7.3)
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Using Eq. 7.3, we estimated that 80 % of P in precipitate 4 is incorporated in vivianite and 20 % in
struvite (Pstru = 1-Pviv). Precipitate 5 is estimated to contain more struvite than precipitate 4, with 42
% of all P being present in struvite.
Small subsamples of the five precipitates (~ 5 mg) were inserted into 50 ml centrifuge tubes
that contained the artificial seawater solution (salinity of 14) with 0 or 1000 µM sulfide (30-50 ml
seawater, depending on the mass of the subsamples). The additional weight of the eppendorf tubes
due to replacement of air by argon in the argon-filled glovebox was subtracted from the sample
masses. All experiments were performed in duplicate (2 x 2 x 5 samples in total). The samples were
stored in aluminum bags filled with N2 gas and placed on a shaker. At eight time steps within 408
hours, the samples were centrifuged and the supernatant was sampled in the glovebox for sulfide
measurements (200 µL in a 4.5 % Zn acetate solution) and P analysis (1 ml to 20 µL 0.2 M HCl). The
sulfide concentrations in the zinc-acetate solutions were measured colorimetrically with a diamine
solution (FeCl3 and N,N-dimethyl-p-phenylenediamine sulfate) according to Cline (1969). The
molybdenum blue method of Strickland and Parsons (1972) was used to measure P concentrations.
The P concentrations were multiplied by the solution volume (corrected for volume loss due to
sampling), and divided by the sample mass to calculate relative percentages of dissolved P. For three
samples, the measured sulfide concentrations in tubes with precipitate 3 were much lower than
observed for all other vivianite samples from the same time steps (< 35 µM at 0.5, 4 and 24 hours).
The low concentrations are attributed to a measurement error and were excluded in Fig. 7.8.
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Figure 7.2: Porewater trends with sediment depth for station M0065 (Holes A-C), including porewater data of
the multicore from the same location (MC). The lake-marine (L-M) transition from Ancylus lake sediments to
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7.3 Results
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7.3.1

Porewater data

Salinity and Mg2+ concentrations are high in the brackish-marine sediments and gradually
decrease with sediment depth (Fig. 7.2). The brackish-marine deposits are also characterized
by high porewater alkalinity and DIC, as well as high NH4+ and PO4 concentrations, which are
all key products of organic matter decomposition. While alkalinity, DIC and NH4+ gradually
decrease with sediment depth, a sharper decline across the lake-marine transition is observed for
PO4. The porewaters below 13 mcd contain less than 0.15 mM PO4. In all sediments, porewater
Ca2+ concentrations are above 5 mM. Porewater Fe2+ concentrations vary strongly with low values
in the brackish-marine sediments (< 0.1 mM) and high values in the Ancylus lake sediments
just below the lake-marine transition (> 0.8 mM). The porewaters in sediments around the lakemarine transition are high in Mn2+ (> 0.2 mM), and porewater sulfide is only detected in the upper
5 m of the sediment (< 3 mM). Porewater SO42- is high at the sediment-water interface (14 mM)
and sharply declines with sediment depth to values below 1 mM in the deeper sediments (< 2 m
sediment depth). Dissolved CH4 shows high concentrations of up > 11 mM in the porewaters of the
brackish-marine sediments, and decreases to < 2 mM below 30 mcd.
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Figure 7.3: Key elements at station M0065 with sediment depth. More details on the colored areas can be found
in the legend of Fig 7.2. Samples “Hole AHR” were taken from Hole A cores more than one year after storage.
*The Corg/P ratios were calculated using Corg contents and estimated values of total P by interpolation between
the nearest samples.

7.3.2

Organic carbon and total elemental concentrations

7.3.3

Sulfur, iron and phosphorus speciation (including P XANES)

The brackish-marine deposits contain on average 3 µmol FeS2/g and 200 µmol FeS2/g whereas the
lake sediments below 11 mcd are low in both FeS and FeS2 (< 1 and < 25 µmol/g, respectively; Fig.
7.4). The highest concentrations of FeS and FeS2 are observed just below the lake-marine transition
at 10.3 mcd (10 and 300 µmol/g, respectively). The brackish-marine sediments generally contain
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The brackish-marine sediments are more organic-rich than the deeper lake sediments (> 3
wt% versus ~ 0.5 wt%; Fig. 7.3). Sedimentary Mo, Mn and S concentrations are highest at the lakemarine transition (0.6, 356 and 1000 µmol/g, respectively), and generally elevated in the brackishmarine sediments when compared to the Ancylus lake deposits. Note that the lake sediments at or
just below the lake-marine transition have elevated total S contents and sedimentary Fe/Al ratios
above 0.7 wt%/wt%. We further observe a minimum in sedimentary Al, Mg and P concentrations
between 9.5-11.5 mcd, and a P enrichment of ~ 60 µmol/g at 12 mcd. Total Ca is elevated in the lake
sediments. The trend in Corg/P-ratios generally follows the Corg trend with highest Corg/P-ratios (> 75
mol/mol) in the brackish-marine deposits.
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to the procedure of Burton et al. (2008). The Fe extraction of Poulton and Canfield (2005) was applied to
determine Fe-carbonates (Fe-carb), sedimentary Fe-oxides (Fe-ox; sum of amorphous and more crystalline
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Figure 7.5: The phosphorus fractionation in the sediments for Hole A and C, including exchangeable P (Ex-P),
organic P (Org-P), authigenic and detrital Ca-P (Ca-P) and Fe-bound P (Fe-P). These phosphorus phases were
determined according to the P extraction method of Ruttenberg (1992), including modifications by Slomp et al.
(1996a). Samples “Hole AHR” were taken from Hole A cores more than one year after storage. More details on
the colored areas can be found in the legend of Fig. 7.2.

156

Normalized absorbance

11.67 mcd

1
0

Rhodochrosite-P
Hureaulite
Fluorapatite

Vivianite

2140

2165

2190

Energy (eV)
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the position of white line and post-edge oscillations).
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less Fe-carbonates and Fe-oxides than the lake sediments. Magnetite is a minor Fe phase throughout
the record (< 50 µmol/g).
Exchangeable P is only a minor P fraction in the Bornholm basin sediments (< 5 % of total P at
each sediment depth; Fig. 7.5). Organic P is highest in the brackish-marine deposits and decreases
to values of < 3 µmol/g at depth in the lake sediments. Ca-P is a major P phase throughout the
sediment record, with lowest values in sediments just below the lake-marine transition. There
are distinct peaks in sedimentary Fe-bound P, and to a lesser degree in exchangeable P, between
11.5 and 12 mcd. Maxima in Fe-bound P are located at 11.5 mcd for Hole A, 11.67 mcd for Hole
C and 11.90 mcd for Hole AHR. At these depths, Fe-bound P accounts for up to 63 % of the total
sedimentary P pool.
Bulk P XANES spectroscopy was performed on sediments from 11.67 mcd (Hole C) for
a more detailed investigation of the sedimentary P fractionation (Fig. 7.6). The results do not
provide evidence for the presence of vivianite in the bulk sediments as the characteristic post-edge
oscillations of vivianite are not observed in the sediment sample. In addition, the position of the
main peak (i.e. white line) of the bulk sediment is slightly shifted to higher energies compared to
the white line of vivianite (difference: 0.1-0.2 eV). The spectrum of the sediment sample also does
not resemble the almost featureless spectra of rhodochrosite-P and hureaulite either. Instead, the
P XANES spectrum is most comparable to the P XANES spectrum of fluorapatite with a shoulder
feature and oscillations at similar energies (2163.5 and 2170 eV). Linear combination fitting of the
bulk sediments was not possible due to the high amplitude of the white line caused by a strong selfadsorption effect.
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Figure 7.7: SEM-EDS images of blue aggregates from 11.98 mcd (Hole AHR) with elemental concentrations in
mol%. The EDS results include analysis of spots and specific areas (1-5), and total area analysis.

7.3.4

Examination of blue aggregates with SEM-EDS

The blue spherical aggregates from 11.98 mcd (Hole AHR) are approximately 400 µm in size (Fig.
7.7). Elemental quantification of the aggregate surfaces with SEM-EDS suggests that the aggregates
are enriched in Fe (between 13 to 83 mol%). Other major elements are P (0.2-17.4 mol%) and Mn
(0.8-10.2 mol%). We also detected some Mg on the surfaces of both aggregates (0.8-8.2 mol%). The
enrichments in Si and Al likely reflect clay particles that are attached to the aggregates.
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7.3.5

Sulfidization experiment

Within 17 days (408 hours), most of the three vivianite precipitates had dissolved in the seawater
solution that initially contained 1000 µM sulfide (> 75 %; Fig. 7.8B). Almost no vivianite was
dissolved in the sulfide-free seawater (generally < 10 % of all P). The mixed vivianite/struvite
precipitates show a different trend with time compared to the pure vivianite minerals (Fig. 7.8C).
Only 25 % of all P from precipitate 4 was dissolved in the sulfide-rich seawater solution. The
percentage of dissolved P from precipitate 5 varied widely among the duplicate samples resulting
in large standard deviations (error bars). In contrast to the pure vivianite samples, also some P from
the vivianite/struvite precipitates dissolved in the seawater solutions that did not contain sulfide.
The gradual decrease in sulfide contents with time in all samples (Fig. 7.8D and 7.8E) is assumed to
be the result of the escape of sulfide gas from the solutions during sampling.
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Figure 7.9: Examination of precipitate 1 and 4 at the start of the sulfidization experiment by SEM-EDS,
including imaging and elemental concentrations in mol%. Precipitate 1 generally consisted of ~ 5 µm crystals
that contain phosphorus (P), iron (Fe) and magnesium (Mg). Precipitate 4 consists of a mixture of crystals
rich in P, Fe, manganese (Mn) and Mg, and irregular shaped precipitates that contain both Mg and P. The
precipitates also contained some sodium, chloride and sulfur (data is given in Appendix 7.1).

7.4 Discussion
7.4.1

The lake-marine transition in the Bornholm Basin

Intrusion of North Sea water transformed the Ancylus lake into the brackish-marine Littorina Sea ~
8000 years ago (Andrén et al., 2011). This is in line with the trends in porewater salinity and Mg2+,
a major constituent of seawater, which both indicate more marine conditions in the Bornholm
Basin nowadays than during the early Holocene (Fig. 7.2). The lake-marine transition, as recorded
in the biostratigraphy and lithology of our sediments between 9 – 10 mcd (section 7.2.1), led to
the deposition of Corg-rich sediments (Fig. 7.3). The decomposition of part of the organic matter
resulted in the release of alkalinity, DIC, NH4+ and PO4 (Fig. 7.2) to the porewater. The slight
increase in Corg before the lake-marine transition may be caused by enhanced water column
productivity or by a lowering of the sedimentation rate due to decreased inputs of particulate matter
in meltwater at that time, as proposed by Sohlenius et al. (1996). Such a shift in material supply may
also explain the low concentrations of other terrestrial elements, such as Fe and Mg, between 10 and
11.5 mcd (Fig. 7.3) and the concurrent minimum in Ca-P (Fig. 7.5).
The Mo enrichments in the brackish-marine sediments at 9.5 mcd (> 0.3 µmol/g; Fig. 7.3)
are indicative of seasonally hypoxic and possibly euxinic bottom waters (Scott and Lyons, 2012).
This period of low oxygen conditions coincided with the start of the Holocene Thermal Maximum
just after the seawater intrusion when large parts of the Baltic Sea were experiencing bottom
water hypoxia (Jilbert et al., 2015; Zillén et al., 2008). In the Bornholm Basin, periodic inflows
of oxygenated North Sea water at that time may have resulted in short periods of bottom water
oxygenation and, subsequently, Mn-carbonates may have formed in the surface sediments from
Mn-oxides that precipitated onto the seafloor (Huckriede and Meischner, 1996; Lenz et al., 2015b).
Some Mo could also have been transported to the sediments adsorbed to these Mn-oxides (Adelson
et al., 2001; Algeo and Lyons, 2006), explaining our concurrent peak in Mo and Mn at 9.5 mcd
(Fig. 7.3). The sediments at 9.5 mcd are also enriched in Fe and S due to the enhanced burial of
Fe-sulfides (Fig. 7.3 and Fig. 7.4). Furthermore, sediments elevated in Fe and S (as Fe-sulfides) just
below the lake-marine transition (Fig. 7.3 and 7.5) indicate that porewater sulfide diffused into
the deeper lake sediments during the early Littorina Sea stage. Such sulfidization fronts are widely
observed in sedimentary records of the Pleistocene and Holocene Baltic Sea (Boesen and Postma,
1988; Böttcher and Lepland, 2000; Holmkvist et al., 2014; Sohlenius et al., 1996).
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7.4.2

Post-depositional vivianite authigenesis below the lake-marine transition

The distinct enrichments in P below the sulfidization front at ~11.5 mcd (Fig. 7.3) can be attributed
to the presence of vivianite in the sediments. Vivianite dissolves in the CDB-extraction step that
targets Fe-bound P (Dijkstra et al., 2016; Nembrini et al., 1983), and may therefore be responsible for
the enrichments in both Fe-P and total P (Fig. 7.5). Vivianite is also extracted in the hydroxylamineHCl step of the sequential Fe-extraction and may thus explain our peak in sedimentary Fe-oxides at
11.67 mcd (Fe-ox; Fig. 7.4). In addition, we discovered Fe-P aggregates in the P-rich sediments (Fig.
7.8) that were almost identical in shape, color and size as vivianite minerals synthesized by Zelibor
et al. (1988). Our aggregates contained Mg and Mn (Fig. 7.7), which are impurities that have been
observed in many vivianite minerals in marine and lake deposits (e.g. Dijkstra et al., 2016; Egger et
al., 2015a; Hsu et al., 2014). Our sequential extractions and SEM-EDS analyses thus clearly point
towards the presence of vivianite in the P-rich sediments.
The presence of vivianite was, however, not confirmed by synchrotron-based XAS, as the bulk
sediment P XANES spectrum (11.67 mcd; Hole C) did not resemble the spectrum of our vivianite
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standard (Fig. 7.6). Instead, the post-edge oscillations of the sediment P-XANES spectrum were
typical for apatites (Fig. 7.6), even though the sediment is assumed to contain twice as much
Fe-bound P compared to authigenic Ca-P (such as fluorapatite) (Fig. 7.5). This discrepancy between
synchrotron-based and SEDEX-derived P fractionation might be caused by a bias of P XANES
spectroscopy towards P species at particle surfaces, as has been proposed earlier by Dijkstra et al.
(2016). As a consequence, the P XANES spectrum might mainly reflect a more disperse (apatite)
pool instead of individual vivianite aggregates. This is line with the study of Egger et al. (2015a), in
which P XANES spectroscopy was unable to detect vivianite in vivianite-rich surface sediments in
the Bothnian Sea.
7.4.3

Formation and stability of post-depositional vivianite

7.4.4

Implications for sedimentary P records

The presence of post-depositional vivianite in sediments below the lake-marine transition is a
widespread phenomenon in the Baltic Sea (Fig. 7.10). Vivianite has been observed below the lakemarine transition in the Landsort Deep (Dijkstra et al., 2016), in the Gulf of Finland (Winterhalter,
1992) and in the Southern Baltic Sea (Sviridov and Emelyanov, 2000). Vivianite is also likely present
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In the Ancylus lake sediments, vivianite authigenesis occurs at the interface where downward
diffusing PO4, which is released by organic matter decomposition in the brackish-marine deposits,
meets upward diffusing Fe2+ (Fig. 7.2). The high Fe2+ concentrations in the Ancylus lake sediments
are assumed to be the result of reductive dissolution of Fe-oxides in the lake sediments (Fig. 7.4)
via organoclastic Fe-reduction, Fe-mediated anaerobic oxidation of CH4 or a combination of both
(Egger et al., in review). Porewater PO4 likely began to accumulate in the surface sediments directly
after the lake-marine transition and vivianite may have started to precipitate at the interface with
the lake sediments. Downward diffusion of sulfide may subsequently have promoted dissolution of
freshly precipitated sedimentary vivianite, resulting in a gradual migration of the vivianite peak into
deeper sediments below the lake-marine transition. At present, porewater sulfide is restricted to the
upper 5 m of sediment (Fig. 7.2), suggesting that the present vivianite peak is stable with respect
to its position relative to the lake-marine transition (now at 11.5 -12 mcd; Fig. 7.5). The location of
the vivianite peak in the sediments thus depends on the susceptibility of the vivianite to dissolution
by dissolved sulfide and the extent of downward diffusion of sulfide. This key role for sulfide is
also highlighted in our sulfidization experiment in which vivianite dissolves within 100 hours in a
seawater solution containing sulfide, even when it contains Mn or Mg (Fig. 7.8)
Note that we synthesized struvite together with vivianite in our sulfidization experiment
(precipitate 4 & 5; Table 7.3; Fig. 7.8-7.10). In contrast to vivianite, struvite is observed in sulfiderich waste water (e.g. Charles et al., 2006) and may thus be stable in the presence of sulfide. This
is confirmed by our sulfidization experiment, in which, for example, only 25 % of precipitate 4
(estimated struvite fraction: 20 mol% P) dissolved in sulfide-rich seawater (Fig. 7.8). Struvite is
observed in freshwater sediments (Cohen and Ribbe, 1966; Donovan and Grimm, 2007; Pi et al.,
2010), and porewater saturation calculations indicate that struvite might also be present in some
brackish-marine systems (e.g. Kau Bay and Saanich inlet; Middelburg, 1990; Murray et al., 1978).
In order for struvite to precipitate, porewaters need to be elevated in NH4+ and PO4 and have high
molar Mg/Ca porewater ratios (e.g. above 580 mol mol-1 by pH 7.6-7.9 and a PO4 concentration
of 10 µM; Gull and Pasek, 2013), conditions that are not met in the Bornholm Basin (Fig. 7.2). So
although struvite precipitation may affect P burial in other settings, it likely does not affect vivianite
authigenesis in our Bornholm Basin sediments.
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Figure 7.10: Locations in the Baltic Sea where vivianite is or might be present at or below the lake-marine
transition from Ancylus lake sediments to Littorina Sea sediments (see section 4.4 for further explanation).
Phosphorus (P) forms that dissolve in a citrate-dithionite-bicarbonate extraction (CDB-P) are generally
assumed to represent iron(Fe)-bound P.

in Ancylus lake sediments in the coastal Bothnian Sea (Dijkstra et al., in review) and may explain
the enrichments in CDB-extractable P (Fe-bound P) in lake sediments from the Archipelago Sea
in the Northern Baltic Sea (Virtasalo and Kotilainen, 2008) and the large cm-scale blue aggregates
observed in Ancylus lake sediments in the Little Belt, Denmark (N. van Helmond, personal
communication).
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Figure 7.11: Simplified schematic of methane (CH4), sulfur (S), iron (Fe) and phosphorus (P) diagenesis in
Baltic Sea (Bornholm Basin) and Black Sea sediments (see section 7.4.4. for further explanation). Whereas
the sedimentary vivianite peak in the Bornholm Basin is currently stable with respect to its positon relative to
the lake-marine transition, the peak in post-depositional vivianite in the Black Sea sediment is still migrating
downwards from its initial location at the lake-marine transition. The formation of vivianite acts as a major sink
for PO4 in the lake sediments whereas the trend in porewater Fe2+ is affected mostly by upward diffusion and,
for the Black Sea, also by removal with sulfide. The vivianite diagenesis in deep basin sediments of the Black Sea
is discussed in detail by Egger et al. (2016). Note the difference in sediment depth between the Bornholm Basin
and the Black Sea sediment record.
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Vivianite may also have precipitated at depth in sediments of other basins that have experienced
variations in salinity and productivity in the past. For instance, large spherical vivianite aggregates
have been found in Laptev Sea sediments (Taldenkova et al., 2010). These crystals were detected
below sediments that were deposited during a period of enhanced water column primary
productivity (as reflected by abundant ostracods; Stepanova et al., 2012). Vivianite in the Laptev Sea
may thus have formed post-depositionally as a result of a change in primary productivity.
In our study, we clearly demonstrate that post-depositional vivianite formation can result in
sediment P enrichments that do not reflect changes in primary productivity and P burial at the
time of sediment deposition. In the Bornholm Basin, this has led to a near doubling of the total P
concentration in the sediment. Post-depositional P mineral formation can also result in a distinct
lowering of the Corg:P-ratio. In our sediments, the increase in P coincides with an increase in Corg,
making this change less visible (Fig. 7.3). We conclude that the presence of post-depositional
vivianite should be considered when interpreting sedimentary records of P in systems that are
subject to environmental perturbations (e.g. shifts in primary productivity).
The long-term stability of post-depositional vivianite and its vertical location in sediments
is controlled by the Fe, S and CH4 dynamics in the sediments. This is illustrated by a simplified
schematic of sediment and porewater profiles from the Bornholm Basin and from the sulfidic deep
basin of the Black Sea (Fig. 7.11). A key difference between both systems is the location of the
present sulfidization zone relative to the post-depositional vivianite peak in the sediment. In the
Bornholm Basin, a sulfate/methane transition zone that is located above the lake-marine transition

prohibits sulfide to diffuse into the underlying lake sediments. Due to the subsequent lack of sulfide
in the lake sediments, the present vivianite peak is assumed to be stable with respect to its position
relative to the lake-marine transition and is likely continue to grow at this location where downward
diffusing PO4 meets upward diffusing Fe2+. The deep basin of the Black Sea is characterized by lower
sedimentation rates and higher bottom water sulfide concentrations than the Bornholm Basin and,
as a consequence, sulfide is diffusing into the lake sediments, promoting a downward migrating
vivianite front. As has already been discussed in detail by Egger et al. (2016), the vivianite front
in the Black Sea has already migrated more than two meters below its initial location at the lakemarine transition.

7.5 Conclusions
In the Bornholm Basin, the presence of vivianite aggregates results in a distinct peak in total P (>
40 µmol/g) in the sediment record. These P-bearing minerals form post-depositionally below the
lake-marine transition in the sediments, where PO4 from the marine organic-rich sediments
meets dissolved Fe2+ from the lake sediments. The vivianite front in the Bornholm Basin may have
migrated ~ 1.5 m downwards from its initial location at the lake-marine transition. At present, it
is likely to be a stable feature in the lake sediments of the Bornholm Basin. Post-depositional
vivianite may also have formed in other lake and marine basins that are subject to environmental
perturbation, such as a change in primary productivity, which can be associated with a lakemarine transition formation. The possibility of post-depositional vivianite formation should thus
be considered when using sediment P proxies to reconstruct paleo-environmental conditions in
coastal basins.
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Appendix 7.1

Elemental concentrations of precipitates
Table A7.1: Elemental concentrations of precipitate 1 and 4 in mol% as estimated by SEM-EDS. The locations
of the spot analysis (1-3 for precipitate 1 and 1-5 for precipitate 4) are indicated in Fig. 7.9.
Precipitate 1

Precipitate 4

1

2

3

MEAN

1

2

3

4

5

MEAN

Na

1.35

2.29

4.64

2.76

14.33

2.73

3.37

0.66

0.00

4.22

Mg

4.52

5.05

4.80

4.79

8.82

39.29

9.77

12.00

7.04

15.38

P

46.00

42.67

38.39

42.35

38.57

47.56

39.30

42.84

25.57

38.77

S

1.68

1.97

4.18

2.61

9.64

2.44

2.67

1.13

18.97

6.97

Cl

0.32

0.95

0.46

0.58

1.10

0.38

0.47

0.13

0.00

0.42

Mn

0.00

0.00

0.00

0.00

13.50

2.63

18.26

13.20

23.85

14.29

Fe

46.13

47.08

47.52

46.91

14.05

4.98

26.16

30.04

24.57

19.96

Fe/P

1.00

1.10

1.24

1.11

0.36

0.10

0.67

0.70

0.96

0.51

Mn/P

0.00

0.00

0.00

0.00

0.35

0.06

0.46

0.31

0.93

0.37

Mg/P

0.10

0.12

0.13

0.11

0.23

0.83

0.25

0.28

0.28

0.40
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Turn the light out, say goodnight.
No thinking for a little while.
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(SUMMARY IN DUTCH)

Voor alle geïnteresseerden

Achtergrond
Fosfaat is een belangrijke voedingstof voor het leven op aarde. Het speelt een essentiële rol in
de overdacht van erfelijke informatie en is onderdeel van celwanden. Daarnaast is fosfaat een
belangrijk ingrediënt voor de energiebron binnen cellen. Fosfaten spelen zo een grote rol in de
aanmaak van organische verbindingen, de primaire productie, op land en in de zee. De wereldwijde
kringloop van fosfaat is hierdoor gekoppeld aan kringlopen van elementen die essentieel zijn voor
het leven op aarde, zoals koolstof, zuurstof en stikstof.
De mensheid heeft de fosfaatkringloop flink veranderd. Sinds de industriële revolutie is er
wereldwijd meer dan 175 megaton (= 175 000 000 000 kg) fosfaatrijke erts gedolven, voornamelijk
om kunstmest te produceren. Door het veelvoudig gebruik van kunstmest in de landbouw en de
verhoogde fosfaatuitstoot via riolering is de wereldwijde aanvoer van fosfaat via rivieren naar
kustwateren sinds het begin van de twintigste eeuw verdubbeld. De toename aan meststoffen in het
water is een belangrijke oorzaak van toenemende algenbloei in kustgebieden over de hele wereld.
Hier gaat algenbloei vaak gepaard met lage zuurstofbeschikbaarheid in het diepere deel van het
water. Voor de afbraak van het zinkende organische materiaal, de dode algen, in het diepere water
en op de zeebodem is namelijk veel zuurstof nodig. In veel gebieden is de aanvoer van zuurstof
vanuit het oppervlaktewater naar het diepere water niet voldoende om aan deze zuurstofvraag te
voldoen. Als gevolg hiervan worden de bodemwateren in veel kustgebieden gekenmerkt door
“hypoxia” (minder dan 2 milligram zuurstof per liter bodemwater) of “anoxia” (zuurstofloosheid).
De zuurstofcondities in het diepere water zijn dan zo slecht dat er geen vissen of bodemdieren
kunnen leven. Zulke gebieden in zee heten daarom ook dode zones. Soms is er zelfs sprake van
euxinia: dan is het bodemwater niet alleen zuurstofloos, maar bevat het ook waterstofsulfide. Deze
stof is bijzonder giftig voor dieren in zee.
De mens veroorzaakt niet altijd de slechte zuurstofcondities in zee. In sommige kustgebieden
is het voor zuurstof van nature lastig om vanuit de lucht het diepere water te bereiken. Dit komt
door een gelaagdheid (stratificatie) in het water die menging tussen het oppervlaktewater en het
onderliggende water lastig maakt. Voorbeelden hiervan zijn de Oostzee en de Noorse Fjorden.
Door klimaatverandering kunnen veel kustsystemen in de nabije toekomst nog gevoeliger
worden voor zuurstofloosheid. De opwarming van de aarde kan de gelaagdheid van het water in
sommige zeeën bijvoorbeeld zo vergroten dat zuurstof uit de lucht lastiger zijn weg vindt naar het
diepere water. Of klimaatverandering werkelijk tot meer dode zones in zee gaat leiden, is helaas
lastig te voorspellen. Dit komt doordat er in zeeën veel terugkoppelingsmechanismen, zogeheten
feedbacks, zijn tussen processen in het zeewater en de zeebodem die de kringlopen van stoffen zoals
fosfaat compliceren.
De enige manier waarop fosfaat op de lange termijn wordt verwijderd, is via vastlegging in
de zeebodem. Het meeste fosfaat zinkt naar de zeebodem als onderdeel van zinkend organisch
algenmateriaal. In de zeebodem kan het organisch materiaal (inclusief fosfaat) worden begraven
of worden afgebroken. Het opgeloste fosfaat dat vrijkomt bij het afbraakproces kan verschillende
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Figuur 1: Geregistreerde dode zones in kustwateren wereldwijd (hier gedefinieerd als gebieden met minder dan
2 milliliter zuurstof per liter bodemwater). Rode cirkels geven dode zones aan met een bekende grootte terwijl
de zwarte cirkels de dode zones weergeven met een onbekende grootte. Dode zones komen vaak voor in de
buurt van dichtbevolkt land (bevolkingsdichtheid in bruin). De organische koolstofconcentratie in de zeeën
en oceanen, een maat voor de aanmaak van organisch materiaal (de primaire productie), is weergegeven met
gradaties in blauw. Afbeelding van Robert Simmon & Jesse Allen - NASA Earth Observatory (01-01- 2008).

kanten op: het kan naar het zeewater ontsnappen, het kan worden gebonden aan ijzermineralen in
de bovenste laag van de zeebodem of het kan worden vastgelegd in fosfaatmineralen (Figuur 2).
De dynamiek van fosfaat in zee wordt mede bepaald door de zuurstofcondities in het diepere
water en in de zeebodem. Karakteristiek voor kustsystemen met zuurstofrijk bodemwater is een
zuurstofrijke bodemlaag met ijzer-oxiden. Deze ijzer-oxiden zijn erg goed in het binden van fosfaat
dat vrijkomt bij de afbraak van organisch materiaal en remmen zo het ontsnappen van fosfaat naar
het bovenliggende zeewater. Doordat er steeds weer nieuwe deeltjes op de zeebodem neerdwarrelen
worden deze ijzer-oxiden met gebonden fosfaat geleidelijk dieper begraven in de zeebodem.
Bij gebrek aan zuurstof in het diepere deel van de zeebodem gebruiken micro-organismen ijzeroxiden om organisch materiaal af te breken en zo energie te winnen. Dit zorgt ervoor dat de ijzeroxiden oplossen en het gebonden fosfaat vrijkomt. Hierbij worden de concentraties opgelost fosfaat
in het diepere deel van de zeebodem vaak hoog genoeg om stabiele calciumfosfaatmineralen
te vormen en fosfaat voor de lange termijn vast te leggen. Via deze route wordt fosfaat efficiënt
begraven in zeebodems en ontsnapt er weinig vrijgekomen fosfaat naar het bovenliggende water.
Dit geldt meestal niet voor zeebodems onder zuurstofloos water. Hier ontbreekt de laag van ijzeroxiden aan de oppervlakte, wat er voor kan zorgen dat er meer fosfaat ontsnapt naar het zeewater
en er onvoldoende fosfaat opbouwt op diepte voor de vorming van calciumfosfaatmineralen. Dit
is een van de processen die ervoor zorgt dat fosfaat vaak minder efficiënt wordt begraven onder
zuurstofloze omstandigheden.
Er is nog weinig bekend over de fosfaatbegraving in zuurstofloze zeeën, onder andere omdat
veel vormen van fosfaat in de bodem moeilijk te bepalen zijn. Zo worden ijzerfosfaatmineralen
die vormen onder zuurstofloze condities, zoals vivianiet mineralen (Fe2(PO4)3.8H2O), bij de
gangbare chemische methodes gemakkelijk over het hoofd gezien. Ook de koppeling tussen
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Figuur 2: Een schematisch overzicht van de fosfaatkringloop in zeebodems met zuurstofrijk bodemwater.
De vormen van fosfaat zijn onderverdeeld in organisch fosfaat, opgelost fosfaat, fosfaat gebonden aan ijzeroxiden en fosfaatmineralen (zoals stabiele calciumfosfaatmineralen). Hoewel het meeste fosfaat de zeebodem
bereikt als organisch fosfaat kan fosfaat ook in andere vormen op de zeebodem terecht komen, bijvoorbeeld als
ijzergebonden fosfaat. Zie tekst voor een verdere toelichting.

processen in het zeewater en in de zeebodem is onderbelicht in studies naar de fosfaatdynamiek
in zee. Zeewater bevat naast organisch fosfaat andere soorten fosfaatdeeltjes, waaronder fosfaat
gebonden aan metalen zoals ijzer en mangaan. Of deze deeltjes de zeebodem bereiken, en dus een
rol spelen in de vastlegging van fosfaat in de bodem, is afhankelijk van hun gevoeligheid om op te
lossen in waterstofsulfide-rijk water. In zeewater kan fosfaat tevens binden aan kleideeltjes en aan
kalkskeletjes van algen. Ook de rol van deze deeltjes in de fosfaatbegraving in waterstofsulfide-rijke
systemen is nog niet goed onderzocht.

Samenvatting van mijn proefschrift
Het doel van dit proefschrift is om de dynamiek van fosfaat in kustsystemen beter te begrijpen.
Hiervoor heb ik de fosfaatkringloop in twee (deels) zuurstofloze zeeën onderzocht: de Zwarte Zee
en de Oostzee (Figuur 3). In de Zwarte Zee wordt fosfaat gebonden aan kalkskeletjes van algen en
op sommige locaties in de Oostzee zorgt vivianiet, een ijzerfosfaatmineraal, voor vastlegging van
fosfaat in de zeebodem. Soms kan fosfaat dus toch efficiënt worden vastgelegd in bodems van
zuurstofloze zeeën.
De Zwarte Zee

Drie hoofdstukken van dit proefschrift gaan over de fosfaatkringloop in de Zwarte Zee, het grootste
waterstofsulfide-rijke bekken van de wereld. Deze binnenzee wordt gekenmerkt door een sterke
gelaagdheid in het water die meer dan zevenduizend jaar geleden ontstond nadat zeewater vanuit de
Bosporus bij Istanbul de Zwarte Zee instroomde. Zout zeewater is zwaarder dan rivierwater en zinkt
daarom naar het diepere deel van de Zwarte zee. Deze gelaagdheid zorgt voor een brede grenslaag
op ongeveer 100 m diepte, de zogenaamde redoxcline, tussen het zuurstofrijke oppervlaktewater
en het waterstofsulfide-rijke diepe water. Onder deze laag nemen waterstofsulfide-concentraties
snel toe tot meer dan 350 micromol per liter in het diepere water (>1500 m water diepte). Veel
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Figuur 3: Onderzoekslocaties in de Zwarte Zee en de Oostzee met hoofdstuknummers. De fosfaatkringloop in
de Zwarte Zee wordt besproken in Hoofdstuk 2, 3 en 4. Het zeewater van de Zwarte Zee bevat veel verschillende
deeltjes, waaronder kalkskeletjes van algen (CaCO3) en ijzer-oxiden met fosfaat (Fe(III)-P) (A: microscopie
plaatje uit Hoofdstuk 4). Hoofdstukken 5, 6 en 7 gaan over de fosfaatdynamiek in de Oostzee. Op al deze
locaties in de Oostzee is vivianiet in de zeebodem gevonden (B: microscopie plaatje uit Hoofdstuk 5).

aspecten van de (biogeo)chemie van de Zwarte Zee zijn uitgebreid onder de loep genomen, maar de
fosfaatkringloop is relatief onderbelicht. Door het werk in dit proefschrift zijn we veel meer te weten
gekomen over de fosfaatdynamiek in de Zwarte Zee.
In Hoofdstuk 2 onderzoeken we de begraving van fosfaat en elementen waarvan de kringlopen
sterk gekoppeld zijn aan fosfaat in de bovenste laag van de zeebodem (< 50 cm) op zes locaties in de
Zwarte Zee. We maken hiervoor gebruik van verschillende analyses voor fosfaat, ijzer en zwavel in
het bodemvocht en de zeebodem. Op basis van chemische analyses lijkt het erop dat meer dan 20 %
van alle fosfaat in de zeebodem in het diepe waterstofsulfide-rijke deel van de Zwarte Zee bestaat uit
ijzerfosfaatmineralen. Deze mineralen zijn naast organisch fosfaat en calciumfosfaatmineralen dus
belangrijk voor de fosfaatvastlegging in de zeebodem. Dat is opmerkelijk omdat de zeebodem in het
diepe bekken van de Zwarte Zee geen opgelost ijzer bevat waarmee opgelost fosfaat kan reageren
tot vivianiet. Het opgeloste ijzer reageert met het aanwezige waterstofsulfide tot ijzer-sulfiden. We
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bespreken mogelijke mechanismes die de vorming van deze mineralen in de waterstofsulfide-rijke
Zwarte Zee zouden kunnen verklaren. Een hypothese is dat de ijzerfosfaatmineralen vormen in
cellen van bacteriën en zo worden afgeschermd van de waterstofsulfide-rijke buitenwereld.
In Hoofdstuk 3 breiden we onze kennis uit door bodemvocht- en zeebodemanalyses, zoals
toegepast in hoofdstuk 2, te combineren met geavanceerde technieken waarbij mineralen worden
geïdentificeerd op basis van lichtabsorptie (zogenaamde X-ray absorptie spectroscopie). Hierdoor
verkrijgen we gedetailleerde informatie over chemische vormen van fosfaat in de zeebodem.
De resultaten laten zien dat de fosfaatbegraving in de Zwarte Zee anders in elkaar steekt dan wij
dachten. We vinden wel een ijzerfosfaatmineraal in de zeebodem, maar dit soort mineralen blijken
maar een klein deel (~ 5 %) van de fosfaatbegraving in het diepe waterstofsulfide-rijke deel van de
Zwarte Zee te kunnen verklaren. Interessant is dat een groot deel van het fosfaat in de zeebodem
gebonden lijkt te zijn aan kalkskeletjes van algen. Deze vorm van fosfaat, die heel moeilijk te
bepalen is met alleen chemische extractie methodes, kan zorgen voor de vastlegging van fosfaat in
kalkrijke sedimenten in zuurstofloze zeeën en oceanen, en kan dus een belangrijke rol spelen in de
P dynamiek in de veranderende zeeën en oceanen in het verre verleden en onze toekomst.
In Hoofdstuk 4 karakteriseren we de deeltjes in het zeewater met een breed scala aan
technieken, waaronder synchrotronstraling en elektronenmicroscopie, en onderzoeken we de
dynamiek tussen het bodemwater en de zeebodem met radiotracer experimenten (33P). De
resultaten suggereren dat het meeste fosfaat op de zeebodem terecht komt als organisch fosfaat.
Deze vorm van fosfaatbegraving is niet heel efficiënt; het meeste fosfaat dat vrijkomt bij afbraak
van organisch materiaal lijkt te ontsnappen naar het bovenliggende water voordat het voor
de lange termijn wordt begraven. Fosfaat kan ook de zeebodem bereiken als fosfaat gebonden
aan kalkskeletjes van algen en eventueel aan kleideeltjes. Het kalkgebonden fosfaat wordt
waarschijnlijk voor de lange termijn vastgelegd in de bodem, eventueel na omvorming naar
calciumfosfaatmineralen. De tracerexperimenten tonen aan dat het kalkgebonden fosfaat ook in
de zeebodem zelf kan vormen. De efficiëntie waarmee fosfaat wordt vastgehouden in de zeebodem
van de Zwarte Zee is relatief hoog (~ 27 %). In kalkarme zeebodems in de waterstofsulfide-rijke
delen van de Oostzee wordt minder dan 12 % van het fosfaat dat de zeebodem bereikt, begraven.
Kalkhoudende algen vervullen dus een belangrijke rol in de fosfaatvastlegging in zeeën.
De Oostzee

In de laatste drie hoofdstukken onderzoeken we de fosfaatbegraving in de Oostzee met behulp
van zeebodemkernen die zijn verzameld tijdens de “Integrated Ocean Drilling Program”
campagne in 2013. De Oostzee heeft veel veranderingen ondergaan sinds haar ontstaan ongeveer
achtduizend jaar geleden. Een lange periode van zuurstofloosheid in de Oostzee brak aan vlak
na de instroom van zeewater tijdens het Holoceen Thermische Maximum (HTM; ~ 8000-4000
jaar geleden). De instroom van zout water en de hogere temperaturen zorgden waarschijnlijk
voor een sterke gelaagdheid van de waterkolom en maakten de Oostzee op die manier gevoeliger
voor zuurstofloosheid. Een andere periode van zuurstofloosheid was er tijdens het Middeleeuwse
Klimaatoptimum (MK; ~2000-800 jaar geleden). De slechte zuurstofcondities toentertijd zijn
waarschijnlijk gerelateerd aan het warme klimaat en aan een toenemende aanvoer van meststoffen
naar de zee door veranderingen in omliggend landgebruik. Ook op dit moment zijn grote delen
van de Oostzee zuurstofloos. De grote aanvoer van meststoffen via de rivieren is de voornaamste
oorzaak van de groene algensoep die ‘s zomers ontstaat in de oppervlaktewateren van de Oostzee.
Analyses van boorkernen met zeebodem uit de Oostzee maken het mogelijk om een blik te
werpen in het verleden en te onderzoeken hoe veranderingen in zuurstofcondities, algenbloei en
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zoutgehaltes de vastlegging van fosfaat in zeebodems beïnvloedt. Dat is van belang omdat deze
condities door de huidige klimaatverandering in veel kustzeeën kunnen veranderen.
In Hoofdstuk 5 presenteren we een gedetailleerd onderzoek van boorkernen uit het diepste
deel van de Oostzee, de Landsort Deep (437 meter waterdiepte). De 90 meter lange kernen bevatten
modder die op de zeebodem is afgezet tijdens de laatste achtduizend jaar. Op verschillende dieptes
in de zeebodem vinden we mangaan- en magnesiumrijke vivianiet. Het lijkt er ook op dat vivianiet
vormde aan het oppervlakte van de zeebodem tijdens de periodes van grote zuurstofloosheid in
het verleden. Het bodemwater in de Landsort Deep was toen zuurstofloos en bevatte misschien
zelfs waterstofsulfide. De vorming van vivianiet en andere fosfaatmineralen in de zeebodem
van de Landsort Deep werd gedreven door een sterke aanvoer van ijzer- en mangaanoxiden
vanuit omringende ondieper gelegen zeebodems. Deze toestroom van ijzer en mangaan kan de
fosfaatvastlegging in diepe kustzeeën dus sterk bepalen en mogelijk zelfs vivianietvorming onder
waterstofsulfide-rijke condities aanjagen.
In Hoofdstuk 6 reconstrueren we de zuurstofcondities, zoutgehaltes en fosfaatvastlegging in
het Ångermanälven estuarium in de Botnische Zee gedurende ongeveer de laatste tienduizend jaar.
Vroeger was dit gebied minder geïsoleerd van de rest van de Oostzee en daarom veel zouter. Dit
gebied werd zuurstofloos na de instroom van zeewater, net als het overgrote deel van de Oostzee.
Dat zien we aan de chemische samenstelling van de zeebodem. Het smelten van het landijs zorgde
ervoor dat het gebied geleidelijk hoger kwam te liggen en steeds meer werd afgesloten van de
Oostzee. Het estuarium werd hierdoor steeds zoeter. Tegelijkertijd verbeterden de zuurstofcondities.
De lagere zoutgehaltes stimuleerden de vastlegging van fosfaat in de zeebodem in de vorm van
mangaanrijke vivianiet. Dat is interessant omdat klimaatmodellen voorspellen dat bepaalde
kustzeeën in de toekomst minder zout zullen worden. Op sommige locaties kan dit zorgen voor
meer vastlegging van fosfaat (als vivianiet) in zeebodems.
In Hoofdstuk 7 bestuderen we de vorming van vivianiet op diepte in de zeebodem van de
Bornholm Basin, een zuurstofarm (hypoxisch) bekken in de Oostzee. We zien dat de deeltjes
die op de bodem zijn afgezet, toen de Oostzee eigenlijk nog een zoetwatermeer was veel ijzeroxiden bevatten. De deeltjes die zijn afgezet na de overgang van meer naar zee zijn daarentegen
rijker in organisch materiaal dan de meerbodems. Op de overgang tussen de ijzer-oxidenrijke
meerafzettingen en de zeebodem vinden we vivianiet. Opgelost fosfaat, vrijgekomen uit
de organisch-rijke zeebodem, ontmoet hier opgelost ijzer uit de diepere ijzer-oxidenrijke
meerafzettingen en wordt vastgelegd als vivianiet. In de Bornholm Basin en in andere delen
van de Oostzee beïnvloedt deze piek in vivianiet op diepte de trends in fosfaatconcentraties met
bodemdiepte. Vaak geven veranderingen in de fosfaatconcentratie met bodemdiepte een indicatie
van de hoeveelheid organisch materiaal dat naar de zeebodem zinkt. Deze trends worden dan ook
vaak gebruikt om de algengroei in de zee in het verleden te reconstrueren. Deze studie laat zien dat
bij de reconstructie van zeeën in het verleden rekening moet worden gehouden met de vorming van
fosfaatmineralen, zoals vivianiet, op diepte in zeebodems ver nadat ze zijn afgezet.
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