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Abstract
Phosphorus (P) exchange in clayey mud sediments was investigated with desorption–sorption isotherms at 22 coastal 
sites in the eutrophied brackish Gulf of Finland, the Baltic Sea. The aim was to gain information on P sorption potential 
and pattern of oxygenated surface sediments and to elucidate factors explaining them. Modified Freundlich equation was 
fitted to the isotherm data and used for calculation of the P exchange parameters  EPC0 (equilibrium P concentration at 
zero net sorption), kEPC0, k15 and k100 (P buffering capacities at early, middle and high sorption stages, respectively). They 
were further used to assess the P sorption potential and pattern of the sediments. Sediment properties explaining the P 
sorption potential at different sorption stages were identified. The greatest sorption potentials were recorded in originally 
poorly oxic sediments in the inner archipelago with accumulated fine particulate material, high in adsorbents for P, trans-
ported from the watersheds. After oxygenation, they were high in amorphous Fe-oxyhydroxides, which explained their 
efficient P sorption (kEPC0 > 1.32 l g−1). Poorer P sorption (kEPC0 0.45–0.84 l g−1) was recorded in fine sediments abundant 
in Al-oxyhydroxides, presumably due to their higher original P occupation degree. The lowest sorption potentials were 
found in the outer archipelago sediments. Their lowest specific surface areas and highest original P contents referred 
to scarcity of adsorbents and high occupation degree of the existing ones. These results suggest that the coastal clayey 
mud sediments investigated possess high P sorption potential, which can be markedly diminished by eutrophication-
induced hypoxia but recovered if oxygen conditions improve.
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1 Introduction

Excess of anthropogenic nutrients such as phosphorus 
(P) causes eutrophication in aquatic ecosystems world-
wide, particularly in coastal marine areas [1]. The nega-
tive impacts of eutrophication include enhanced primary 
production and harmful algal blooms. The subsequent 
enhanced sedimentation of organic matter (OM) and its 
mineralization can lead to hypoxia and to decrease in 
biodiversity. Hypoxia further fuels the eutrophication by 

reducing iron (Fe) in Fe-oxyhydroxides, which results in 
release of P bound onto their surfaces [2, 3].

Coastal sediments receive P loads from watersheds via 
rivers mainly as suspended solids. Worldwide, ca. 95% of 
riverine P is associated with particles [4], the rest being 
in dissolved form. Similar shares are reported for the 
portion of particulate P (73–94%) in field runoff waters 
in the southern Finland [5]. Estuaries are considered as 
filtration areas for nutrients transported from land to 
coastal seas [6]. Sedimentation of riverine loads near the 
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coastline increases due to hindered flow velocity. Fur-
thermore, ionic strength being higher in marine than in 
river water enhances the flocculation of colloidal clayey 
particles rich in Fe- and Al-oxyhydroxides and OM [7–9].

In the sediments, the fate of dissolved and particulate 
P is highly affected by the conditions at the sea floor. 
Microbial mineralization of OM and reduction of Fe-
oxyhydroxides under hypoxic conditions can transform 
particulate P into dissolved organic and inorganic forms 
[2, 10]. The dissolved inorganic P and some of the dis-
solved organic P forms are directly bioavailable [11, 12]. 
In undisturbed sediments, the soluble P in pore water 
diffuses towards lower concentrations in the overlying 
water [13]. Water movements (surface waves, bottom 
currents), ebullitions of gases (e.g. hydrogen sulphide 
or methane in reduced environments) and bioturbation 
can mix the sediment structure and cause resuspension, 
which further promote the P release [14, 15]. The proper-
ties of surface sediment, such as the presence of Fe- and 
Al-oxyhydroxides as well as Fe and Al associated with 
OM, influence the release of dissolved inorganic and 
organic P from the sediment [see, e.g. 16–18]. Under 
reduced conditions, however, the disruption of Fe(III)-
oxyhydroxides lowers the P retention ability of the sedi-
ment surface, whereas the oxyhydroxides of Al are not 
affected [19].

Phosphorus retention onto and release from oxyhy-
droxides are dynamic ligand exchange reactions [16]. They 
continuously aim to maintain an equilibrium between P in 
the solid and the liquid phases. This means that P retention 
onto oxyhydroxides is ultimately regulated by the P satura-
tion degree of sorption surfaces and the P concentration in 
the surrounding (ambient) water (i.e. pore water and water 
above the sea bottom). When the P concentration in the 
solution decreases (e.g. due to microbial uptake, diffusion- 
or mixing-induced dilution), some P adsorbed onto sedi-
ment surface will be released to water phase to maintain 
the equilibrium [9]. This means that some desorption of P 
from the sediments also occurs regardless of the prevail-
ing oxygen  (O2) conditions, unless P is very tightly bound, 
occluded inside the structure of Fe-oxyhydroxides [20].

Sorption of P in soils and aquatic sediments has been 
extensively studied using isotherms [21–24]. They are 
executed by equilibrating certain amounts of solids in 
solutions with varying P concentrations. Thereafter, the 
P concentration in the solution is measured and P des-
orbed from or sorbed by the sediment is calculated on 
the basis of the change in its concentration in the solution. 
The desorbed/sorbed P is presented in an isotherm graph 
as a function of measured equilibrium P concentration. 
Freundlich equation and its modifications are often used 
for empirical curve fitting for the P sorption [25, 26] or 
desorption–sorption data [27] as they describe multilayer 

sorption on heterogeneous surface, without taking any 
stand on the reaction mechanism [28].

The Baltic Sea, a large practically non-tidal [29] brack-
ish water basin in the northern Europe, has suffered for 
decades from the impacts of eutrophication, Gulf of Fin-
land (GoF) being one of its most heavily loaded basins 
[30]. Exchange of P is extensively investigated in calcium 
(Ca)-rich sediments in eutrophied coastal areas [31–33], 
but there are only few small-scale studies performed with 
non-calcareous sediments, such as those in the northern 
Baltic Sea [34, 35]. Sediments in the GoF vary substantially 
in terms of the extent and chemical composition of the 
sea floor P storage [36, 37] and, thus, presumably also in 
their P exchange patterns. During the last decade, various 
efforts have been made to diminish nutrient loading to the 
Baltic Sea [38]. Reduced loading will eventually lower the 
P concentrations in the water systems, which may further 
emphasize the role of sediments as a source of bioavail-
able P, also in oxic conditions.

Information on the P exchange properties of the coastal 
surface sediments is needed to understand their poten-
tial contribution to P sorption and their possible ability to 
act as sources of internal P loading. This study was under-
taken to examine the P exchange properties of non-cal-
careous muddy clay sediments along the northern coast 
of the eutrophied GoF, the Baltic Sea. Our aim was to get 
information on the variation in P sorption potential and 
pattern of oxidized sediments in the inner and the outer 
archipelago to understand their contribution to P binding 
and exchange. We hypothesized that sediments collected 
from different sites in the archipelago differ in their P sorp-
tion potential and pattern and that these differences are 
related to varying properties of the sediments. This study 
provides new information on the wide variation in P sorp-
tion potential, and the P exchange parameters describing 
it, in the muddy clay coastal sediments in a eutrophied 
sea. The results highlight the complex impact of sedi-
ment environment on the P exchange properties of the 
sediments.

2  Materials and methods

2.1  Research area and sediment sampling

The GoF (60°N, 25°E) is a shallow brackish water bay with 
mean depth of 37 m, surface area of 29,600 km2 and catch-
ment of 413,000 km2. Salinity of the bottom water ranges 
from ca. 6 to 10, and the average residence time of water 
in the bay is about 3 years [39]. In 2010, total phospho-
rus (TP) input to the GoF was about 6500 t [40] and the 
internal loading further supplies P to the water [41]. Bed-
rock in the northern archipelago of the GoF consists of 
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Paleoproterozoic crystalline basement rocks. Due to com-
plex and fragmented sea floor, many small semi-enclosed 
basins are characteristic in this area [42, 43].

Sediments were collected from 22 sites using a Gemax 
gravity twin corer (Ø 90 mm, length 60 cm) by Geologi-
cal Survey of Finland in the autumn (Sept–Nov) 2002 dur-
ing the cruises of R/V Kaita. The sampling sites #1–13 are 
located in the inner and the sites #14–22 in the outer archi-
pelago (Fig. 1). Underwater camera was used to identify 
the prevailing bottom conditions. One core was sectioned 

into 1-cm intervals, and the parallel one was vertically split 
for visual assessment of oxygenation status by measuring 
thickness of the light brown oxic surface layer. The sedi-
ments having 1.5–3-cm-thick light brown surface were 
considered originally oxic (Table 1). The remaining ones 
with a thinner light brown surface were considered poorly 
oxic. The samples were immediately frozen after sam-
pling (− 20 °C) and kept frozen until freeze-dried (− 60 °C) 
within a few months after sampling. The freeze-dried 
samples were stored in plastic containers in dark at room 

Fig. 1  Location of the sam-
pling sites in the inner (#1–13; 
circle) and the outer (#14–22; 
diamond and cross) archi-
pelago in the northern Gulf of 
Finland, the Baltic Sea

Table 1  Sediments #1–13 locating in the inner and #14–22 in 
the outer archipelago, their water depths, bottom water salini-
ties, exposure indexes, thickness of oxic surface layers (ox = oxic, 

p = poorly oxic), water contents and specific surface areas (SSA) of 
the sediment surfaces (0–2 cm)

Sediment # Code of the 
sampling site

Exposure index Water depth 
(m)

Salinity Oxic surface (cm) SSA  (m2  g−1) Water %

Inner archipelago
1 C58 14,244 24 5.0 2.0 (ox) 26.2 89
2 C60 3422 3.5 5.4 3.0 (ox) 11.9 72
3 C52 54,399 23 6.7 0 (p) 14.4 90
4 C69 8452 6.5 6.0 3.0 (ox) 20.2 76
5 C24 23,221 16 5.2 2.0 (ox) 23.0 86
6 C21 25,227 19 5.0 1.0 (p) 19.9 84
7 C22 16,893 19 5.0 1.0 (p) 16.3 82
8 C4c 17,269 18 5.0 1.2 (p) 20.0 82
9 C46 5258 14 5.0 0.5 (p) 23.7 87
10 C45 11,418 13 5.3 0.1 (p) 26.3 82
11 C36 25,491 18 5.7 0.1 (p) 21.1 78
12 C44 13,331 11 5.0 1.0 (p) 22.9 90
13 C42 35,743 14 5.5 1.5 (ox) 18.9 90
Outer archipelago
14 C54 347,188 39 6.7 0.1 (p) 13.2 85
15 C61 403,232 29 6.0 2.0 (ox) 2.4 45
16 C65 428,176 33 6.0 2.0 (ox) 11.9 77
17 C72 208,645 25 6.1 0.2 (p) 14.5 86
18 C14 246,717 29 5.0 0.2 (p) 17.9 88
19 C50 813,733 55 7.0 2.0 (ox) 9.4 77
20 C62 672,112 54 6.0 1.5 (ox) 10.8 87
21 C63 660,326 45 6.0 1.5 (ox) 11.0 80
22 C76 680,410 56 6.0 0.2 (p) 18.7 88
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temperature prior to the analyses. All the sediments were 
assumed to become oxidized during the sampling, sample 
handling and storing. Total contents of various elements 
were analyzed in December 2003. All the other analyses 
were carried out during the years 2011–2012 from the 
combined 2-cm surface layers.

Site-specific exposure index data were obtained from 
the Finnish Environment Institute and used as one param-
eter describing the sampling sites. The index (called here-
after the “exposure index”) was calculated from a simpli-
fied wave model, for detailed information see studies of 
Isaeus and Wijkmark and Isaeus [44, 45]. It describes the 
susceptibility of a certain sampling site to wind-induced 
water mixing, which at shallow sites predicts susceptibil-
ity of the sediments for resuspension. The exposure index 
values are based on parameters that describe mean wind 
speed of a certain area and the distance of open water 
over which the wind can develop waves [45]. Generally, 
the value is small in sheltered locations, i.e. in the places 
where an obstacle like an island hampers the wind blow-
ing and thus the formation of waves. In the open locations 
where the wind can blow unrestricted for long distances, 
the value is high. The exposure index, water depth and 
bottom water salinity at the sampling sites are presented 
in Table 1.

2.2  Determination of physical and chemical 
properties of the sediments

Water content of the sediments (Table 1) was determined 
as weight loss during freeze-drying. Specific surface area 
(SSA) of the sediments was determined by nitrogen gas 
 (N2) adsorption method (PANK2401, Finnish Pavement 
Technology Advisory Council) to describe the total sur-
face area of the particles potentially available for sorp-
tion reactions. Total carbon (TC) and nitrogen (TN) in the 
sediments were determined with LECO CNH-600 analyzer, 
and carbon-to-nitrogen ratio (C:N) was calculated on the 
basis of their total contents. Since the sediments in the 
study area are typically poor in carbonate minerals [46], 
TC was used as an estimate for OM. Total contents of 

phosphorus (TP), iron (TFe), aluminium (TAl), manganese 
(TMn), calcium (TCa) and sulphur (TS) were analyzed using 
inductively coupled plasma atomic emission spectroscopy 
(ICP-AES) after digestion with hydrofluoric acid—perchlo-
ric acid.

2.3  Sequential extraction of Fe‑, Al‑ 
and Mn‑oxyhydroxides

A three-step sequential extraction was performed to 
determine the amount of oxyhydroxides of Fe, Al as well 
as Mn potentially participating in P sorption (Table 2). The 
first extractant, ascorbate solution buffered with ascorbic 
acid to pH 8.0 (Asc, Table 2), was targeted to dissolve amor-
phous easily reducible Fe-oxyhydroxides such as ferrihy-
drite [47]. The second extractant, sodium dithionite buff-
ered with sodium bicarbonate to pH 7.0 (Dith; Table 2), was 
assumed to extract amorphous Fe-oxyhydroxides other 
than those dissolved by ascorbate [48]. Acid ammonium 
oxalate (Oxal, pH 3; Table 2) used in the third step was 
mainly targeted to extract amorphous Al-oxyhydroxides 
[49], as most of the amorphous Fe-oxyhydroxides were 
considered to have dissolved during the first and the sec-
ond steps. However, oxalate is also shown to dissolve Fe 
and Al from organic complexes [50] as well as Fe from crys-
tallized oxyhydroxides [47] and from FeS compounds [51]. 
Thus, the results of the extraction procedure are opera-
tionally defined and not expected to represent accurate 
phases. 

For the extraction, duplicate 0.3 g (dry weight, dw) por-
tions of sieved (Ø 2 mm) sediments were subsequently 
shaken in 30 ml of each extractant (2 h, 200 rpm, 22 °C). 
During the last extraction step with oxalate, the samples 
were protected from light. After each step, the mixtures 
were centrifuged for 15  min at 3000  rpm and filtered 
(0.40 µm, Whatman, Nuclepore Polycarbonate, PC, mem-
brane filter). All the filtrates in the metal oxyhydroxide 
extractions were acidified (pH < 2) with concentrated 
nitric acid (65%  HNO3, Suprapur, Merck®) for preservation 
prior to analyses using an inductively coupled plasma 

Table 2  Extraction procedure for oxyhydroxides of Fe, Al and Mn in the sediments

Step Extractant Target phase References

I
Ascorbate (pH 8.0)

50 g  C6H5Na3O7·2H2O + 50 g 
 NaHCO3/1 L Milli-Q (1-h bub-
bling with  N2) pH adjusted using 
ascorbic acid

Amorphous Fe-oxyhydroxides (e.g. 
ferrihydrite)

Kostka and Luther [47]

II
Dithionite (pH 7.0)

0.22 M  Na2S2O4 + 0.22 M  NaHCO3 pH 
adjusted using 1 M HCl

Amorphous Fe-oxyhydroxides Anschutz et al. [48]

III
Ammonium oxalate (pH 3.0)

28.4 g  (NH4)2C2O4·H2O/1 L Milli-Q, 
pH adjusted using 37% HCl

Al-oxyhydroxides, Fe and Al associ-
ated with OM

Modified from Schwertmann [49]
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optical emission spectroscopy ICP-OES. The total amount 
of extracted Fe  (Fe∑Ext), Al  (Al∑Ext) and Mn  (Mn∑Ext) was cal-
culated as a sum of the molar concentration of each ele-
ment in the extractants.

2.4  Phosphorus exchange isotherms

Two or three replicates of 0.3 g (dw) sieved (Ø 2 mm) sedi-
ment samples were weighed into 100 ml acid-washed 
polypropylene centrifuge tubes, rewetted to their ambient 
water content using Milli-Q water and allowed to mois-
ten overnight (~ 17 h) on an orbital shaker (50 rpm, dark, 
+ 5 °C). Rewetted sediments were equilibrated (200 rpm, 
dark, + 5 °C) for 48 h in 60 ml of artificial sea water (ASW) 
containing 0, 5, 10, 15, 20, 50, 75 or 100 µmol P  l−1 as 
 K2HPO4. The ASW was diluted from the stock solution (210 
ppt) to correspond the site-specific bottom water salin-
ity. The ASW stock consisted of sodium chloride (NaCl; 
190 g  l−1), magnesium sulphate  (MgSO4; 61 g  l−1) and 
sodium bicarbonate  (NaHCO3; 1.2 g l−1) in Milli-Q water 
(modified from [52]). The P addition range was chosen 
to represent the near-bottom and pore water P concen-
trations in the GoF [36]. Two replicate blank samples of 
each P addition level were included in the experiments. 
Solid-to-solution ratio 1:200 (corresponding to particle 
concentration 5 g dw  l−1) was used, because our previous 
studies revealed a risk of underestimation of desorbable P 
when using a sediment-to-solution ratio greater than that 
(Vaalama unpublished data).

After equilibration, the samples were centrifuged 
(3000 rpm, 15 min, 22 °C) and filtered (0.40 µm Nuclepore 
PC membrane filter, Whatman). The filtrates were analyzed 
for phosphate  (PO4–P) using molybdenum blue method 
[53] and a spectrophotometer (Genesys 10 uv, Thermo 
Spectronic equipped with a 5-cm flow-injection cuvette; 
detection limit of 0.05 µmol P  l−1; Thermo Fisher Scien-
tific, Waltham, MA, USA). Control solutions containing 0.42, 
4.2 and 10.5 µmol P  l−1 were prepared from a commer-
cial stock solution (Merck®, 1000 mg P  l−1) and routinely 
included in the P analyses to assure the measurement 
quality. The pH of the centrifuged extracts obtained at P 
additions 0 and 100 µmol l−1  (P0 and  P100, respectively) was 
measured prior to filtration. To investigate the potential 
impact of silicate  (SiO4–Si) on P sorption, the correspond-
ing filtrates were frozen and analyzed later spectrophoto-
metrically for  SiO4–Si (referred later as Si–P0 and Si–P100) 
carried out using a Lachat QuickChem 8000 autoanalyzer 
(Lachat Instruments, Hach Co., Loveland, CO, USA) and a 
method [54].

2.5  Phosphorus exchange parameters

The amount of P sorbed onto or desorbed from the sedi-
ments was calculated as a change of P concentration in the 
solution and plotted as a function of the P concentration in 
the equilibrium solution (Fig. 2). Modified Freundlich equa-
tion Q = Q0 + aIb was fitted to the data, and the isotherm 
graphs were drawn using SigmaPlot 10.0 (Systat Software 
Inc., Chicago, IL, USA). In the equation, Q stands for the 
quantity of P sorbed onto or desorbed from the sediment 
surface and I for the P concentration in the equilibrium 
solution. The parameter a is a Freundlich constant and b 
describes the measure of nonlinearity involved [55], while 
Q0 is a theoretical estimate for the total amount of desorb-
able P in the sediments [56, 57].

The P exchange parameters  EPC0, kEPC0, k15 and k100 
were calculated from the Freundlich equation to study 
the differences among the isotherms (Fig. 2). Equilibrium 
P concentration  EPC0 (i.e. I at Q = 0; µmol l−1) stands for 
the crossover P concentration at which no P release from 
or sorption to sediment occurs [22]. The kEPC0 (l g−1) is the 
slope of the tangent fitted to the isotherm equation at 
 EPC0, calculated as Kd in [31]. It describes the P equilib-
rium buffering capacity [22] at early sorption stage. The 
k15 and k100 (l g−1) are calculated slopes of the tangents 
at two observation points Q1/I1 and Q2/I2 that stand for 
the P additions 15 and 100 µmol l−1, respectively (Fig. 2). 
The k15 describes the sediment P buffering capacity at the 
middle sorption stage (i.e. at the point where, in most of 
the studied sediments, the sorption isotherms turned from 

Fig. 2  Graphical illustration of P exchange isotherm and the param-
eters  EPC0 (µmol  l−1), kEPC0, k15 and k100 (l g−1) calculated from the 
Freundlich equation. Intensity (I on the x-axis) represents the 
equilibrium P concentration (µmol  l−1), quantity (Q on the y-axis) 
the amount of P desorbed from or sorbed onto the sediments 
(µmol g−1) and Q0 the amount of potentially desorbable P in sedi-
ments
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a linear to a bending sorption pattern). The k100 describes 
the P buffering capacity at the high sorption stage at the 
end of the isotherm (i.e. when the sorption weakens as a 
result of increased P saturation degree of the sediment 
surface). The amount of P sorbed by the sediments at the 
middle and at the high sorption stages was calculated as 
percentages from the P addition levels 15 and 100 µmol l−1 
(S%P15 and S%P100, respectively). Finally, the amount of P 
released from the sediments in equilibration with P-free 
ASW (desorbable P; µmol l−1) was used as an estimate for 
the easily exchangeable, loosely bound P in the sediments.

However, in the sediment #21 the Freundlich equation 
did not converge properly, and the equation parameters 
Q0, a and b resulted in calculated  EPC0 that deviated mark-
edly from the P exchange data. Therefore,  EPC0 for this sed-
iment was determined from the linear part of the isotherm 
using linear fitting (Q = kI + b), while the other P exchange 
parameters were calculated from the Freundlich equation.

2.6  Statistical analysis

Spearman correlation was used to investigate the statisti-
cally significant relations within the variables in the data-
set. Differences between distinguished sediment groups 
were studied using either the nonparametric Mann–Whit-
ney U or Kruskal–Wallis test (non-normal and homosce-
dastic data) and Kolmogorov–Smirnov test (non-normal 
and heteroscedastic data). Hierarchical cluster analysis 
was used to classify the sediments according to their P 
sorption pattern using the P exchange parameters  (EPC0, 
kEPC0, k15 and k100) and the sorption percentages (S%15 and 
S%100) as variables. Non-normal variables were log-trans-
formed prior to analyses. Discriminant analysis was used 
to discover the possible multivariate effect of different 
factor combinations on the single P exchange parameters 
describing the early  (EPC0, kEPC0) and the middle (k15) sorp-
tion stages. For the analysis, each parameter was divided 
into groups: “high”, “moderate” and “low” according to their 
values. Outliers of the predictor variables were identified 
using box plots and replaced by the mean value of the 
variable in question. The qualification of the analysis was 
ensured by equal log determinants and similar covariance 
matrices (Box’s M test, p > 0.05). The statistical tests were 
performed using R 3.5.2 (2018-12-20, package “Hmisc” for 
the correlation analysis) and SPSS (IBM SPSS Statistics 24) 
programs, with significance level p = 0.05.

3  Results

3.1  Physical properties and content of total 
elements in the sediments

As for the sampling sites, five oxic and eight poorly oxic 
sites were located in the inner and five oxic and four poorly 
oxic ones in the outer archipelago. The pH measured from 
 P0 isotherm extracts was significantly higher in the origi-
nally oxic (6.9–7.3) than in the originally poorly oxic sedi-
ments (5.6–7.2) (D = 0.667, p ≤ 0.04) and higher in  P0 than in 
 P100 solutions (results not shown). At the inner archipelago, 
the underwater camera recorded in situ gas ebullitions (i.e. 
bubbling) that resuspended the sediment surface at the 
sites #6, 9, 10 and 12. The sediment at the site #8 contained 
plenty of gas holes, while laminated sediments were 
recorded at the site #3 in the inner and at the sites #14 
and 17 in the outer archipelago. The SSA of the sediments 
varied from 2.4 to 26.3 m2  g−1, being significantly higher 
in the inner than outer archipelago (W = 107.5, p < 0.001).

Content of TC ranged from 811 to 6432 µmol g−1 and 
that of TN from 132 to 828  µmol  g−1 (Fig.  3a, b). They 
correlated positively with each other and TS (Online 
Resource 1; Table 1). Poorly oxic sediments were some-
what higher in TC and TS (average ± sd, 4440 ± 1290 and 
181.5 ± 77.5 µmol g−1, respectively) than the originally oxic 
ones (3720 ± 1420 and 122.7 ± 62.8 µmol g−1, respectively), 
but the difference was not significant. However, C:N ratios 
were significantly higher in the originally poorly oxic than 
in the oxic sediments and also higher in the inner than 
in the outer archipelago (D = 0.6, p = 0.023 and D = 0.735, 
p = 0.003, respectively). Total Fe (280–1236 µmol g−1) and 
Al (1714–2648 µmol g−1) correlated positively with SSA 
and negatively with exposure index (Online Resource 1; 
Table 1). In the inner archipelago, the sediments were sig-
nificantly higher in TFe (W = 110, p < 0.001) and TAl (W = 93, 
p = 0.021) than in the outer archipelago. Content of TMn 
was lower than that of TFe or TAl (Fig. 3d). Total P ranged 
between 21 and 72 µmol g−1, excluding the exceptionally 
high content (181 µmol g−1) in the sediment #1 (Fig. 3d). 
No significant difference in TP was found between either 
the inner and the outer archipelago sediments or the origi-
nally oxic and the poorly oxic sediments.

3.2  Oxyhydroxides of Fe, Al and Mn

The investigated sediments were higher in  FeƩExt 
(148.9 ± 124.2 µmol g−1) than in  AlƩExt (84.2 ± 34.8 µmol g−1) 
or  MnƩExt (5.18 ± 7.92 µmol g−1). In most of them,  FeDith 
(65.0 ± 76.7 µmol g−1) comprised the greatest fraction 
of  FeƩExt, while the contents of  FeAsc and  FeOxal were 
rather similar (45.4 ± 34.5 and 38.6 ± 19.0  µmol  g−1, 
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respectively). Of the Al-fractions,  AlOxal was the largest 
one (68.4 ± 27.5 µmol g−1), followed by  AlAsc and  AlDith 
(10.6 ± 6.6 and 5.2 ± 4.0 µmol g−1, respectively). In the inner 
archipelago, the sediments were significantly higher in 
 FeDith and  FeOxal (D ≥ 0.812, p ≤ 0.001) and in all extracted 
Al-fractions (D ≥ 0.590, p ≤ 0.028) than those in the outer 
archipelago. Furthermore, the originally poorly oxic sedi-
ments were significantly higher in  AlAsc than the oxic ones 
(D = 0.55, p = 0.049). Each Al- and Fe-fraction correlated 
positively with SSA (Online Resource 1; Table 1), and  AlAsc 
correlated with C:N ratio (ρ = 0.728, p < 0.001). No differ-
ences in Mn were recorded either between the inner and 
the outer archipelago sediments or the originally oxic and 
the poorly oxic ones.

3.3  Phosphorus exchange parameters

Parameters  EPC0 and kEPC0 varied widely among the inves-
tigated sediments (0.18–38.2 µmol l−1 and 0.03–7.42 l g−1, 
respectively). The parameters k15 (0.07–2.36 l g−1) and k100 
(0.01–0.18 l g−1) varied relatively less. All the P exchange 

parameters correlated significantly with exposure index 
(Online Resource 1; Table 2). Furthermore, the param-
eters  EPC0, kEPC0 and k15 correlated strongly with desorb-
able P. High kEPC0, k15 and k100 values were related to the 
abundance of  AlAsc,  AlDith,  FeDith and  FeAsc+Dith as well as 
to large SSA of the sediment material. The correlations 
of these Al- and Fe-fractions and P buffering capacities 
became stronger with increasing P sorption: the kEPC0 had 
the lowest correlations (Spearman’s rho) with  AlAsc, TFe, 
 FeDith,  FeAsc+Dith and  AlDith, whereas k100 had the greatest 
ones (Online Resource 1; Table 2). In addition,  FeOxal,  FeƩExt, 
 AlƩExt and C:N ratio correlated significantly with the buffer-
ing capacity at k15 and especially at k100. The k100 was the 
only parameter that correlated significantly with  FeAsc and 
 AlOxal.

According to the discriminant analysis, the sediment 
groups of low, moderate and high  EPC0 values were most 
clearly separated by using either the predictor variable 
combination Ʃ(desorbable P,  AlƩExt, exposure index, Si–P0,) 
or that of Ʃ(desorbable P, C:N ratio, exposure index, water 
depth) (Fig.  4a, b). For summaries of the discriminant 

Fig. 3  Total content of C and 
Ca (a), N and S (b), Al and Fe 
(c) as well as P and Mn (d) in 
the sediments (µmol g−1). The 
line between the sediments 
#13 and 14 separates the 
sediments locating in the 
inner (#1–13) and in the outer 
(#14–22) archipelago. Note the 
different scales on the y-axes
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Fig. 4  Variable combinations discriminating the groups of low, moderate and high  EPC0 (a. and b.),  kEPC0 (c. and d.) and  k15 (e. and f ). Stand-
ardized canonical function coefficients that describe the relative importance of each predictor are presented in brackets (EI = exposure index)
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functions, see Online Resource 2 (Tables 1–3). The predic-
tor variables are presented in decreasing order of their 
absolute values of the standardized function coefficients 
(Fig. 5, Online Resource 2: Table 3). A negative sign in the 
standardized function coefficient refers to a negative 
correlation of predictor variables with the discriminat-
ing function. The sediment groups of high, moderate 
and low kEPC0 values were most clearly separated with 
the variable combination Ʃ(desorbable P,  AlOxal,  SiP0 and 
exposure index) and with that of Ʃ(desorbable P,  AlƩExt and 
TP) (Fig. 4c, d). The first significant discriminant function 
obtained in analyses with the used variable combinations 
explained ≥ 94% and ≥ 86% of the variances among the 
 EPC0 and the kEPC0 groups, respectively, calculated from 
the squared canonical correlations (Online Resource 2; 
Table 1). Furthermore, the sediment groups of low, mod-
erate and high  k15 values were separated by variable 
combinations Ʃ(AlƩExt, desorbable P and TP) and Ʃ(AlOxal, 
desorbable P,  FeAsc+Dith and exposure index) (Fig. 4e, f ). 
The first discriminating functions obtained in both vari-
able combinations explained ≥ 83% the variance among 
the k15 groups.   

3.4  Phosphorus exchange patterns 
of the sediments

The hierarchical cluster analysis divided the sediments 
into the main clusters A and B according to their sorp-
tion patterns (Fig. 5). The cluster A was further divided 
into subgroups a and b and the cluster B into subgroups 
c and d. The main clusters differed significantly (D ≥ 0.727, 
p ≤ 0.006) in all their P exchange parameters (Table 3). In 
the cluster A, the sediments had lower  EPC0 and higher 
kEPC0, k15 and k100 values than those in the cluster B and, 
thus, produced isotherms of steep sorption pattern. In the 
cluster B, in turn, the opposite parameter values resulted 
in isotherms with gently sloping sorption pattern. The 
sediments in the cluster A sorbed 47–66% of the maxi-
mum amount of the added P (100 µmol P  l−1), while the 
corresponding portions in the cluster B were 32–38% and 
9–24% for the subgroups c and d, respectively (Fig. 6).

In the cluster A, eight out of the 11 sediments had been 
collected from the inner and the rest three ones from the 
outer archipelago. Four sediments were originally oxic and 
the rest seven ones poorly oxic (Fig. 5). As for the sedi-
ments in the cluster B, those in the subgroup c were all 
collected from the inner archipelago. They were originally 
poorly oxic, except #13. The sediments in the subgroup d 
were, in turn, collected from the outer archipelago and 
were originally oxic (except #14). The sediments in the 
cluster A were significantly lower in desorbable P than 
those in the subgroups c and d (D = 0.818, p = 0.001). How-
ever, the sediments in the cluster A and the subgroup c 
were quite similar in terms of their SSAs and contents of 
 FeDith,  FeOxal,  AlAsc,  AlDith and  AlOxal, while in the subgroup 
d sediments these parameters and C:N ratios were signifi-
cantly lower (D ≥ 0.800, p ≤ 0.048) (Fig. 6). Furthermore, in 
the sediments of subgroup d also  FeAsc were lower than in 
the other groups, but the difference was significant only 
between the subgroups c and d (D = 0.833, p = 0.026).

4  Discussion

4.1  Sedimentation environment

The material transported and deposited to the sea floor 
as well as the prevailing conditions at the sedimentation 
environment dictate the P sorption properties of the sur-
face sediments. In the present study at the topographically 
fractured northern coast of the GoF, the sedimentation 
environments differed according to their location in the 
inner or the outer archipelago. According to the classifica-
tion presented by Wijkmark and Isaeus [45], all the inner 
archipelago sites of this study are located in areas classi-
fied as “sheltered”, “very sheltered” or “extremely sheltered”. 

Fig. 5  Phosphorus exchange isotherms of the sediments and their 
separation into clusters A and B and subgroups a–d by the hierar-
chical cluster analysis. The originally oxic sediments are highlighted 
with circles. Note the different scales on the x-axis
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In these types of locations, the free exchange of water and 
suspended material is restricted between the inner and 
the outer archipelago. In the sheltered locations, calm sed-
imentation conditions favour the sedimentation of light 
slowly depositing fine particulate OM as well as that of clay 
particles high in Fe- and Al-oxyhydroxides providing sorp-
tion surface for P. In fact, in the investigated sediments, the 
large SSA was strongly related to the amount of Fe- and Al-
oxyhydroxides in the sediments being significantly higher 
in the inner than in the outer archipelago.

On the other hand, in sheltered coastal environments, 
subjected to high external nutrient loading, mineraliza-
tion of OM can cause depletion of  O2 at the sea bottom. 
This, together with temperature stratification further hin-
dering mixing of water, explains the occurrence of poorly 
oxic sediments in the inner archipelago. At these sites, TC 
and C:N ratios in the sediments were higher than in the 
originally oxic ones, which indicates conditions favoura-
ble for accumulation of (terrestrial) OM as well as possible 
hypoxia/anoxia-induced  N2 losses from the sediments [see 
58]. The originally oxic inner archipelago sediments #2 and 
4 located at clearly shallower water depths (< 7 m) and, 
thus, they were more prone to the turnover of the water 
column than the other sediments in the inner archipelago. 

This explains their good  O2 status. On the contrary, the 
high exposure indexes on the outer archipelago sedi-
ments indicated their susceptibility to waves and wind-
induced water mixing. However, most of the sediments 
on this area are located at depths > 30 m, i.e. deeper than 
the estimated water mixing depth (25–30 m) on the open 
Baltic during storm events [59]. This can explain the poor 
oxygen conditions found at the deep sites #14, 17, 18 and 
22. Of all the outer archipelago sediments, the originally 
oxic ones (#15, 16, 19, 20 and 21) had a lower SSA, C:N 
ratio and TFe content than the poorly oxic ones. This indi-
cates that these areas did not efficiently accumulate fine 
particulate inorganic and organic material. These findings 
suggest that the sediment material differed between the 
inner and the outer archipelago, being more fine-textured 
in the former and coarser in the latter one.

4.2  Phosphorus exchange at the early sorption 
stage  (EPC0 and kEPC0)

In the studied sediments, the variation in the  EPC0 
0.2–38.2 µmol  l−1 corresponds to that reported in ear-
lier studies on Ca-rich environments. For instance, in 
the surface sediments of Florida Bay lagoon the range 

Table 3  Sediments divided 
into main clusters A and 
B/subgroups a–d by the 
hierarchical cluster analysis, 
their location in the inner or 
outer archipelago, calculated 
 EPC0 (µmol l−1), kEPC0, k15 
and k100 (l g−1) values/
their grouping (l = low, 
m = moderate, h = high) in 
discriminant analysis, sorption 
percentages S%15 and S%100 
and desorbable P  (Pdes, 
µmol l−1)

a EPC0 determined from the linear equation

Sed # Clust/
sub-
group

Location EPC0/group kEPC0/group k15/group k100 S%15 S%100 Pdes

1 A/a Inner 3.92/h 1.32/m 0.94/m 0.18 61.9 61.6 3.46
9 A/a Inner 0.29/l 7.28/h 2.36/h 0.09 93.3 62.5 0.27
17 A/a Outer 0.61/l 3.99/h 1.51/h 0.15 86.8 66.4 0.45
18 A/b Outer 0.74/l 1.80/m 0.58/m 0.11 74.8 54.5 0.58
22 A/b Outer 0.20/l 7.42/h 1.43/h 0.06 91.5 50.6 0.20
2 A/b Inner 0.18/l 7.16/h 1.09/h 0.04 90.6 46.6 0.19
10 A/b Inner 0.72/l 3.24/h 1.08/h 0.07 84.3 53.6 0.62
4 A/b Inner 0.34/l 5.18/h 1.30/h 0.05 90.0 50.5 0.32
5 A/b Inner 1.78/m 1.32/m 0.62/m 0.08 70.3 49.8 1.54
3 A/b Inner 0.39/l 4.41/h 1.36/h 0.08 89.4 53.5 0.37
6 A/b Inner 0.78/l 2.60/h 0.91/m 0.08 82.6 54.8 0.71
7 B/c Inner 1.97/m 0.76/m 0.29/m 0.04 57.9 33.7 1.49
8 B/c Inner 2.44/m 0.84/m 0.38/m 0.05 61.1 37.2 2.04
11 B/c Inner 3.51/m 0.45/l 0.24/l 0.04 48.3 32.4 2.60
12 B/c Inner 5.68/h 0.55/m 0.35/m 0.06 40.8 38.1 4.21
13 B/c Inner 2.88/m 0.63/m 0.32/m 0.05 55.8 37.8 2.25
15 B/d Outer 2.07/m 0.30/l 0.07/l 0.01 34.5 12.6 1.30
21 B/d Outer 38.2a/h 0.03/l 0.09/l 0.02 -44.0 9.3 12.2
14 B/d Outer 5.58/h 0.33/l 0.18/l 0.02 32.8 21.3 3.56
16 B/d Outer 4.48/h 0.28/l 0.16/l 0.03 35.0 24.2 2.87
19 B/d Outer 4.70/h 0.20/l 0.10/l 0.02 27.0 18.7 2.50
20 B/d Outer 12.6/h 0.18/l 0.17/l 0.04 6.1 21.9 6.38
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in  EPC0 is reported to be 0.4–27.8 µmol l−1 [31], in those 
of mesotrophic and hypereutrophic lake sediments 
0.71–6.97 µmol l−1 [60] and in plateau lake sediments in 
China 1.26–2.26 µmol  l−1 [24]. However, in the present 
study the range of kEPC0 values (0.03–7.4 l g−1) was clearly 
higher than, for example, that recorded on the Florida 
Bay (0.033–0.716 l g−1) [31]. This difference is likely due 
to dissimilar sediment properties, as our sediments were 
on average more than tenfold higher in  FeAsc and  FeDith 
than the calcareous Florida Bay sediments (dithionite and 
ascorbic acid extractable Fe 0.81–4.21 µmol g−1) [61].

In the present study, the original P content (on the oxy-
hydroxide surfaces) in the sediments was the strongest 
single factor explaining the P sorption at the early sorp-
tion stage, recorded as the strong correlation between 
desorbable P and  EPC0 and kEPC0. This finding agrees with 
the results obtained in a study of Zhang and Huang with 
calcareous  (CaCO3 > 81 weight-%) Florida Bay sediments 
[31]. Their study revealed significant correlations between 
 MgCl2-extractable (i.e. loosely bound) P and  EPC0 and Kd 
values. In general, a low amount of desorbable P indicates 
either low content of P in the sediments or that the P is 
strongly bound onto the particle surfaces or occluded in 
the particle structures. Thus, it can result from the small 
amount of adsorbents or from the fact that they are rather 

empty of P. These factors result in low  EPC0. For instance, 
Villnäs et al. [35] reported high  EPC0 (10.93 µmol l−1) for the 
sandy sediment in the northern GoF that was likely attrib-
utable to coarse sediment material poor in the P sorption 
sites. All the above-referred  EPC0 and Kd values are from 
studies executed with freeze-dried sediments, which ren-
ders them relatively well comparable to those obtained 
in our study. However, the comparison of the P exchange 
parameters reported in various studies is always guiding, 
as experimental conditions used often differ.

Altogether, the low  EPC0 and the high kEPC0 indicate 
the presence of substantial amount of available unoc-
cupied sorption sites. In the present study, all sediments 
in the groups of low  EPC0 (< 1 µmol l−1) and high kEPC0 
(2.60–7.42  l g−1) were characterized by steep sorption 
patterns and the highest sorption potentials (the cluster 
A sediments). They were lower in desorbable P than oth-
ers and had significantly lower ratios of desorbable P/SSA 
(Chi-squared = 16.35, df = 2, p < 0.001) than the sediments 
with the gently sloping sorption pattern. This outcome 
indicates that their P occupation degree was the low-
est one. They also possessed large SSAs, which, together 
with the low P occupation degree, explains their low  EPC0 
and high kEPC0.

Fig. 6  Phosphorus sorption 
percentages (S%100), desorb-
able P (µmol l−1), SSA  (m2  g−1) 
as well as extracted metals 
 FeAsc,  FeDith,  FeOxal,  AlAsc.  AlDith 
and  AlOxal (µmol g−1) of the 
sediments in the main cluster 
A, with the steep sorption pat-
tern, and in the subgroups c 
and d, with the gently sloping 
sorption patterns
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The strong positive correlation between  FeDith and kEPC0 
reflected the abundance of amorphous Fe-oxyhydroxides 
particularly in the originally poorly oxic sediments. Most 
of the sediments of steep sorption pattern were origi-
nally poorly oxic, wherefore Fe in the sediments had been 
reduced to soluble Fe(II) form unable to bind P. The sedi-
ments had been oxidized during sampling, handling and 
drying. These changes allowed the oxygenation of Fe(II) 
to amorphous Fe(III)-oxyhydroxides, which explains the 
abundance of  FeDith. This was related to high buffering 
capacities as well as to low occupation degrees of the 
sediments. The hypoxia-induced lower P occupation 
degree agrees also with results reported by Villnäs et al. 
[35] that hypoxia lowered EPC0 in the surface sediment. 
Furthermore, resuspension of sediment caused by gas 
ebullitions (recorded in situ at the sites #6, 9, 10) can pro-
mote the P release from the particle surfaces. This reaction 
pattern is attributable to a lowered ionic strength and P 
concentration of the surrounding solution as a result of 
increasing water volume that favours the release of P from 
the oxyhydroxides, see Yli-Halla and Hartikainen [62]. The 
 AlAsc- and  AlDith-fractions correlated also strongly positively 
with the kEPC0, but they were less abundant than the  FeDith 
in the sediments. Furthermore, their origin is uncertain, 
wherefore it is not known whether they acted as real 
adsorbents for P or were they, for instance, liberated inside 
Fe-containing oxyhydroxides along with the dissolution of 
Fe in the analysis [37, 63].

The highest desorbable P contents and P occupation 
degrees were recorded in the sediments with gently slop-
ing sorption pattern. Thus, the sorption of added P started 
at a higher P concentration of the solution, i.e. resulting in 
a high  EPC0 (≥ 1.97 µmol l−1) and low kEPC0 (≤ 0.84 l g−1). Of 
the sediments of gently sloping sorption pattern, those 
in the subgroup c were mostly hypoxic and had more 
adsorbents than the mostly oxic sediments in the sub-
group d. The subgroup c sediments had high SSAs and 
they were abundant in oxyhydroxides, particularly in those 
of Al  (AlOxal). This explains their P occupation degree being 
higher than in the hypoxic sediments with the steep sorp-
tion pattern. It seems that the redox-resistant Al-oxyhy-
droxides were able to keep P bound to them despite the 
poor oxygen status at the time of sampling. The sediments 
of the subgroup d, in turn, possessed a limited amount of 
adsorbents due to their coarser material with lower con-
tents of oxyhydroxides. Furthermore, these sediments 
had the highest desorbable P/SSA ratios and P contents. It 
seems that the oxic conditions that prevailed at the time of 
sampling in most of these sediments had allowed P accu-
mulation which further lowered their P sorption ability.

The examination of the effect of various variable com-
binations on the P sorption at the early sorption stage 
revealed that the amount of Al-oxyhydroxides was the 

second strongest variable, after desorbable P, explaining 
the sediment grouping according to their  EPC0 and kEPC0 
values. The stronger explaining power of Al- than that of 
Fe-oxyhydroxides in the discriminant analysis was prob-
ably attributable to the smaller variation in the Al- than 
Fe-fractions within the sediment groups. Furthermore, 
concentration of silicate  (SiO4–Si) desorbed from the sedi-
ments into P-free ASW (Si–P0) and C:N ratio in the sedi-
ments affected the sediment grouping according to their 
 EPC0 and kEPC0 values. This result implies that the presence 
of reactive silicate lowers the P buffering capacity at the 
early sorption stages, particularly if present concomi-
tantly with abundant desorbable P, as these anions tend 
to occupy the same sorption sites [64]. The contribution 
of C:N ratio in separating the  EPC0 and kEPC0 groups, in 
turn, may reflect the original  O2 conditions, as the ratio 
was higher in the originally poorly oxic than in the oxic 
sediments, as discussed above.

4.3  Phosphorus exchange at the middle 
and the high sorption stages (k15 and k100)

The stronger positive correlation between SSA and k100 
than that between SSA and k15 suggests that large SSA 
was necessary for the highest P sorption potentials. The 
strong positive correlation between the P buffering 
capacities and the SSAs agrees with the findings of ear-
lier studies. For instance, Meng et al. [65] showed that P 
sorption isotherms were the steepest in the fine silt frac-
tion and decreased in the order: medium silt, coarse silt 
and sand. In the investigated sediments, the high SSAs of 
the sediments with steep sorption pattern were reflected 
as significant positive correlations between  FeDith,  AlAsc, 
 AlDith and  FeOxal and the buffering capacities at the mid-
dle (k15) and the high sorption stages (k100) as well as 
that between  AlOxal and k100. These results indicate that a 
variety of sorption components, represented as Fe and Al 
extracted from oxyhydroxides of differing redox sensitiv-
ity, participated in efficient P sorption. Chemical extrac-
tion does not distinguish between certain compounds 
but rather between mixed oxyhydroxides of variable 
stability. For instance, the  FeOxal-fraction may be overes-
timated, as oxalate is reported to extract Fe also from FeS 
compounds [51]. In our samples, the originally poorly 
oxic sediments with steep P sorption patterns were high 
in TS and it is possible that part of the TS originated in 
FeS compounds.

All the sediments with the highest k15 values 
(1.08–2.36 l g−1) showed steep sorption patterns. Of the 
sediments with gently sloping sorption pattern, most of 
those, again, in the subgroup c possessed moderate k15 
values (0.29–0.94 l g−1), whereas all the subgroup d sedi-
ments had low k15 values (≤ 0.24 l g−1). The  AlƩExt and  AlOxal 
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explained most strongly the separation of the sediments 
into groups of high, moderate and low k15 values. This 
result suggests that Al-oxyhydroxides had an important 
role along with the Fe-oxyhydroxides at all the sorption 
stages.

4.4  Potential impacts of freeze‑drying on the P 
exchange in sediments

As the study was performed with oxygenated freeze-dried 
sediments, the results are not fully equivalent to the P 
exchange properties of fresh oxic samples. Previous stud-
ies report freeze-drying to change the partitioning of Fe 
and other trace metals [66], to promote the formation of 
Fe oxyhydroxides and to increase their crystallization [67]. 
Furthermore, P exchange experiments with air-dried sedi-
ments have been found to produce more gently sloping 
isotherm graphs than those with fresh sediments [68, 69]. 
Previously we investigated P exchange in fresh (protected 
from atmospheric  O2) and freeze-dried oxic and hypoxic 
sediments collected from the same sea area (the experi-
ment and its results are presented in Vaalama et al., under 
revision). Our results revealed that the  EPC0 values were 
0.1–0.5 µmol l−1 higher in the freeze-dried samples than 
in the fresh ones. Furthermore, the kEPC0 values of the 
freeze-dried samples were approximately a tenth of the 
kEPC0 values of the fresh samples. This outcome is presum-
ably attributable to drying-induced structural changes 
in P sorption components. Our findings indicate that the 
P sorption potentials of the freeze-dried sediments are 
somewhat lower than they would be in fresh sediment 
samples. However, the purposes of the present study were 
to investigate the potential differences in sorption proper-
ties among various coastal sediments (pre-treated simi-
larly) and to unravel how their physico-chemical charac-
teristics explain their differing P sorption behaviour. Thus, 
freeze-drying, which is a common pre-treatment method 
used for preservation purposes in sediments analyses, 
see, e.g. [31, 32, 35], seems an appropriate pre-treatment 
method in this kind of investigations. However, accord-
ing to our knowledge, the effect of long-term storing of 
freeze-dried sediments on their P exchange properties has 
not been investigated.

4.5  Importance of the results 
concerning eutrophied coastal seas

The results suggest that temporarily hypoxic sheltered 
bays accumulating fine particulate material and being sub-
jected to P inputs from the watersheds are at elevated risk 
of internal P loading. During hypoxia, the ability of surface 
sediments to act as a buffering layer for P releasing from 
the deeper layers will be lowered. Furthermore, the results 

reveal that a high occupation degree of P on the existing 
adsorbents lowers the P buffering ability of oxic sediments, 
which suggest that good  O2 conditions do not guarantee 
any complete P retention onto the sediments. They also 
agree with the study of Puttonen et al. [70], where the shal-
low inner archipelago sediments in the northern Baltic Sea 
(in the Archipelago sea) showed to be an important and 
probably underestimated sources for aquatic P. However, 
in case the poor O2 conditions improve, the sediments in 
the inner archipelago seem to possess potential to effi-
ciently bind P. In the future, the P exchange parameters 
 EPC0 and kEPC0 of oxygenated coastal surface sediments 
could be used, together with the information on the  O2 
conditions near the sea floor, when estimating their poten-
tial risk of internal P loading.

5  Conclusions

The sediments with the highest P sorption potentials 
showed steep sorption patterns, characterized by low 
 EPC0 (< 1 µmol  l−1) and high kEPC0 (≥ 1.32 l g−1) and k15 
(≥ 0.60  l g−1) values. They had high SSAs and a variety 
of sorption components (amorphous Fe- and Al-oxyhy-
droxides,  FeOxal,  AlAsc and  AlDith)  that were attributable 
to fine-textured sediment material being characteristics 
of sheltered environments in the inner archipelago near 
the coastline. Such environments are subjected to riverine 
supply of terrestrial sorption components from the water-
sheds. The greatest P sorption potentials were recorded 
in the originally poorly oxic sediments with low P occupa-
tion degree of the adsorbents. This can be attributable to 
oxidation-induced formation of new Fe-oxyhydroxides, 
with high affinity for P, in the sediment sampling, handling 
and storing. The Al-oxyhydroxides seemed to act as impor-
tant sorption sites for P in the reduced sediments collected 
from the poorly oxygenated areas in the inner archipelago. 
The sediments with low P sorption potentials showed gen-
tly sloping sorption patterns, characterized by high  EPC0 
(≥ 2.0 µmol l−1) as well as low kEPC0 (< 0.80 g−1) and k15 val-
ues (< 0.40 l g−1). The low sorption potentials resulted from 
the rather high P occupation degree of the adsorbents. 
Furthermore, the lowest sorption potentials were recorded 
in the coarse-textured sediments in the outer archipelago, 
which refers to scarcity of adsorbents for P. Our results 
highlight the complex contribution of physico-chemical 
properties of the sedimentation environment on the P 
exchange in the sediments. They also suggest that when 
hypoxic sediment surface is allowed to oxidize, its P sorp-
tion ability can improve, if adsorbents for P are available. 
Thus, the clayey mud sediments in hypoxic eutrophic 
coastal areas may recover their ability to bind P if the oxy-
gen conditions improve.
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