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Coastal hypoxia is a growing and persistent problem largely attributable to enhanced terrestrial nutrient 
(i.e., nitrogen and phosphorus) loading. Recent studies suggest phosphorus removal through burial of 
iron (II) phosphates, putatively vivianite, plays an important role in nutrient cycling in the Baltic Sea — 
the world’s largest anthropogenic dead zone — yet the dynamics of iron (II) phosphate formation are 
poorly constrained. To address this, a reactive-transport model was used to reconstruct the diagenetic 
and depositional history of sediments in the Fårö basin, a deep anoxic and sulphidic region of the 
Baltic Sea where iron (II) phosphates have been observed. Simulations demonstrate that transport of 
iron from shelf sediments to deep basins enhances vivianite formation while sulphide concentrations 
are low, but that pyrite forms preferentially over vivianite when sulphate reduction intensifies due to 
elevated organic loading. Episodic reoxygenation events, associated with major inflows of oxic waters, 
encourage the retention of iron oxyhydroxides and iron-bound phosphorus in sediments, increasing 
vivianite precipitation as a result. Results suggest that artificial reoxygenation of the Baltic Sea bottom 
waters could sequester up to 3% of the annual external phosphorus loads as iron (II) phosphates, but 
this is negligible when compared to potential internal phosphorus loads due to dissolution of iron 
oxyhydroxides when low oxygen conditions prevail. Thus, enhancing vivianite formation through artificial 
reoxygenation of deep waters is not a viable engineering solution to eutrophication in the Baltic Sea. 
Finally, simulations suggest that regions with limited sulphate reduction and hypoxic intervals, such 
as eutrophic estuaries, could act as important phosphorus sinks by sequestering vivianite. This could 
potentially alleviate eutrophication in shelf and slope environments.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Hypoxic bottom waters ([O2] < 2 mg L−1) associated with eu-
trophication are a serious and persistent problem in coastal regions 
throughout the oceans (Rabalais et al., 2014). Oxygen-depletion has 
a profound impact on marine biogeochemistry, perturbing large-
scale nutrient cycling (Savchuk, 2010), reducing biodiversity (Levin 
et al., 2009), and altering ecosystem function (Villnäs et al., 2012). 
Hypoxia results from an excess of nutrients in surface waters 
stimulating primary production and enhancing export of organic 
matter to deeper waters, where it undergoes microbially-mediated 
remineralisation. If oxygen is not replenished via transport mech-
anisms, this increase in oxygen uptake by microbes causes deep 
waters to become hypoxic.
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Reported occurrences of hypoxia in the coastal ocean have 
increased significantly in recent decades providing impetus for 
studying the biogeochemistry of hypoxic systems as they develop, 
particularly with regards to nutrient dynamics (Diaz and Rosen-
berg, 2008). Phosphorus (P) is a key nutrient in marine environ-
ments as it is essential for life and, unlike nitrogen, cannot be 
fixed from the atmosphere. The only long-term sink for phospho-
rus in the oceans is burial in sediments, in the form of authi-
genic and detrital minerals as well as organic matter (Ruttenberg, 
2003). Retention of phosphorus in sediments, however, exhibits a 
marked redox dependency: under oxygen-depleted conditions or-
ganic phosphorus is remineralised faster relative to organic car-
bon and phosphorus-bearing iron oxyhydroxides undergo dissolu-
tion (Mortimer, 1941; Ingall et al., 1993; Ingall and Jahnke, 1994;
Slomp et al., 1996, 2002). These mechanisms represent poten-
tial positive feedbacks in hypoxic systems, as an enhanced efflux 
of phosphate from the seafloor may fuel elevated productivity in 
overlying waters. Therefore, as low oxygen regions of the coastal 
ocean expand throughout the world, it is increasingly important to 
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have a comprehensive and quantitatively coherent understanding 
of sedimentary phosphorus cycling if remediation efforts are to be 
successful.

Of the regions that have become hypoxic due to human activi-
ties, the one in the Baltic Sea is the largest in the world’s oceans 
(Diaz and Rosenberg, 2008). In the pelagic Baltic Sea, phosphorus 
co-limits primary production and it is the principal limiting nutri-
ent in other regions, such as the Gulf of Finland (Moisander et al., 
2003). Whereas phosphorus removal is dominated by burial of or-
ganic matter in much of the Baltic Sea (Mort et al., 2010), recent 
observations suggest that burial of reduced iron-phosphorus min-
erals — likely vivianite (Fe3(PO4)2 · 8H2O) — may also represent a 
significant sink for phosphorus (Jilbert and Slomp, 2013a; Slomp 
et al., 2013). While precipitation of vivianite is usually associated 
with high concentrations of pore water iron in the absence of hy-
drogen sulphide, such as below the sulphate–methane transition 
zone (e.g., März et al., 2008; Slomp et al., 2013; Ruttenberg, 2003), 
vivianite formation has also been reported within the sulphate–
methane transition zone in Baltic Sea sediments where pore waters 
are undersaturated with respect to vivianite, suggesting an alterna-
tive formation mechanism (Jilbert and Slomp, 2013a). Knowledge 
of the dynamics of vivianite formation remains poor, however, in 
spite of the potentially important role as a phosphorus sink in 
brackish coastal systems (Egger et al., 2015a), freshwater lakes 
(Rothe et al., 2014), and rivers (Hearn et al., 1983).

With this in mind, here we explore vivianite’s role in benthic 
phosphorus cycling using a comprehensive diagenetic model. The 
model is employed to interpret solid phase and pore water data 
from F80, a site located in a deep basin in the Baltic Sea where re-
duced iron-phosphate precipitation has been previously observed 
(Jilbert and Slomp, 2013a). Over the past century, this region has 
undergone shifts in environmental conditions (e.g., bottom wa-
ter redox conditions (Carstensen et al., 2014b), organic loading 
(Gustafsson et al., 2012)) in response to eutrophication. Initially, 
elevated nutrient loading led to enhanced organic matter export 
from surface waters to underlying sediments (Gustafsson et al., 
2012). We postulate that this resulted in a shoaling in the oxygen 
penetration depth and an increase in dissimilatory iron reduction 
in coastal sediments. Prior to the increase in organic loading, iron 
reduction was incomplete resulting in the burial of iron oxyhy-
droxides, like in the Bothnian Sea, which serves as an analogue for 
the Baltic Sea prior to eutrophication. As a result, there was an el-
evated efflux of dissolved iron (Fe2+) into the water column where 
iron oxyhydroxides were precipitated and then transported down 
slope to be deposited in deeper sediments. This diagenetic reduc-
tion of iron oxyhydroxides and subsequent syngenetic reprecipita-
tion of the released dissolved iron may have occurred numerous 
times, gradually moving iron deeper into the basin. In addition to 
oxyhydroxides, iron may also be transported in solution as Fe2+ in 
anoxic waters, whereas iron may precipitate as pyrite or other sul-
phides in euxinic (i.e., anoxic and sulphidic) waters (Raiswell and 
Canfield, 2012). This phenomenon, often termed the shelf-to-basin 
iron shuttle, ultimately results in an iron enrichment in deep sedi-
ments (Canfield et al., 1996) and has previously been shown to be 
active in this region of the Baltic Sea (Scholz et al., 2013). These 
sediments also become enriched in organic matter due to elevated 
productivity associated with eutrophic surface waters, which in 
turn leads to a decline in redox conditions due to higher rates 
of microbially-mediated degradation of organic compounds. Bot-
tom water oxygen concentrations are consequently drawn down to 
the point of hypoxia or even anoxia. When such deep basins be-
come euxinic, iron is sequestered in sediments as iron sulphides 
(e.g., pyrite) and buried (Berner, 1984). Sediments subject to lower 
depositional fluxes of iron are able to retain less sulphide and, 
therefore, overlying waters are more prone to euxinia (Diaz and 
Rosenberg, 2008).
Fig. 1. Location of field site F80 within the Baltic Sea.

The simulations presented here are performed to test the hy-
pothesis that fluctuations in the iron shuttle explain variations in 
diagenetic vivianite. The data set from F80 lends itself well to 
the study of vivianite formation because microanalysis of epoxy 
resin-embedded sediments from this site has previously revealed 
the presence of reduced iron-phosphorus minerals, putatively vi-
vianite (Jilbert and Slomp, 2013a). Analysis of these data through 
reactive-transport modelling allows environmental conditions over 
the past century to be reconstructed, providing insight into the 
development of euxinic bottom waters and its impact on biogeo-
chemical dynamics. Initially, we reconstruct the conditions under 
which these sediments were deposited, from the early 20th cen-
tury to present day, illuminating the evolution of euxinia in deep 
basins. Next, we establish how these geochemical transitions have 
altered phosphorus, iron, and sulphur dynamics, retention, and 
speciation in underlying sediments. In particular, we examine the 
role played by changes in iron deposition (i.e., the iron shuttle) 
and the feedbacks between phosphorus, iron, and sulphur cycling. 
Finally, we consider the impact of reoxygenation events on sedi-
mentary phosphorus retention and the implications of our findings 
for phosphorus burial in eutrophic coastal systems.

2. Study site and data set

The Baltic Sea is a semi-enclosed brackish sea bounded by 
mainland Europe and the Scandinavian peninsula, connected to 
the North Sea via the Danish Straits. With an average depth of 
only 54 m, the Baltic Sea is relatively shallow, yet it is punctu-
ated by several deep basins. Here, we focus on a field site in one 
such basin: F80 (19.8968E 58.0000N) located in the Fårö basin of 
the Baltic Proper at a depth of 191 m (Fig. 1). Permanent salinity 
stratification restricts ventilation of the basin, which contributes 
towards oxygen-depleted bottom waters, although the Fårö deep 
has been oxic and/or hypoxic for much of the past 4000 yrs (Jilbert 
and Slomp, 2013b). Since 1980, the bottom waters of the basin 
have been largely euxinic (Fig. 2). Nevertheless, episodic major in-
flow events, where dense oxic water from the North Sea is forced 
through the Danish Straits and sinks into deep basins, temporally 
alleviates euxinia by reoxygenating bottom waters (Fig. 2). The 
most recent of these major inflow events occurred in 1993, 2003 
and 2014 (Mohrholz et al., 2015), although the latter inflow is not 
relevant to the period captured in our data set.

Hypoxia was largely confined to the deepest regions of the 
Baltic Sea in the early 20th century, but has since expanded 
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Fig. 2. Observations of oxygen concentrations at F80 over the late 20th and early 
21st centuries. Error bars show the standard deviation in measurements and the 
shaded region shows the period assumed to be euxinic by the model. Negative oxy-
gen concentrations represent hydrogen sulphide equivalents (−2 mol O2 = 1 mol 
H2S, Gustafsson et al., 2012). The bar along the horizontal axis shows the averag-
ing interval, while the upper pane shows the number of observations within that 
interval. These data are taken from the Baltic Environmental Database at Stockholm 
University, Sweden.

from an area of 5000 km2 to over 60,000 km2 in just the Got-
land and Bornholm basins alone (Carstensen et al., 2014a). The 
area of seafloor overlain by hypoxic bottom waters has exhib-
ited marked variability on both seasonal and decadal time scales, 
however, meaning sediments are subject to redox fluctuations on 
a broad range of temporal scales. Previous studies have demon-
strated the importance of variable redox conditions on sedimen-
tary phosphorus sequestration chiefly due to two mechanisms (e.g., 
Reed et al., 2011a, 2011b; Kraal et al., 2010; Tsandev et al., 2012;
Ingall et al., 1993; Slomp et al., 2002; Jilbert et al., 2011). First, 
a decline in bottom water oxygen attenuates remineralisation via 
aerobic respiration, leading to an increase in iron reduction. Low 
oxygen concentrations allow dissolved iron and iron-bound phos-
phorus released during iron reduction to escape into bottom wa-
ters rather than be reprecipitated within the sediment (Mortimer, 
1941). This additional release of phosphorus augments the exist-
ing efflux, which may already be significant if iron oxyhydroxides 
are saturated with respect to phosphate (e.g., Sundby et al., 1992;
Katsev et al., 2007). Second, the loss of oxygen — an impor-
tant terminal electron acceptor — enhances the accumulation of 
organic matter and associated organic phosphorus in sediments. 
Nevertheless, organic phosphorus is remineralised faster than or-
ganic carbon under reducing conditions, which attenuates the long 
term retention of phosphorus in sediments (Ingall et al., 1993;
Slomp et al., 2002; Jilbert et al., 2011). As these redox-sensitive 
processes occur on a broad range of time scales, the length of the 
low-oxygen episode is potentially important (cf. Reed et al., 2011b, 
2011a). While these mechanisms and the benthic phosphorus cy-
cle in general have been explored quantitatively using reactive-
transport models (e.g., Reed et al., 2011b, 2011a; Dale et al., 2013;
Katsev et al., 2007), the role of vivianite formation in marine sed-
iments is yet to be explored, despite its inclusion in models of 
freshwater sediments (Katsev et al., 2006; Katsev and Dittrich, 
2013).

Field station F80 provides an excellent opportunity for study-
ing these processes, as the concentration of iron-phosphate has 
been observed to vary over the past 40 yrs at F80 in response 
to redox fluctuations and shifts in other environmental parameters 
associated with eutrophication (Jilbert and Slomp, 2013a). To ex-
tricate and explore the influence that these environmental forcings 
have on diagenetic processes, especially those pertaining to iron 
and phosphorus dynamics, we adapt and apply a reactive-transport 
model to a data set from F80 (Jilbert and Slomp, 2013a), which 
comprises a comprehensive suite of sediment and pore water pro-
files extending to 32 cm depth, deposited over 43 yrs. Specifically, 
the model is calibrated using data for organic C and P, dissolved 
iron and manganese, methane, sulphate, ammonium, dissolved 
phosphate, and CDB-phosphorus (Figs. 5a, 6a, and 7a of Jilbert and 
Slomp, 2013a). CDB-phosphorus — denoted hereafter as Fe–P — is 
phosphorus extracted by the citrate–dithionite–bicarbonate step of 
the SEDEX sequential extraction procedure (Ruttenberg, 1992). The 
CDB step dissolves iron oxyhydroxides and, therefore, Fe–P is inter-
preted as phosphorus that is bound to these species. Nonetheless, 
pyrite (Slomp et al., 1996), iron monosulphide (Egger et al., 2015b)
and vivianite (Nembrini et al., 1983) can also be extracted to some 
degree and, therefore, CDB iron and phosphorus represent com-
posite signals of these species. In addition to these published data, 
we also drew on previously unpublished profiles from the same 
data set for porosity, CaCO3, organic nitrogen, dissolved inorganic 
carbon, solid phase sulphur, and CDB-Fe. All data are from sedi-
ment cores that were recovered by means of a multicorer during 
two research cruises in May–June of 2009 and June–July of 2010 
on the R/V Aranda and R/V Heincke, respectively. Analytical meth-
ods employed to produce these additional data are described by 
Jilbert (2011, porosity, organic N) and Mort et al. (2010, CaCO3, or-
ganic N, solid phase S, CDB-Fe). Samples for dissolved inorganic 
carbon (DIC) analysis were collected in 5 ml headspace vials, poi-
soned with 10 μL of saturated HgCl2 and subsequently analysed 
photometrically as described by Stoll et al. (2001). Finally, the age 
model presented for F80 by Jilbert and Slomp (2013b) has recently 
been revised by Lenz et al. (2015) and we use the updated ver-
sion here. All additional data are included in the supplementary 
material (Table S11; Fig. S1).

3. Methods

3.1. Reactive-transport model

The diagenetic model employed here was developed by Reed 
et al. (2011b) and has been expanded to include pH-associated 
speciation using the Direct Substitution Approach (Hofmann et al., 
2008), as well as a diffusive boundary layer (Boudreau, 1997, p. 
182). The model is a conventional 1D multicomponent diagenetic 
model (Boudreau, 1996; Soetaert et al., 1996; Van Cappellen and 
Wang, 1996) that describes the vertical distribution and tempo-
ral evolution of chemical profiles subject to various reactions (see 
Supplementary Material) and transport processes, including burial 
due to sedimentation, steady-state compaction, and molecular dif-
fusion (for solutes only). Bioturbation and bioirrigation are omitted 
from the model since F80 is naturally hypoxic, thus precluding 
the presence of benthic fauna. Porosity at F80 exhibits the famil-
iar exponential form (Table S11) and is quantified by fitting the 
canonical porosity function to these data (Boudreau, 1997, p. 223). 
Similarly, tortuosity is described as a function of porosity using a 
standard expression (Boudreau, 1997, p. 132).

3.2. Vivianite kinetics

In addition to the suite of reactions used by Reed et al. (2011b), 
the rate of vivianite precipitation (Rviv) is modelled by means of 
Michaelis–Menten kinetics for dissolved iron and phosphate, ac-
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Fig. 3. Profiles of relevant chemical species: a) citrate–dithionite–bicarbonate extracted iron (CDB Fe — in the model, assumed to be a composite of amorphous and well-
crystalline iron oxyhydroxides, vivianite, FeS and FeS2), b) organic phosphorus, c) organic carbon, d) solid phase sulphur, e) iron-bound phosphorus (Fe–P — in the model, a 
composite of vivianite and phosphorus bound to amorphous and well-crystalline iron oxyhydroxides), f) dissolved inorganic phosphorus (DIP), g) methane (CH4), h) sulphate 
(SO=

4 ). Circles are field data, whereas lines represent model output. Note that dates are only relevant for solid phase species.
knowledging that the rate depends on both of these species and 
that there is a maximal rate of formation. Specifically,

Rviv = V max

(
[Fe2+]

[Fe2+] + KFe2+

)(
[HPO=

4 ]
[HPO=

4 ] + KHPO=
4

)
(1)

where V max is the maximal rate (mol L−1 s−1), KFe2+ (mol L−1) and 
KHPO=

4
(mol L−1) are half-saturation constants for their respective 

species. The choice of reaction kinetics is discussed in detail in 
section 4.3 below.

3.3. Boundary conditions & model solution

At the lower boundary of the model, all species employ zero-
gradient boundary conditions, except where data reveals solute 
fluxes from depth and thus a flux is prescribed accordingly. At the 
upper boundary, solute concentrations are specified at the edge 
of the diffusive boundary layer, while sedimentation of particulate 
material is accounted for by prescribed fluxes (see below). A full 
list of the boundary conditions is included in the Supplementary 
Material.

Partial differential equations that describe mass balance of 
chemical species are solved using the Method of Lines approach 
(e.g., Boudreau, 1996) whereby spatial derivatives are replaced by 
finite difference approximations and integrated numerically with 
the vode ordinary differential equation solver (Soetaert et al., 
2010). The model is written in a combination of R and C. For each 
simulation, the model is run to steady-state with initial forcings 
before transient simulations are performed. Additional details of 
the model are given in the Supplementary Material.

4. Results and discussion

4.1. Geochemical profiles

Fig. 3 shows pertinent sediment and pore water profiles ob-
served at F80, previously reported by Jilbert and Slomp (2013a)
with the exception of CDB-Fe and solid phase sulphur. Below 5 cm 
depth, CDB-Fe and solid phase sulphur concentrations exhibit the 
same trends, yet differ in magnitude by a factor of ∼2. While an 
iron speciation was not undertaken at F80, an observed S:CDB-Fe 
ratio of 2:1 suggests that the majority of this iron and sulphur 
is bound in pyrite (FeS2), an assertion that is supported by data 
from analogous sites in the adjacent Gotland basin (Boesen and 
Postma, 1988). Above 5 cm, both CDB-Fe and Fe–P show a local 
maximum close to the sediment-water interface and decline with 
increasing depth. These data are indicative of phosphorus bound 
to iron oxyhydroxides that undergo dissolution during burial, as 
seen elsewhere in the Baltic Sea (Mort et al., 2010). Fe–P main-
tains a relatively constant concentration beyond the upper 5 cm, 
but shows a broad enrichment below 20 cm that has been pu-
tatively identified as vivianite (Jilbert and Slomp, 2013a). Never-
theless, pore waters at F80 are undersaturated with respect to vi-
vianite due to low Fe2+ concentrations (Jilbert and Slomp, 2013a), 
implying that iron is the rate limiting substrate. Assuming second 
order reactions kinetics, vivianite precipitation would effectively 
scale linearly with iron availability. This is not evident in the data, 
however, as the peak in Fe–P observed at depth (Fig. 3) is much 
less pronounced than predicted when using second order kinet-
ics (results not shown). These preliminary simulations suggest that 
at some point vivianite precipitation becomes kinetically limited, 
reaching a maximum rate of formation in spite of reactant con-
centrations, like Michaelis–Menten kinetics (see section 3.2). Fur-
thermore, if vivianite formation is indeed microbially-mediated, as 
recent observations suggest (e.g., Milucka et al., 2012), equation (1)
is an appropriate description of kinetics (Thullner et al., 2007). Im-
mediately above this Fe–P enrichment, the organic carbon profile 
exhibits a near stepwise increase that is also evident in the organic 
phosphorus profile. Finally, sulphate decreases to zero with depth, 
whereas methane increases. The trends exhibited by the methane 
and sulphate profiles suggest that anaerobic oxidation of methane 
(AOM) is occurring (Devol, 1983).
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4.2. Hypothesized scenario

Geochemical signals recorded in deep sediments, like those de-
scribed above, reflect fluctuations in environmental conditions in 
the overlying water column and shallower sediments. These signals 
can thus be used to reconstruct shifts in biogeochemical dynam-
ics in the basin due to eutrophication. The hypothesized transition 
into deep basin euxinia as a result of eutrophic surface waters, 
including temporal variations in the iron shuttle, is as follows. El-
evated primary production associated with an abundance of nutri-
ents in surface waters enhances the export of organic matter from 
the euphotic zone, thus increasing benthic oxygen demand and 
dissimilatory iron reduction in underlying sediments. In coastal re-
gions, oxygen penetration into sediments decreases allowing Fe2+
to escape into the water column, where iron oxyhydroxides pre-
cipitate and are deposited deeper in the basin (Canfield et al., 
1996). This mechanism concentrates iron deep in the basin and 
has shown to be active in the Baltic Sea (Scholz et al., 2013). Con-
sistent with data from numerous deep sites in the Baltic Sea (Lenz 
et al., 2015), the iron shuttle increases to a peak before declining 
to a relatively constant background value in subsequent decades. 
In addition, the iron shuttle is accompanied by an enrichment in 
organic matter due to enhanced productivity in surface waters as 
eutrophication spreads to pelagic waters. Consequently, there is an 
increase in benthic oxygen demand in deep basins, which leads to 
hypoxia, anoxia, or sulphidic conditions.

At F80, there is a broad enrichment in Fe–P that is overlain 
by a large peak in solid phase sulphur, which coincides with a 
near stepwise increase in organic matter concentration (Fig. 3). 
The presence of reduced iron phosphates beneath organic mat-
ter and iron sulphide enrichments implies that pyrite formation 
was initially sulphide limited, because the onset of the iron shut-
tle preceded the marked rise in organic loading that stimulated 
diagenetic sulphate reduction in the deep basin. During this pe-
riod, sulphate reduction in deep sediments remained relatively low 
due to a modest depositional flux of organic matter, meaning lit-
tle hydrogen sulphide was produced. Thus, in deep basins Fe2+
liberated from oxyhydroxides through dissimilatory iron reduction 
was not subsequently bound in iron sulphides, but rather in vi-
vianite as manifested in the broad peak in Fe–P profile (Fig. 3). 
As eutrophication intensified, however, export from surface wa-
ters increased resulting in an accumulation of organic matter in 
deep sediments and elevated sulphate reduction. Although diage-
netic sulphide production increased, there was a decline in the 
amount of sulphide sequestered in sediments as pyrite, mackinaw-
ite, and other minerals, because less iron was deposited as the 
iron shuttle began to wane. This allowed for more sulphide to dif-
fuse out of sediments and resulted in sulphidic bottom waters. As 
these conditions favoured the formation of iron sulphides over iron 
phosphates, vivianite precipitation declined. This scenario is sum-
marised in Fig. 4.

4.3. Constraining forcing parameters and model solution

To validate the hypothesized scenario, the reactive-transport 
model described above was employed to simulate the proposed 
shifts in environmental parameters and then resulting profiles 
were compared against observations. Initially, the model was run 
to steady-state with environmental conditions from 100 yrs ago. 
Forcing parameters for this scenario (Fig. 5) are constrained using 
numerous independent observations and sediment and pore water 
profiles presented here. These constraints — pertaining to organic 
matter deposition and degradation, bottom water redox conditions, 
solid phase iron fluxes, and vivianite kinetics — are discussed in 
detail below.
Fig. 4. A schematic of depositional and diagenetic dynamics at F80. The top pane 
shows the onset of the iron shuttle prior to enhanced organic matter deposition to 
deep sediments and resulting euxinia. Fe2+ liberated from oxyhydroxides in sedi-
ments is therefore incorporated into vivianite due to a dearth of hydrogen sulphide. 
The lower pane shows a transition into euxinia and elevated organic loading, which 
result in diagenetic iron sulphide formation.

Incoming organic matter is divided into three pools accord-
ing to lability — the so-called multi-G approach (Berner, 1980;
Westrich and Berner, 1984). Consistent with observations, organic 
matter that is deposited at the sediment-water interface is as-
sumed to be 50% labile, 16% less labile, and 34% inert organic mat-
ter (Westrich and Berner, 1984), like previous studies in the Baltic 
Sea that used the multi-G model (Reed et al., 2011b). These pools 
decompose at different rates: the first is remineralised quickly, the 
second is slower to degrade, and the third is entirely inert. This 
gives rise to regions of the organic carbon profile with markedly 
different gradients. Specifically, the slope close to the sediment-
water interface reflects decomposition of the most labile material, 
whereas deeper in the sediment the gradient is due to degrada-
tion of less labile organic matter (Fig. 3). Together with an age 
model, these gradients can be used to estimate rate constants for 
the various pools. Here, we used the age model for F80 previously 
published by Lenz et al. (2015). Estimated rate constants (Table S9) 
are consistent with sites that have similar sedimentation rates and 
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Fig. 5. Forcings used to drive the baseline model simulation over time: (top) or-
ganic loading and bottom water concentrations of oxygen and hydrogen sulphide 
and (bottom) the magnitude and speciation of the iron shuttle. The dashed line in 
the bottom pane represents the CDB iron concentration in sediments with the spa-
tial dimension transformed into the temporal dimension using t(x) = ∫ x

0 [w(ξ)]−1dξ

where t(x) is time taken for a particle to reach depth x due to burial and w(ξ) is 
the burial velocity of solids at depth ξ .

depths (Arndt et al., 2013), although the range of observed val-
ues is quite large. The C:N:P ratio of incoming organic matter is 
defined according to observed the C:N:P ratio of organic matter 
recently deposited at the sediment surface.

Between the beginning and end of the 20th century, there 
was a marked increase in primary production and organic mat-
ter deposition in the Baltic Sea. Analysis of pCO2 data from 
the Baltic Proper suggests that primary production has increased 
by a factor of 1.8–3.8 since the beginning of the last century 
(Schneider and Kuss, 2004). Reconstructions using basin-scale 
physico-biogeochemical models have yielded similar estimates. 
Savchuk et al. (2008) determined that productivity in the Baltic 
Proper rose by a factor of 3.0–3.4 over the past century, while the 
average annual biomass in surface waters (<10 m) was estimated 
by Gustafsson et al. (2012) to be elevated by a factor of 3.07 in 
the latter half of the 20th century relative to the beginning of the 
century. At site F80, this increase in organic matter production and 
export is manifested as a near stepwise shift in the organic carbon 
and phosphorus profiles around 1978 (Fig. 3). Depositional fluxes 
of organic matter before and after this shift were determined by 
choosing fluxes that produced the best fit to observations (Fig. 3). 
When estimated in this manner, the model predicts that organic 
matter loading increased by a factor of 3.25 over the 20th century, 
which is in good agreement with the three independent studies 
discussed previously.

Observations show bottom water oxygen concentrations of 
∼41 μM at the beginning of the 20th century before the sys-
tem descended into euxinia shortly afterwards in 1981 due to 
the marked increase in organic loading around 1978 and an as-
sociated increase in sulphate reduction (Fig. 2; Gustafsson et al., 
2012). Accordingly, bottom water redox conditions — specifically, 
concentrations of oxygen and hydrogen sulphide — are speci-
fied to be consistent with these observations (Fig. 5). A feasible 
variant of the proposed scenario is that oxygen was lower than 
∼41 μM in the early 20th century, as there were few observa-
tions to constrain bottom water oxygen concentrations in the Fårö 
deep prior to 1960 (Fig. 2). Molybdenum measurements in both 
the Fårö Deep and the neighbouring Gotland basin suggest that 
the water column was not euxinic during this period — indeed 
Mo:Al ratios suggest that euxinia began around 1981, in agree-
ment with simulations presented here (Jilbert and Slomp, 2013b;
Lenz et al., 2015). Nonetheless, bottom water oxygen concentra-
tions in the Fårö basin could have been close to zero at this 
time. To reconstruct observed sediment and pore water profiles 
when assuming anoxia prior to 1980 requires only two revisions 
to the hypothesized scenario. First, the peak in the iron shuttle 
must be increased in magnitude by 25%. The absence of oxygen 
at the sediment-water interface allows Fe2+ to escape quickly into 
the water column and, therefore, less iron is retained within the 
sediments meaning solid phase iron and sulphur profiles are un-
derestimated. Related to this, the second necessary amendment is 
a 15% increase in the rate constant for vivianite formation, as iron 
must be bound more rapidly or be lost to bottom waters. These 
are very minor changes and do not alter the dynamics nor time-
line of the original scenario, just the magnitude of two parameters. 
Indeed, vivianite precipitation and the record of the iron shuttle in 
sediments are shown to be quite insensitive to bottom water oxy-
gen and hydrogen sulphide concentrations (Fig. S5).

Next, the iron shuttle is estimated by tuning the depositional 
flux of solid phase iron to reproduce the observed profile for CDB 
Fe (Fig. 3). Accordingly, the iron shuttle is assumed to increase lin-
early beginning in 1973 to a peak in 1981 before declining linearly 
again to a constant value after 1996. While there is no sediment 
trap data available to corroborate the timing of the peak — since 
iron deposition is typically not measured during monitoring pro-
grams — the sedimentary record at numerous sites throughout the 
Baltic Sea shows peaks in solid phase iron at approximately the 
same time (Lenz et al., 2015). The speciation of the iron shuttle 
is subject to several additional constraints. First, during the oxic 
phase, iron is deposited as oxyhydroxides that is divided equally 
between amorphous and crystalline pools (Berg et al., 2003). As 
the iron shuttle declines, we assume crystalline iron oxides start 
to dominate, as they are more resilient to dissolution in the wa-
ter column. Next, a flux of oxyhydroxides was maintained during 
euxinia, as the observed CDB-Fe profile exhibits the familiar expo-
nential decline from a maximum concentration at the sediment-
water interface (Fig. 3), which is indicative of the presence of iron 
oxyhydroxides that undergo reduction during burial. Finally, at the 
onset of euxinia, a flux of pyrite is also prescribed reflecting that 
iron sulphides are stable and efficiently sequestered under anoxic 
conditions. Reconstructing depositional fluxes through a combina-
tion of independent constraints and sediment profiles is a powerful 
facet of reactive-transport modelling that has proven successful in 
the past (e.g. Reed et al., 2011a). Varying the timing and magni-
tude of the iron shuttle illustrates the sensitivity of CDB Fe to the 
depositional flux of iron and supports the choice of forcing func-
tion used here (Fig. S3).

Finally, parameters associated with vivianite precipitation must 
be constrained. Pore waters are undersaturated with respect to vi-
vianite (Jilbert and Slomp, 2013a), which precludes the use of a 
standard description of (abiotic) mineral precipitation. Second or-
der kinetics are also not applicable, as the peak at depth that is 
produced when adopting these kinetics is too high suggesting that 
a maximum rate is achieved, like that predicted by Michaelis–
Menten kinetics. A recent study suggests that vivianite could be 
produced intracellularly (Milucka et al., 2012) supporting the use 
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Fig. 6. The temporal evolution of relevant chemical profiles.

of Michaelis–Menten kinetics, which are often used to describe 
microbially-mediated geochemistry (e.g., Thullner et al., 2007). The 
maximum rate constant and half-saturation coefficients are cho-
sen to reproduce observations (Fig. 3) and varying these param-
eters causes the model solution to deviate further from the ob-
served iron-bound phosphorus profile (Fig. S2). While more work 
is needed to reveal the details of the mechanisms producing vi-
vianite, the current approach is supported by data that is currently 
available.

4.4. Reconstructing the depositional and diagenetic history of F80

A major benefit of reconstructing observed profiles using a 
reactive-transport model is the ability to examine how sedimen-
tary features developed in response to environmental forcings and 
to establish the timing of events. To this end, Fig. 6 shows the 
temporal evolution of chemical profiles in response to variable 
environmental forcing (i.e., iron deposition, organic loading, and 
redox conditions; Fig. 5). In addition, Fig. 7 plots the sedimentary 
inventories of iron and phosphorus over the past 50 yrs at F80.

Simulations show an enrichment in iron oxyhydroxides at the 
sediment-water interface around 1981 (Fig. 6b) coinciding with a 
peak in the iron shuttle (Fig. 5). The timing and form of the sim-
ulated iron shuttle is consistent with data from numerous deep 
basin sites in the Baltic Sea (Lenz et al., 2015). During burial, 
these oxyhydroxides are rapidly reduced producing Fe2+ that ini-
tially precipitates as vivianite in the uppermost 10 cm of sedi-
ments, in agreement with previous assertions (Jilbert and Slomp, 
2013a). Shortly afterwards, however, formation of vivianite de-
clines in favour of pyrite precipitation, which is triggered by an 
increase in organic loading. At this point bottom waters are still 
hypoxic, however, meaning these iron sulphides may still be oxi-
dised and thus contribute to active iron cycling. In contrast, under 
anoxic or euxinic conditions iron sulphides are stable and conse-
quently sequester iron. An elevated export of organic matter to 
sediments at F80 — which is apparent from a near stepwise shift 
in the organic carbon profile (Fig. 3) — causes an upward migra-
tion in the sulphate–methane transition zone (SMTZ; Fig. 6e & f) 
by stimulating sulphate reduction and methanogenesis. Sulphate 
concentrations are drawn down by dissimilatory sulphate reduc-
Fig. 7. Depth-integrated solid phase concentrations over time for (a) phosphorus and 
(b) iron.

tion and anaerobic oxidation of methane (AOM) resulting in the 
observed shift in the SMTZ towards the sediment-water interface. 
These reactions both produce hydrogen sulphide, which has a high 
affinity for iron, leading to an increase in iron sulphide precipi-
tation (e.g., mackinawite, pyrite). Thus, enhanced organic matter 
deposition attenuates vivianite formation by limiting iron availabil-
ity through this mechanism, which is manifested in the Fe–P and 
solid phase sulphur profiles as a broad peak in vivianite at depth 
overlain by a peak in pyrite (Fig. 3). Following precipitation, sul-
phur and vivianite enrichments associated with the peak in iron 
oxyhydroxide deposition are subsequently buried unaltered (Fig. 6c 
& d). While vivianite plays an important role in sequestering phos-
phorus (Fig. 7a), its contribution to the sedimentary iron budget is 
very minor due to the abundance of pyrite at F80 (Fig. 7b).

Organic phosphorus (Porg) shows a marked increase at the 
sediment-water interface as a result of elevated organic loading 
after 1978 (Fig. 6a). While there is sharp decrease in organic phos-
phorus from 0 to 8 cm due to the remineralisation of labile or-
ganic compounds, much of the organic matter that is deposited is 
subsequently buried, sequestering phosphorus as a result. Porg is 
presently the dominant phosphorus species at F80 and exhibits a 
linear increase with time implying it represents a growing P sink, 
whereas vivianite and iron-bound phosphorus have remained rel-
atively constant in recent years (Fig. 7a). Nevertheless, this has 
not always been the case. As a result of the iron shuttle, iron-
bound phosphorus became the dominant phosphorus species in 
sediments during the mid-1980s, but concentrations subsequently 
declined due a decrease in iron deposition and a transition into 
more reducing conditions (Fig. 7a). Nonetheless, this accumulation 
of a relatively large quantity of reactive iron stimulated vivian-
ite formation, leading to an increase of 50% in Fe3(PO4)2 · 8H2O
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Fig. 8. Depth-integrated vivianite concentration versus (left) speciation of iron shuttle (the horizontal axis shows the percentage that is iron oxyhydroxides and pyrite) and 
(right) maximum value of the iron shuttle.
concentration in a matter of decades. Unlike iron oxyhydroxides, 
reduced iron (II) phosphates persist under anoxic conditions re-
taining phosphorus that would otherwise have been released to 
the water column and contributed to the positive feedback be-
tween anoxic bottom waters and eutrophication. This provides im-
petus for a quantification of the factors that control the magnitude 
of vivianite production and sulphidic bottom waters.

4.5. Variable Fe shuttling impacts vivianite formation & bottom water 
sulphide

Prior to the onset of euxinia at F80, Fe2+ is bound in iron (II) 
phosphate minerals due to a dearth of sulphide, which is man-
ifested by a broad peak at depth in the Fe–P profile (Fig. 3e). 
When bottom waters become sulphidic, however, dissolved iron is 
rapidly bound as iron sulphides and iron (II) phosphate precipita-
tion declines, illustrating that iron availability modulates vivianite 
formation. Nevertheless, iron availability is not only controlled by 
diagenesis, but also by deposition. Thus, we examine the impact 
that both the magnitude and speciation of the iron shuttle have 
on vivianite concentrations.

Depth-integrated vivianite concentration shows a strong corre-
lation with the speciation of the iron shuttle (Fig. 8(left)). Little 
Fe3(PO4)2 · 8H2O is formed when the iron shuttle is primarily 
pyritic, as pyrite is stable under anoxic conditions and, thus, ef-
ficiently sequesters iron when deposited under euxinic bottom 
waters. These results indicate that vivianite is unlikely to play 
an important role in phosphorus dynamics after deep basins be-
come sulphidic. Therefore, the timing of the iron shuttle relative 
to the onset of euxinia has important implications for phospho-
rus dynamics, because this determines the speciation of iron that 
is deposited in deep basins. In contrast, vivianite has the potential 
for forming in regions where the iron shuttle is active due to eu-
trophic surface waters, yet where deep waters remain oxic or even 
hypoxic, as this precludes the syngenetic formation of pyrite. Since 
precipitation of vivianite is limited by iron availability, the magni-
tude of the iron shuttle also affects the amount of Fe3(PO4)2 ·8H2O
that is formed (Fig. 8(right)). Specifically, simulations show that 
the amount of vivianite found in sediments scales linearly with the 
depositional flux of iron. Furthermore, the magnitude of the iron 
shuttle also modulates water column redox conditions, as the ca-
pacity of sediments to retain sulphides is determined by iron avail-
ability. Sediments with higher depositional fluxes of iron produce 
more vivianite because they are able to sequester greater amounts 
of sulphides, thus also maintaining a non-sulphidic water column 
for longer. Under these conditions, there is more iron present in 
the sediments due to a higher flux and, in addition, it is of a form 
that is conducive to vivianite formation (i.e., as iron oxides).
Given the impact that the magnitude and speciation of the 
iron shuttle have on vivianite concentrations, it is important to 
be able to accurately quantify the iron shuttle. Palaeoceanography 
relies on numerous different proxies to reconstruct redox condi-
tions, such as Corg:Ptot (Ingall et al., 1993) and Mo (Brumsack, 
1989), while bulk sedimentary iron is often used as a proxy for 
iron deposition (Canfield et al., 1996). To examine the utility of 
the latter proxy, the depositional flux of iron over time is com-
pared to the iron concentration recorded in sediments at F80. The 
iron profile is transformed from a spatial to a temporal dimension 
using t(x) = ∫ x

0 [w(ξ)]−1dξ , where t(x) is time taken for a parti-
cle to reach depth x due to burial and w(ξ) is the burial velocity 
of solids at depth ξ . Simulations show that despite active early 
diagenesis (see section 4.4), the solid phase iron profile closely re-
produces the depositional signal for iron (Fig. 5). The rise in Fe:Al 
observed prior to the onset of euxinia at F80 thus reflects ele-
vated iron deposition due to increased down shelf iron transport 
(Lenz et al., 2015), which results from enhanced organic loading in 
coastal sediments and oxygen depletion in these regions. Similarly, 
the subsequent decrease in solid phase iron reflects a decline in 
iron export to deep sediments, likely due to the onset of sulphidic 
conditions in shallow waters sequestering iron as meta-stable sul-
phides in underlying sediments (e.g., Scholz et al., 2014). In turn, 
this encourages euxinic deep waters: less iron deposition means 
that more sulphide is able to escape from sediments into overlying 
waters. Thus, while trace metals (e.g., Mo, V) offer insights into 
local redox conditions, Fe:Al casts these insights into a broader 
context by providing information about regional redox dynamics 
(Eckert et al., 2013).

4.6. Inflow events

Deep basins within the Baltic Sea are episodically ventilated 
by major inflow events (Matthäus and Franck, 1992; Schinke and 
Matthäus, 1998; Meier, 2007), which have occurred on average 
once a decade in recent years. During these events, saline, oxy-
genated waters from the North Sea pass over the Darss Sill and 
sink to replace existing bottom waters due to relatively high den-
sities (Stigebrandt, 1987). As a result, deep sediments in regions 
such as the Fårö basin are subject to periodic reoxygenation after 
which conditions decline once again (Matthäus and Franck, 1992). 
The water column data in Fig. 2, suggest that hydrogen sulphide-
rich waters more readily developed following inflows than at the 
start of the modern hypoxic event. This could possibly be related 
to a more muted iron shuttle. Redox fluctuations also have a pro-
found impact on benthic phosphorus cycling (Reed et al., 2011a, 
2011b; Kraal et al., 2010; Tsandev et al., 2012; Ingall et al., 1993;
Slomp et al., 2002; Jilbert et al., 2011), although it is unknown 
how such fluctuations affect vivianite precipitation. Simulations 
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Fig. 9. Increase in sedimentary phosphorus uptake due to major inflow events. The 
horizontal axis shows the length of the reoxygenation events.

were undertaken to examine the impact of these oxic intervals on 
iron and phosphorus cycling in general, and vivianite formation in 
particular. The end point of the baseline scenario described above 
(section 4.2) was used as a start point for these simulations, which 
span a 5 yr interval. After the first year of the simulation, which 
uses present day (i.e., euxinic) conditions, bottom waters became 
hypoxic for a period with [O2] set as the pre-euxinia value from 
the baseline scenario. During this interval, the total iron deposi-
tion was maintained at present day levels, although iron currently 
deposited as pyrite was assumed to be deposited as amorphous 
iron oxyhydroxides. Following the reoxygenation event, conditions 
become euxinic once again until the end of the simulation.

Results of these simulations are plotted in Fig. 9, which shows 
the increase in phosphorus sequestration within sediments as a re-
sult of oxygenation events of different lengths ranging from 0.2 to 
1 yr. As one would expect, there is no change to organic phos-
phorus uptake, but there is a marked increase in iron-bound phos-
phorus that correlates with the length of the rexoygenation events. 
When the water column is not sulphidic, iron is deposited exclu-
sively as oxyhydroxides, thus explaining the relationship between 
duration of the event and iron-bound phosphorus content of the 
underlying sediment. Depth-integrated vivianite concentration ex-
hibits the same trend, although more pronounced. As discussed 
above, vivianite formation is a function of iron availability and, 
consequently, an increase in reactive iron concentration (as op-
posed to relatively stable pyrite under anoxic conditions) leads 
to an increase in Fe3(PO4)2 · 8H2O formation. Nevertheless, iron 
oxyhydroxides are only a temporary sink for phosphorus and ulti-
mately undergo dissolution upon burial, unlike vivianite which can 
persist. Thus, while vivianite may be a smaller phosphorus sink 
than iron oxyhydroxides when bottom waters are oxic, it repre-
sents a more important long term sink under low oxygen condi-
tions.

To assess the regional importance of major inflow events, 
results are scaled for areas of the Baltic Sea that are anoxic 
(60,000 km2, Jilbert and Slomp, 2013a). Short intervals of reoxy-
genation (0.2 yrs) produce a regional uptake of ∼57 t of vivianite, 
whereas, in contrast, year long events potentially remove an addi-
tional ∼1020 t of phosphorus from the water column. Modern day 
phosphorus loads to the Baltic Sea are approximately 36,000 t/yr
(Gustafsson et al., 2012), suggesting that vivianite precipitation due 
to reoxygenation of deep waters could sequester up to ∼3% of 
these annual loads. Nevertheless, estimates provided here are re-
liant on iron deposition to sediments, which is typically poorly 
constrained. Therefore, caution must be exercised when extrapo-
lating these results. While simulations suggest that artificial re-
oxygenation of deep waters would help to permanently sequester 
phosphorus in Baltic sediments as vivianite, the amount of phos-
phorus that is bound in vivianite is small in comparison to poten-
tially mobile redox-sensitive species. Changes of up to 112,000 t of 
dissolved inorganic phosphorus per year have been observed in the 
Baltic Sea due to the dissolution of iron oxyhydroxides (Conley et 
al., 2009a). Superimposed against an active phosphorus pool of this 
magnitude, vivianite sequestration in sediments during to inflow 
events is quite minor. Thus, while vivianite needs to be incorpo-
rated in phosphorus budget calculations, stimulating its formation 
through artificial reoxygenation (see Conley et al., 2009b) does not 
represent a potential engineering solution to eutrophication in the 
Baltic Sea.

4.7. Implications for other coastal systems

For vivianite to precipitate under oxygen-depleted conditions, 
H2S concentrations must remain low relative to Fe2+ otherwise 
iron-sulphides are rapidly precipitated rather than vivianite. There 
are several scenarios that may lead to this case.

First, pore waters and the overlying water column could be low 
in sulphate, such as in freshwater or estuarine environments. As a 
result, little sulphide is produced via sulphate reduction and iron 
released through iron reduction is readily combined with phos-
phate to form vivianite. Similarly, sulphate reduction could be lim-
ited by the availability of organic matter or methane, if sulphide 
is largely derived from anaerobic oxidation of methane. Another 
possibility for enhancing vivianite production is high depositional 
fluxes of iron oxyhydroxides, although at F80 these fluxes are al-
ready very high suggesting that this case is unlikely in a marine 
setting. The overarching principle is that sulphate reduction must 
be limited by either oxidant or reductant, while Fe2+ is readily 
produced via iron reduction.

To demonstrate that this leads to enhanced vivianite precipi-
tation, we reran the baseline simulation with low sulphate con-
centrations (3 mM). As a consequence of limited sulphate re-
duction, iron-bound phosphorus concentrations increased by 153% 
with vivianite accounting for 77% of Fe–P in this scenario (Fig. S6). 
This illustrates that, while vivianite precipitation is not an im-
portant sink at our study site, it is potentially an important sink 
at locations with limited sulphate reduction. Estuaries represent 
such an environment, as they are often rich in iron while hav-
ing markedly lower sulphate concentrations than seawater due 
to freshwater inputs. Furthermore, many estuaries, such as the 
St. Lawrence River estuary (Katsev et al., 2007), Neuse River es-
tuary (Buzzelli et al., 2002), Chesapeake Bay (Testa and Kemp, 
2012), are subject to hypoxia. Simulations presented here sug-
gest that these conditions would be conducive to vivianite for-
mation and may enhance phosphorus removal before waters dis-
charge into the coastal ocean. That is to say, phosphorus filter-
ing within estuaries may potentially alleviate eutrophication in 
shelf and slope waters. Another example of a potentially impor-
tant setting for vivianite formation is the Bothnian Sea, located in 
the northern Baltic Sea. Here, sediments are rich in iron oxides 
and bottom waters are low in sulphate, and vivianite has been 
shown to account for ca. 45% of total P burial (Slomp et al., 2013;
Egger et al., 2015a).

Vivianite may therefore be more prevalent than previously 
thought, but goes undetected since common analytical methods 
(e.g., SEDEX, Ruttenberg, 1992) typically do not resolve phospho-
rus species at a mineralogical level and calculations regarding sat-
uration state may prove misleading (Jilbert and Slomp, 2013a). 
Employing analytical tools that provide a better resolution of phos-
phorus speciation may prove useful in elucidating the role of vi-
vianite in phosphorus sequestration in estuarine and coastal sed-
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iments, since simulations suggest vivianite may be an important 
sink in these regions.

5. Conclusions

Simulations undertaken with a reactive-transport model re-
vealed that phosphorus and iron cycling are closely coupled in 
deep, euxinic sediments of the Baltic Sea and exhibit marked vari-
ability in response to fluctuations in redox conditions, iron depo-
sition, and organic loading. The iron shuttle from shallow regions 
to the deep Fårö basin was dominated by oxyhydroxides and this 
increased input of reactive iron stimulated diagenetic vivianite for-
mation. The amount of vivianite found in sediments is a function 
of the speciation and magnitude of the iron shuttle, which in part 
regulates the availability of dissolved iron. Fe:Al provides an ex-
cellent tool for reconstructing the iron shuttle (e.g., Lenz et al., 
2015), especially when used in concert with other redox proxies 
that provide additional environmental context. Precipitation of iron 
(II) phosphates subsequently declined when dissimilatory sulphate 
reduction and anaerobic oxidation of methane increased — both 
of which are associated with elevated fluxes of organic matter to 
the seafloor — producing more hydrogen sulphide, which has a 
high affinity for Fe2+. Major inflow events that reoxygenate deep 
waters encourage the retention of iron-associated phosphorus in 
sediments, both within vivianite and bound to iron oxyhydroxides. 
Longer periods of reoxygenation lead to a greater sequestration of 
phosphorus in sediments. Finally, results suggest that some estuar-
ies — by virtue of high iron inputs and low sulphate concentrations 
— could act as important phosphorus traps due to vivianite for-
mation, thus alleviating eutrophication in shelf and slope environ-
ments. Nevertheless, the importance of vivianite in these environ-
ments may go unnoticed due to inadequate analytical techniques.
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