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Abstract The chemical composition and vertical
distribution of sediment phosphorus (P) in shallow
coastal sediments of the northeastern Baltic Sea (BS)
were characterized by sequential extraction. Different
P forms were related to chemical and physical
properties of the sediments and the chemistry of
pore water and near-bottom water. Sediment P
composition varied among the sampling sites located
in the Archipelago Sea (AS) and along the northern
coast of the Gulf of Finland (GoF): the organic rich
sites were high in organic P (OP), while apatite-P
dominated in the area affected by sediment transpor-
tation. Although the near-bottom water was oxic, the
sediments released P. Release of P was most
pronounced at the site with high sediment OP and
reduced conditions in the sediment-water interface,
indicating that P had its origins in organic sources as
well as in reducible iron (Fe) oxyhydroxides. The
results suggest that even though these coastal areas
are shallow enough to lack salinity stratification
typical for the brackish BS, they are vulnerable to
seasonal oxygen (O,) depletion and P release because
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of their patchy bottom topography, which restricts
mixing of water. Furthermore, coastal basins accu-
mulate organic matter (OM) and OP, degradation of
which further diminishes O, and creates the potential
for P release from the sediment. In these conditions,
an abundance of labile OP may cause marked efflux
of P from sediment reserves in the long-term.
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Introduction

Like many coastal sea areas, the Gulf of Finland
(GoF), which is a continuum of the Baltic Proper
(BP) in the northeastern Baltic Sea (BS), and the
Archipelago Sea (AS), which contains thousands of
small isles southwest of Finland, are eutrophied.
Coastal sea areas receive most of the nutrients
discharged from the terrestrial environment via rivers
and estuaries (and groundwater discharge), and algal
blooms often cause the most harm in coastal areas,
hindering their recreational and economical use. In
the GoF and AS, the main sources of phosphorus (P)
are agriculture, municipal wastes, and fish farming
(Bonsdorff et al. 1997, HELCOM 2003). However,
P is also released from reserves accumulated in
bottom sediments (e.g. Emeis et al. 2000). P bound to
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iron (Fe) oxyhydroxides in the sediment is released
when Fe is reduced due to oxygen (O,) depletion in
the near-bottom water (Einsele 1936, 1938; Mortimer
1941, 1942). In addition, release of organic P (OP)
can be enhanced under O, depletion (Ingall et al.
1993; Ingall and Jahnke 1994; Ingall and Clark
1998). Despite their shallowness, some areas in the
AS and northern coast of the GoF are seasonally
hypoxic (0, <2 ml17") (Bonsdorff et al. 1997;
Virtasalo et al. 2005; Vallius 2006; Kotilainen et al.
2007). Variable bottom topography (Winterhalter
et al. 1981) creates sub-basins sheltered from strong
water currents, and they gather organic matter (OM).
Microbial degradation of OM consumes O,, espe-
cially in summer, and further releases Fe-bound P.
Degradation of organic P compounds also releases
phosphate (PO,4-P), making it available to bacteria
and algae.

In addition to the concentration of O,, sediment P
release depends on the chemical character and
binding forms of P and on sediment properties. In
fact, P release also occurs in oxic conditions (Lee
et al. 1977; Bostrom et al. 1982). Mineralization- or
reduction-released PO4-P in sediment pore water
diffuses to the near-bottom water if it is not bound
e.g., to Fe or aluminium (Al) oxyhydroxides, or
incorporated into organisms. Although the benthic
animals mix and oxidize the sediment surface,
improving its P binding ability and possibly also
enhancing authigenic Ca—P formation deeper in the
sediment (Slomp et al. 1996a), deep burrow channels
can enhance pore water PO,4-P release (Petr 1977,
Aller 1988; Hietanen et al. 2007). In addition, anion
competition (e.g., silicate, SiO4-Si, and organic acids)
and an increase in pH may result in release of P from
metal oxides (Hingston et al. 1967; Ryden et al. 1987,
Koski-Vihidld et al. 2001). Eutrophication and
hypoxia are common problems in many shallow
coastal environments. However, the present knowl-
edge on the chemical character of sediment P in these
areas, which could help in quantifying the processes
in P cycling and seeking for applicable protection
measures, is inadequate.

Fractionation is a commonly used method to
characterize P in aquatic sediments. It separates P
into several forms according to solubility and reac-
tivity against various reagents. For example, Hieltjes
and Lijklema (1980), Van Eck (1982), Pettersson
et al. (1988), and Ruban et al. (1999) have discussed
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and compared different methods. Despite the role of
sediments in P loading and the importance of
sediment P forms for its release, P fractionation
studies in coastal areas of the BS are still few.
Moreover, they use different methods, making com-
parison of results difficult. Redox-dependent P is
shown to be abundant in oxic archipelago sediments
and near-shore areas in the western BP (Carman and
Jonsson 1991) as well as in surface sediments in the
Gulf of Riga (Aigars 2001) and Kiel Bight (Balzer
1986). In Aarhus Bay, Fe-bound P and apatite-P are
the most abundant P forms (Jensen and Thamdrup
1993; Jensen et al. 1995). Frankowski et al. (2002)
reported that Ca-bound P dominated, followed by
Fe- and Al-P in the Pomeranian Bay, while residual
P, Fe—P, and Al-P were abundant on the northeastern
coast of the GoF (Lehtoranta 1998), although, in that
study, Al-P may have been overestimated (Chang
and Jackson 1957; Williams et al. 1971a). Virtasalo
et al. (2005) found that in the surface sediments of
AS, OP dominated, followed by detrital apatite-P,
redox-sensitive P, and authigenic apatite-P.

We examined the chemical composition of P in
different sediment types in oxic shallow coastal areas
in the AS and northern GoF in order to evaluate the
potential for release or burial of sediment P, and thus,
the potential affect on eutrophication. We also
studied the chemistry of the sediment, pore water,
and near-bottom water to clarify the behaviour of P at
the sediment-water interface. This study of coastal
sediments overlain by oxic near-bottom water was
made using the same methods as previously in studies
of estuaries and poorly oxygenated open sea sedi-
ments in the northeastern BS (Lukkari et al. 2008,
submitted), which allows comparison of the results.

Materials and methods

Research area and sediment types in the research
area

The mean water depth of the GoF (area 29 571 km?)
is only 37 m and the deepest basin is 123 m deep
(Alenius et al. 1998). Salinity is low (610 PSU in
the bottom water) but the bottom topography at the
mouth of the GoF allows intrusions of bottom water
of higher salinity from the BP, creating salinity
stratification. In the AS (area 8,300 kmz), salinity
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ranges from 4 to 7 PSU and the mean water depth is
23 m (Winterhalter et al. 1981; Virtasalo et al. 2005).
Water depth at the sampling sites ranged from 28 m
(BISAIL, Fig. 1) to 53 m (C74); thus, they are all
located above the halocline that varies from about 60
to 80 m in depth (Kullenberg 1981; Alenius et al.
1998), although shallow coastal basins can be ther-
mally stratified (Virtasalo et al. 2005; Kotilainen
et al. 2007). Sites AS2, C63, BISAI, and BZ1 were
our main study sites and they were investigated
in more detail than the rest of the sites (C55, C74,
and C6).

The basement in the study area consists of
Paleoproterozoic crystalline bedrock (Koistinen
et al. 2001), generally covered by till. Till and
bedrock are often covered by late glacial and
postglacial clays, silts, and sand (Winterhalter et al.
1981). Modern sediments in the northeastern BS are
mainly muddy clays rich in humic matter and Fe but
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Fig. 1 The research area and locations of the sampling sites in
the Gulf of Finland and the Archipelago Sea, the Baltic Sea.
Locations of the main study sites are represented by black dots

poor in calcium carbonate (CaCOj) (Winterhalter
et al. 1981; Conley et al. 1997; Carman 1998). The
concentration of total carbon (TC) is practically the
same as that of total organic carbon (TOC) in the
study area. All of the main sampling sites (AS2, C63,
BISA1, and BZ1) were considered oxic, because
dissolved O, in the near-bottom water was >2 ml 17",

The sediment surface (ca. 1-cm layer) at site AS2
was brown, fluffy mud. The muddy clay below that
had unclear black and gray laminas. At site C63, a
brown 1-cm surface layer covered grayish black,
homogeneous muddy clay that could be sub-sampled
only down to 15 cm. The fluffy, black, clayey mud at
BISA1 had white bacterial growth on top of it. The
muddy clay below that had black and gray laminas.
At BZ1, a clayey mud surface with a thin brown layer
covered laminated (black and gray) muddy clay. At
BISA1 and BZI1, the water content was 90-96% in
the topmost 5 cm layer and decreased to 70-80% at
25 cm depth. At AS2 and C63, the water content was
80-89% in the surface layer and it decreased to 75
and 40%, respectively, at 15 cm depth. Muddy clay
sediments at sites C55 (Vallius 2006) and C74 were
partly laminated, while that at C6 was black and
homogeneous. Sediment was reduced at C55 but C74
had a 2-mm brown layer on top.

Sampling

Sampling sites were selected based on data from echo
sounding surveys. Sediment samples from the main
study sites were collected on three cruises of the r/v
Aranda: in August 2003 (AS2), April 2004 (C63),
and August 2004 (BISA1 and BZI1). Six sediment
samples were taken with a Gemax gravity corer (two
acrylic cylinders, inner diameter 9 cm, length ca.
60 cm) from each site. Two cores were put vertically
on a slicing table and covered with a glove bag tightly
joined to another glove bag. The glove bags were
sealed and filled with nitrogen (N,, purity 99.5%)
until the O, content was <5-10% (detected with Gas
Alert detectors calibrated against fresh air, O, content
20-21%). After the water column above the sediment
(5 cm) had been sampled and the rest of the water
removed, the core was cut into 1-cm slices (from
0-10, 14-15, 19-20, and 24-25 cm depth intervals,
except down to 15 cm at C63). The samples from the
two parallel cores were pooled and sealed in plastic
containers in the second glove bag (cooled with ice,
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0, < 5%), and the containers were vacuum packed
(Tecla s.n.c Vacum 33) into gas-tight plastic bags
(filled with N,) and stored at 5°C (in the dark).
Another pair of sediment cores were sectioned with
the same intervals (except down to 45 cm, 5-cm
intervals, for cores from BZI1) without N, and
immediately frozen (—18°C).

The rest of the sites were sampled from r/v Kaita
in July 1998 (C6) and September 2002 (C55 and C74)
with a Gemax corer. Sediment cores were sectioned
(without N,) into plastic bags and stored at ca. 5°C
(in the dark). At C55 and C74, cores were sectioned
at I-cm intervals down to 5-cm depth, below which
l-cm sections were taken at every 5-cm of depth,
down to 45 and 40 cm, respectively. The core from
site C6 was sectioned at 1-cm intervals down to
25 cm depth (1-cm sections were also taken at 29-30
and 34-35 cm depths). The water depths at sites
C55, C74, and C6 were 46 m, 53 m, and 38 m,
respectively.

Analytical methods
Water column and pore water samples

Near-bottom water and pore water were sampled at
the main sites (AS2, C63, BISA1, and BZ1). Water
column salinity, temperature, and dissolved O, were
determined with a CTD instrument (Sea-Bird Elec-
tronics). Dissolved P (PO4-P), N as nitrate (NO3-N)
and ammonium (NH4-N), silicate (SiO4-Si) and total
P (TP) and N (TN) (after acid persulfate digestion)
were determined onboard with an autoanalyser (La-
chat QuickChem 8000) (Hansen and Koroleff 1999).
Dissolved O, in the near-bottom water (5 cm above
the sediment) was determined by Winkler titration
(Grasshoff 1983). The near-bottom water was also
analysed for dissolved P and N (filtered with 0.4 um
Nuclepore polycarbonate (PC) membranes) and TP
and TN (unfiltered) as above. Incubation-derived
PO4-P flux was determined incubating four intact
replicate sediment cores at in situ temperature (in
dark, stirring the water column). PO4-P was deter-
mined at the beginning and after 5-h incubation and
the PO,4-P flux was calculated per surface area on the
basis of the concentration difference.

At AS2, BISAIl, and BZI1, pore water in the
surface sediment (down to ca. 4-cm depth) was
collected in an argon (Ar) atmosphere (atm) using a
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hydraulic squeezer (Bender et al. 1987; Mikeld and
Tuominen 2003) and immediately analysed on board
for dissolved nutrients. The sampling interval (in
mm) is calculated from the porosity of the sediment,
the volume of collected pore water, and the radius of
the cylinder of the corer (Bender et al. 1987; Mikela
and Tuominen 2003). The problems caused by
oxidation (Bender et al. 1987) were diminished by
starting the sampling immediately after lifting the
core and using Ar-shielding. In addition, at C63,
BISA1, and BZ1, pore water was separated from deep
sediment profiles by centrifuging 1-cm sections
of sediment (the same depth intervals as above,
4,000 rpm, 30 min). Sediment sectioning, transfer
into tubes, and filtration of the supernatant (0.4 um
Nuclepore PC membranes) were carried out under
N, atm in a glove bag (O, < 5%). A portion of each
pore water samples was acidified (65% s.p. nitric
acid, pH < 2, storage at 5°C) and later analysed for
total dissolved Fe and manganese (Mn) by ICP-AES.
The detection limits for Fe and Mn were 0.8 and
0.3 pmol 1" and recovery was 113% for both metals.

Sediment

The frozen sediment cores from the main sites were
freeze-dried and homogenized (Pulverisette 5) for
total analysis of P (TPg.q), Fe, Mn, Al, and Ca. The
concentrations of the elements were measured with
an ICP-AES (TJA-25, Thermo Jarrell Ash) after
digestion (fluoric acid, aqua regia, and boric acid in a
microwave oven, CEM-205) (Leivuori 2000, modi-
fied from Loring and Rantala 1992). In the reference
materials (Buffalo River sediment 8704, not certified
for P, and MESS-3, NRCC, informative value for P),
the recoveries were 110% for P and 96-110% for Fe,
Mn, Al, and Ca. Detection limits for P, Fe, Mn, Al,
and Ca were 0.5, 0.4, 0.1, 0.4, and 1.3 pmol g_l,
respectively.

At the four main sites, redox potential, pH, and
temperature were determined from one core by
pushing electrodes (SenTix Sur for pH, SenTix
ORP for redox, and TFK325 for temperature) into
the sediment. The measurement was started above the
sediment and continued into the sediment to 10 cm
depth. The redox potential values are considered
descriptive only because they do not accurately
describe the processes in the sediment (Stumm and
Morgan 1996; Drever 2002) and some of the anoxic
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layers may contain hydrogen sulphide deleterious to
common electrodes.

For sites AS2, BISA1, and BZ1, 137¢s activity was
determined at the Finnish Radiation and Nuclear
Safety Authority (as described in Kyzyurov et al.
1994; Kankaanpii et al. 1997; Mattila et al. 2006) for
sediment dating and calculation of sediment accu-
mulation rate (SAR). '*’Cs peak values in the study
area indicate sediment deposition in 1986 (fallout
after the Chernobyl accident). The SAR value for site
AS2 is from Mattila et al. (2006), while SAR
estimates for the other sites were made at the
Geological Survey of Finland (GTK). Particle size
distribution was determined at GTK by sieving
(particles >60 um) and with a Sedigraph analyser
(<60 pm). Sediment total carbon (TCgq), nitrogen
(TNgeq), and sulphur (TS,.q) were determined with a
LECO CNS-2000 analyser at the Pirkanmaa Regional
Environment Centre. Sediment samples from sites
C55, C74, and C6 were freeze-dried and sieved
(<2 mm) before analysis of TPs.q by ICP-AES after
fluoric acid and perchloric acid digestion at GTK. For
these sites, TCsq (LECO CHN-600 analyser) was
determined at GTK.

P fractionation

P fractionation (Table 1) was done at sites AS2, C63,
BISA1, and BZl. A quantity of fresh sediment
equivalent to 0.500 g dry matter (DM) was extracted
serially with 50.0 ml of various solutions following
the scheme of Jensen and Thamdrup (1993), which is
modified from the scheme of Psenner et al. (1984). The
Jensen and Thamdrup (1993) method was slightly
modified further by replacing step V with the corre-
sponding step in SEDEX-method (Ruttenberg 1992).

Table 1 Outline of the P fractionation scheme

A detailed description of the extraction is given in
Lukkari et al. (2007). Briefly, in step I, NaCl separates
loosely-bound and pore water P (referred to later as
NaCl-iP). In step II, NaBD (pH 7) removes redox-
sensitive P bound to hydrated oxides of reducible
metals, mainly Fe (NaBD-iP). In step III, NaOH
extracts P bound to hydrated oxides of Al and other
metals not reduced in step II (NaOH-iP) and the labile
OP (NRP). In step IV, HCI dissolves Ca-bound P,
mainly apatite-P (HCI-iP). Steps I-IV include rinsing
steps and steps I-II were extracted in N,-atm in a glove
box to avoid oxidation. In step V, the sediment
residues are dried (24 h, 105°C), combusted, and
extracted with HCI to separate the refractory OP (Res-
P). Filtered (0.4 um Nuclepore PC membranes)
extracts were analysed for PO4-P and unfiltered
extracts for TP (after acid persulfate digestion; Koro-
leff 1983). The filtered and acidified extracts from
steps II and IIT were also analysed for total dissolved
(Tgiss) Fe, Mn, Al, Ca, Mg, and Si by ICP-OES at the
Institute for Environmental Research (University of
Jyviskyld). Detection limits were 10 mg 17" for Fe,
Mn, Al and 20 mg 17! for Ca, Mg, and Si.

The P fractions can be divided into mobile P
(including NaCl-iP, NaBD-iP, and NRP) and immo-
bile P (including NaOH-iP, HCI-iP, and Res-P;
Jensen et al. 1995). However, the term “reactive P”
(Froelich 1988; Louchouarn et al. 1997; Delaney
1998; Anderson et al. 2001) was chosen instead of
“mobile P”. Burial fluxes for P were calculated by
multiplying the immobile P at the surface by the SAR
values. Because of diagenetic processes in the
sediment and variable SAR values among the sites,
the surface layers do not represent newly deposited
material or that deposited during one year. However,
P concentrations in the surface layers were used in

Step Extractant

Separated P fraction

I 0.46 M sodium chloride (NaCl), 1 h

11 0.11 M sodium dithionite in sodium bicarbonate
(NaBD), 1 h

I 0.1 M sodium hydroxide (NaOH), 18 h

Pore water P, loosely-bound P (NaCl-iP)
P bound to redox-sensitive metals (Fe and Mn) (NaBD-iP)

P from Al oxides, non-reducible Fe-compounds (NaOH-iP) and labile

organic P (NRP)

IV 0.5 M hydrochloric acid (HCI), 1 h
Ignition of the sediment residue: 2 h at 550°C
\" 1 M hydrochloric acid (HCl), 16 h

Apatite and other inorganic P (HCI-iP)

Residual, mainly refractory organic P (Res-P)

@ Springer



146

Biogeochemistry (2009) 94:141-162

calculations because they were the best estimates
available from this data. The burial efficiency of total
P in the sediment was expressed as the proportion of
immobile P at the surface layer as percentage of the
total extractable P (TP.,), i.e. the sum of P in the
separate fractions (Jensen et al. 1995). The burial
efficiency here includes all buried P forms, thus, it is
not comparable to burial efficiency of reactive P. The
long-term average for the annual efflux of sediment P
was calculated from the concentration difference
between reactive P in the surface layer and at the
nearest sample depth to the '*’Cs maximum (i.e., year
1986) at each site, and dividing that by the age
difference (in years). The P effluxes calculated from
solid phase data represent minimum estimates (Krom
and Berner 1981).

Statistical analyses

Statistical analyses were carried out using the mixed
model (run with the SAS program) to determine
which variables (elements in sediments and extracts)
explain the P fractions. The mixed model was chosen
because observations were correlated (different vari-
ables were determined from several depth layers at
each sampling site). The sampling site was set as a
random variable, and the sediment depth layer was
treated as a repeated factor (autoregressive structure
in the longitudinal data assumed). The dependence
was tested with the F-test (significant when <0.050).
Parameters for the mixed model analysis were chosen
on the basis of their mutual relationships, which were
studied with the Pearson correlation (with Bonferroni
probabilities) and by principal components analysis
(PCA, with Varimax rotation, carried out on the basis
of Spearman correlations) (run with the SYSTAT
program).

Results
Water column and pore water

Table 2 describes the chemistry of the near-bottom
water. Dissolved O, was highest at site C63 and
lowest at BZ1. In contrast, PO4-P was highest at BZ1
and lowest at C63. Site BZ1 was also highest in
other dissolved elements. Incubation-derived PO,4-P
flux was highest at BISAL. It was always positive

@ Springer

Table 2 Parameters describing properties of the sampling
sites and near-bottom waters

Parameter AS2 C63 BISA1 BZI1
Water depth (m) 47 45 29 40
Near-bottom water

0, (ml 17" 49  8.6% 3.8 3.4
PO,-P (pumol 171 14 1.0 28 43
TP (umol 171) 32 19 65 5.9
Si0,-Si (umol 171 169 158 262 37.8
NO;-N (pmol 171 36 33 54 11.9
NH,-N (pmol 171 35 06 80 10.8
TN (umol 171 344 277 432 414
PO4-P flux (umol m 2 day™") 46 - 1,065 193
Fegiss (mol 171 89 05 1.1 12.3
Mngiss (umol 171) 22 04 52 15.0
Salinity (PSU) 6.6% 6.0% 5.7% 6.1%*
Temperature (°C) 7.4*% 1.1*% 4.5% 3.1*
pH 65 - 7.2 7.1
Ep, (mV) 439 386 328 384

* Values determined ca. 1 m above the sediment

i.e., directed from the sediment to the water. Salinity
was around 6 PSU at all sites.

Figure 2 presents concentrations of dissolved
species (PO4-P, NOs-N, NH4-N, SiO,4-Si, Fe, and
Mn) in the sediment-water interface at AS2, BISAI,
and BZ1. All concentrations increased with sediment
depth, though NO;-N had subsurface peak values.
PO4-P and NH,4-N were lowest at AS2, whereas SiOy4-
Si was fairly similar among the sites. Mng;s, was also
lowest at AS2, while at this site, Feg;ss was highest.
At BISA1, Feg;ss was low and stable with respect to
sediment depth.

Deep pore water profiles of PO4-P, Feyss, and
Mnyg;,s at sites C63, BISA1, and BZ1 are plotted with
solid phase P data in Fig. 3. Generally, PO4-P
increased with sediment depth and was highest at
BISAL. Fey;, was low and stable at BISA1 and BZ1,
while at C63 it had a peak value at 3 cm depth. Mng;
increased down to about 2 cm depth, below which it
decreased.

Sediments

Figure 4 and Table 3 present the elemental composi-
tions of the sediments. Only TP.4, TCy.q, and SAR are
available for sites C55, C74, and C6. At these sites,
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Fig. 2 Dissolved PO4-P, NO5-N, NH,4-N, Fe, and Mn in the sediment pore water. The y-axis represents sediment depth in cm. The
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TP,.q and TC,.q varied from 21.8 to 66.8 and from

1,174 to 8,492 pumol g~' DW, respectively. TPq was
highest in the surface layer at BISA1 and lowest at C63

(Fig. 4). Generally, it decreased with sediment depth,
mostly just below the surface. Among the main sites,
the easternmost (BISA1 and BZ1) were clearly highest
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Fig. 3 Dissolved PO4-P,
Fe, and Mn in the deep
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in TCyq and TN, 4. Both elements decreased with
depth and were lowest at C63. TS,.q tended to increase
with sediment depth, although it was variable. TSs.q
was highest at BZ1 and lowest at AS2.

TFesq was also variable (Table 3), but it mainly
increased with depth. Site AS2 was richest and C63
poorest in TFeg.q. Similarly, TAly4 increased with
sediment depth and AS2 was richest and BISA1 was
poorest in TAlg.4q. Unlike Fe and Al, TMny.q4 tended to
decrease with sediment depth. It was highest at BZ1,
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and lowest at C63. In contrast, C63 was richest and
BZ1 poorest in TCagegq.

The SAR was highest at sites C74 and C6 and
lowest at BZ1. The rest of the sites (not determined at
C63) had similar SAR values (Table 4). At the main
sites, clay (<2 pum) was the predominant particle size
fraction (70-74%). However, at C63, the percentage
of clay was smaller (55%) and the coarsest size
fraction (20-60 pum, 18%) was higher than at other
sites. Among the main sites, the redox potential was



Biogeochemistry (2009) 94:141-162 149
|—e—AS2 —o— C63 v BISAI —— BZI

0 0

10 - 10 -
§ g
= 204 = 20
) B
3 3
E £
g 30 - g 30 A
3 3

40 - 40 -

TCsed
20 40 60 80 2000 4000 6000 . 8000
Concentration (umol g") Concentration (umol g™)

0 0

10 10 1
8 g
S 20 A = 20 A
2 B
° 3
£ E
g 304 2 301
3 3

40 1 TNsed 40 1 TSsed

200 400 600 800 1000 100 200 300 400 500 600

Concentration (umol g'l)

Concentration (umol g'l)

Fig. 4 Total concentrations of P, C, N, and S in the sediment depth profiles. The y-axis represents sediment depth in cm. The x-axis

represents element concentration in pmol g~' DW

highest at AS2 and lowest at BZ1. It varied between
439 and 328 mV in the near-bottom water and
between 432 and —218 mV in the sediment. The
redox-potential decreased downwards in the sedi-
ment, the drop being strongest within the uppermost
1-2 cm. The pH ranged from 6.5 to 7.2 in the near-
bottom water and from 6.7 to 7.3 in the sediment. It
was highest at BISA1 and lowest at AS2. It decreased
down to 2-3 cm sediment depth.

P Fractions

TPy decreased with sediment depth (Fig. 3), espe-
cially at BISA1 and BZI, which were richest in
TPex» While C63 was poorest. C63 was also lowest in
OP (NRP and Res-P; 45% of TPey), whereas BZ1
was highest (59%). OP dominated only in two depth
layers at C63, while at the rest of the sites it

dominated in most layers. Immobile P ranged from
12.5 to 42.8 pmol gfl DW, and reactive P from 6.5
to 91.9 pumol g~' DW.

NRP (26-43% of TPy, range 2—53 pmol g_1 DW)
was the predominant P form at AS2, BISA1, and BZ1
(Fig. 3). At C63, however, HCI-iP dominated, though
NaBD-iP was fairly high at the surface. At the other
sites, HCI-iP (4-38%; 4.8-13.4 pmol g~' DW) or
Res-P (4-28%; 0.8-21.7 umol g71 DW) were the
second most abundant P forms. NaBD-iP (4-38%;
0.8-29.4 umol g~ ' DW) was highest at the sediment
surface and it sharply decreased with depth. NaBD-iP
was also slightly more abundant than NaOH-iP (2-9%;
0.3-6.7 umol g~' DW) in the deep sediment layers.
Concentrations of NaOH-iP and HCIl-iP were rela-
tively stable throughout the core depths. NaCl-iP was
small, except at the surface at BZ1 and BISAI, and at
15 cm depth at C63 (21% of TPeyy,)-
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Table 4 Sediment accumulation rates (SAR), sedimentation of extractable P, burial fluxes of immobile P, long-term average for
minimum annual P efflux, and burial efficiency of total P at different sites

Site SAR Sedimentation of P Burial of P Long-term average for Burial
(g m~2 year_l) minimum P efflux effic. (%)

(mmol m~? (g m~? (mmol m~? (g m~? (mmol m~? (mg m~
year_l) year_l) year_l) year_l) year_l) year_l)

AS2 900* 69.6 22 39.5 1.2 1.8 54.9 57

BISA1 990 123 3.8 50.9 1.6 4.0 124 41

BZ1 430 47.5 1.5 22.6 0.7 14 429 48

C55 859 41.3%%* 1.3%% - - - - -

C74 1,479 98.8%* 3.1%% - - - - -

C6 1,438 86.9%* 2.7%% - - - - -

* SAR value for site AS2 is presented in Mattila et al. (2006); ** Calculated from TP.q at the sediment surface

Table 4 presents sedimentation and burial of P,
long-term average of minimum annual P efflux, and
burial efficiency of total P in the sediment surface at
AS2, BISA1l, and BZI1. These variables are not
available for the rest of the sites (due to the lack of
SAR values or P fractionation results). P sedimenta-
tion was highest at BISA1 and lowest at C55. Site
BISA1 also had the lowest burial efficiency of total P
and highest P efflux. Many of the variables deter-
mined in the surface sediment and near-bottom water
seemed to reflect TC,.4. Variables with the closest

(a)
120
100
801
60"
40"
20" - BZ1
BISA1 /!
0= ‘AS2 &
o - > Qé“
L &g - ‘ces o
Q& T &
SN &
¥ R &

Fig. 5 Surface sediment (a) and near-bottom water (b)
variables when plotted in order of increasing TC.q concentra-
tion in the topmost 1-cm layer at the main study sites. These
parameters had R*> > 0.75 when plotted against TC,.q at each

linear relationship to TCq (i.e., those with R>>0.75
as plotted against TC,.q) are presented in Fig. 5.

Total elements in extracts

Fe extracted in NaBD decreased with sediment depth
(Table 5), while in NaOH extract, Fe concentrations
were very variable. Site C63 was the poorest in
extracted Fe. Al concentrations were high in NaOH
and NaOH extracted most Al at BISA1 and BZ1. Mn
was extracted mainly in NaBD. Sites BISA1 and BZ1

(b)

site. The unit for sediment variables (a) is pmol gf' DW,
except x107! pmol g_1 DW for TNg4 and TS.4. Water
content (W%) is expressed in percentages. The unit for near-
bottom water variables (b) is pmol 17", except ml 17" for O,
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Table 5 Total concentrations of dissolved elements extracted along with P in NaBD and in NaOH

Depth (cm) NaBD NaOH

Mg Si Al Ca Mn Fe Mg Si Al Ca Mn Fe
AS2
1 - 8.8 1.0 8.6 6.5 63.2 - 562 64.7 0.2 0.2 11.5
2 - 6.2 1.1 5.0 0.9 45.9 - 555 63.0 0 0.1 4.0
3 - 8.2 1.5 7.3 24 66.3 - 528 70.2 0 0.1 6.9
4 - 8.0 1.0 6.9 3.0 71.3 - 517 74.6 0.1 0.2 13.9
5 6.2 10.2 0.8 10.9 5.1 24.7 0.2 434 54.5 0.2 0.1 2.4
6 6.6 9.5 0.7 11.1 5.6 25.6 0 433 54.5 0 0.1 22
7 7.5 8.7 0.9 12.1 5.8 20.2 0 430 532 0.2 0.1 1.9
8 5.6 9.0 0.5 9.5 55 29.6 0.6 445 57.5 0 0.1 3.0
9 5.8 11.6 0.3 9.4 54 20.4 0.4 492 61.1 0 0.1 1.7
10 3.0 8.8 0.2 6.2 3.1 23.1 0.9 468 61.5 0 0.1 39
15 6.0 10.8 0.4 9.1 4.1 19.3 1.6 297 59.1 0 0.1 4.9
20 6.8 9.9 0.8 10.1 3.8 14.5 1.0 221 54.2 0 0.2 3.7
25 6.9 8.4 0.5 9.4 33 12.5 1.2 244 55.6 0 0.2 35
C63
1 1.7 53 0.8 3.6 2.7 26.9 0.2 362 39.0 0 0 39
2 L5 4.5 0.9 1.7 0.4 15.0 0.2 474 423 0 0.1 42
3 1.9 5.1 0.9 2.1 0.5 224 0 581 51.1 0 0.1 45
4 25 8.8 1.1 2.8 0.5 49.3 3.6 1,100 72.2 0.2 0.3 16.2
5 1.8 6.4 0.8 2.8 0.4 42.1 0 725 51.2 0 0.1 4.0
6 1.5 8.0 2.4 1.3 0.2 28.0 0 575 50.7 0 0.1 4.5
7 1.3 6.3 0.5 1.7 0.2 334 0 629 48.9 0 0.1 3.1
8 1.3 5.6 0.7 1.7 0.2 26.2 0 570 46.3 0 0.2 49
9 0.9 4.6 0.5 0.9 0.1 17.7 1.0 374 41.7 0 0.2 6.4
10 1.1 4.6 0.7 0.6 0.1 19.4 0.2 334 41.3 0 0.2 3.1
15 0.4 2.0 0.1 0.4 0.1 4.1 0 32 11.7 0 0 2.0
BISAI
1 14.9 13.9 1.6 13.8 14.5 39.4 0.1 1,094 60.2 0.2 0 6.2
2 9.7 16.6 1.6 12.0 8.0 59.9 0.4 1,083 77.0 0.3 0.1 79
3 23.8 28.9 1.3 227 12.2 129 0.3 1,542 90.7 04 0 9.8
4 6.9 17.8 1.5 8.8 7.4 69.2 0.3 1,141 88.4 0.5 0.2 13.8
5 7.1 17.2 1.6 8.9 7.1 62.2 0 1,031 85.2 0.3 0.1 3.7
6 6.4 21.7 3.1 8.6 7.1 774 0.1 1,038 88.7 0.3 0.1 6.1
7 8.6 29.6 5.7 9.0 6.2 46.6 1.3 944 83.9 0.3 0.1 15.7
8 10.0 214 1.3 11.2 8.1 43.6 2.0 1,152 95.8 0.5 0.2 20.9
9 10.1 20.8 0.7 11.2 7.8 60.6 2.8 1,245 98.9 0.4 0.2 24.0
10 9.5 21.2 0.5 10.4 7.6 73.4 2.5 1,394 101 0.6 0.3 28.4
15 5.6 11.6 1.1 8.1 9.7 32.1 1.5 907 106 0.1 0.2 10.3
20 4.9 9.6 0.7 7.9 11.2 34.5 1.1 659 94.6 0.1 0.3 8.4
25 2.7 59 0.4 4.4 6.5 28.2 1.8 412 66.7 0.2 0.2 9.1
BZI
1 20.1 15.6 1.4 19.0 12.0 91.1 22 1,506 106 0.8 0.4 29.1
2 8.6 17.7 1.3 10.5 8.6 85.0 0.8 1,278 98.1 0.2 0.2 17.4

@ Springer



Biogeochemistry (2009) 94:141-162 153

Table 5 continued

Depth (cm) NaBD NaOH
Mg Si Al Ca Mn Fe Mg Si Al Ca Mn Fe

3 9.0 19.2 0.9 7.6 12.6 105 0.9 1,321 101 0.7 0.2 13.4
4 8.2 14.5 2.0 12.0 114 56.4 1.0 1,185 99.8 0.3 0.3 15.0
5 6.3 15.0 1.1 9.6 9.1 50.5 2.7 1,372 106 1.1 0.5 36.1
6 7.4 14.4 1.1 9.6 8.8 45.2 0.7 1,296 104 0.2 0.2 10.7
7 8.9 17.5 0.9 11.3 9.3 92.0 0.8 1,420 114 0.3 0.2 134
8 7.2 12.6 1.0 9.1 8.6 54.0 0 1,228 103 0 0.1 2.7
9 6.7 12.9 1.3 9.1 9.2 51.3 0.1 1,136 105 0 0.2 4.0
10 5.1 10.8 1.3 6.9 7.2 39.2 0 1,057 95.9 0 0.1 2.5
15 43 9.8 1.1 6.3 6.5 352 0.4 1,204 105 0.1 0.2 5.6
20 5.1 10.9 24 6.5 53 38.0 0 1,213 97.1 0 0.2 4.0
25 4.8 11.0 1.2 6.8 6.1 31.9 0 1,148 93.9 0 0.2 4.6

All concentrations are presented as pimol g~'DW

Maximum concentration range for Mg, Si, Al, Ca, Mn, and Fe, respectively, of triplicate or duplicate samples—NaBD: <9.3, <26.3,
<9.6, <8.7, <2.7, and <23.1; NaOH: <7.3, <231, <294, <0.7, <0.3, and <21.7

—, Concentration of the element not determined

0, Concentration below detection limit or <0.05 pmol g~! DW

were the richest in Si, which was mostly extracted by A summary of the other statistically significant
NaOH. relationships between P fractions and elements in
sediments and in the two extracts is presented in

Statistical analyses Table 6.

For mixed model analysis, the results obtained from

different depth layers were pooled and averaged into Discussion

five age classes on the basis of '*’Cs dating and by

assuming a constant SAR over time. This was Sediment properties

necessary to keep the number of variables at each

site low enough to run the model. P fractions other Sediment accumulation was rapid at all the sites

than NaCl-iP were related to these age classes, i.e. (Table 4). Site C63, however, was affected by

time. TP,y and OP were also related to time. transportation. Although SAR was not determined,

’sl;zgilgcimts?glggrnyshoigs Dependent variable Statistically significant relationship with

betw.een diffe.rent P NaCl-iP TCay.y, NaBD-iP

fractions, sediment

parameters, and other NaBD-iP TPgeq, TCgeds TFegeq, TCageq, NaCl-iP, NaBD-extr. Fe, Mg, Ca

elements in extracts NRP TNged» TSged» TCageq, NaOH-iP, HCI-iP, NaBD-extr. Fe
NaOH-iP TP,.q, TFe e, NaBD-iP, NRP
HCI-iP TCaygeq, NaBD-iP, NaOH-iP, NaOH-extr. Fe, Si, Al, Mg
Res-P TFegeq

. Total OP TP,eqs TCecds TNweds TSceds TCaseq, NRP, Res-P
Sed (as a subscript), content TP, TCyet, TNwd, TSeeas TFeqeqs TCageq, NaOH-iP, NRP, Res-P

in the sediment
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this was apparent because the bottom sediment was
hard below 15 cm depth. Moreover, at C63 the
sediment had the coarsest texture, i.e., this site was
the poorest in the clay size fraction. The relatively
low SAR at BZ1 (Table 4), in spite of a '*’Cs peak
value at 9 cm depth, was probably the result of high
OM and water content in the surface sediment.
Unlike in GoF sediments from sites with a water
depth of >60 m (Lukkari et al., submitted), in
shallow coastal areas, sedimentation of P did not
closely follow SAR. Site BISAT received the most P,
followed by C74, although sedimentation was faster
at C74. Similarly, BZ1 received more P than C55,
although the SAR for C55 was twice that of BZI.
This difference in SAR and P accumulation between
open sea and shallow coastal area probably reflects
the calmer conditions that allow sedimentation of P-
rich fine particles in deeper basins than at coastal
sites.

TC,eq Was lowest at the site most strongly affected
by transportation and with the coarsest texture (C63)
because light and fine particulate OM is easily
resuspended. The good oxygenation of the sediment
may also have enhanced mineralization. TCzq was
highest at the easternmost sites and (excluding C63)
decreased westwards, being lowest in the AS. Car-
man (1998) and Lukkari et al. (submitted) also
reported an increasing trend in TC,.y towards the
inner bay, which is related to the heavy nutrient load
and the inflow of the Neva River at the eastern end of
the GoF. TC,y seemed to affect several other
sediment properties. Figure Sa illustrates the increas-
ing trends of some variables for surface sediments,
when the main sites were organized in order of
increasing TCgeq.

Among the main sites, AS2 was richest in
sediment Fe and Al (Table 3). This site is located
close to a bay that receives high amounts of river-
transported clayey material (Lukkari et al. 2008).
Material eroded from clayey soils of southern Finland
is rich in poorly crystallized Fe and Al oxides
effective in P binding (Hartikainen 1979; Peltovuori
2006). Total concentrations of Fe and Al can be
indicative of their presence. This explains why TPy.q
was high at AS2 (Fig. 3), despite the fact that for the
rest of the sites, it seemed to follow OM content,
being high at the eastern coast (BISA1 and BZ1) and
low at C63. Low TP, at C63 can also result from
the coarser texture there, as poorly crystallized oxides

@ Springer

of Fe and Al are enriched in the fine particulate
fraction. High alkali-soluble Al at BISA1 and BZ1
may be related to the presence of organometallic
compounds (Schnitzer 1969).

The decrease of TPy, TC.q, and TNy with
sediment depth (Fig. 4) reflect degradation of OM
(e.g. Kemp 1971). TP4 also decreases because Fe—P
is released in reduced layers and enriched in oxic
surface (Mortimer 1971). The increasing trends in
concentrations of Fe, Al, and TS,y with depth
(Table 3) indicate changes in mineral composition.
In OM-rich sediments, the decrease in TSg.q in the
surface layer can be related to degradation of OM
containing S, while the subsurface increase suggests
formation of ferro-sulfides (Berner 1970; Jgrgensen
1977). Moreover, at site BISA1, the elevated pH,
reduced conditions, and presence of white bacterial
growth (possibly sulfide-oxidizing Beggiatoa sp.;
Jgrgensen 1977), indicate sulfate reduction (Martens
and Goldhaber 1978; Caraco et al. 1989). Also, dark
grey and black laminas in reduced OM-rich sedi-
ments coinciding with high TSy suggest the
presence of ferro-sulfides and pyrite (Berner 1970)
and, thus, diminished capacity for P binding because
of Fe removal (Mortimer 1971; Krom and Berner
1980; Caraco et al. 1989; Anschutz et al. 1998). Near-
bottom water at BISA1 and BZ1 was oxic (Table 2)
but, evidently, the high OM content consumed O,
from the sediment surface, creating reducing condi-
tions. Reduced OM-rich sediments are common in
the shallow, seasonally hypoxic basins of the AS and
the northern coast of the GoF (Virtasalo et al. 2005;
Vallius 2006; Kotilainen et al. 2007).

Vertical and spatial distribution of P

The decrease in TP., (Fig.3) with depth was
strongest at the eastern coast, which was high in
OM and OP, and it seemed to be related to
degradation of OP. At C63, on the other hand, lower
TP and OP suggested removal of fine particles.
Sediment cores at the main sites had unclearly
laminated sedimentary units, indicating that benthic
fauna affected distribution of elements.

Immobile P

Immobile P, which consists of P bound to Al-oxides
(NaOH-iP), apatite-P (HCI-iP), and refractory OP



Biogeochemistry (2009) 94:141-162

155

(Res-P), is supposed to be buried and removed from
the nutrient cycle. In contrast, reactive P, which
includes soluble or loosely-bound P (NaCl-iP), redox-
sensitive P (mainly Fe-bound; NaBD-iP), and labile
OP (NRP), may be available for aquatic organisms or
become so due to biogeochemical processes. How-
ever, some reactive P is present in deep sediment
layers and becomes buried (Jensen and Thamdrup
1993; Lukkari et al. 2008, submitted). In the present
study, the portion of immobile P (26-66% of TP.y.)
was lowest at OM-rich and highest in OM-poor sites.
Immobile P forms were fairly stable with sediment
depth and they predominated in deep layers.

P bound to oxides of non-reducible metals (NaOH-
iP) was one of the most stable P form. Its proportion
of TP.,, in these coastal sediments was less than
10%, i.e., smaller than in nearby estuary sediments
but higher than in the central GoF (Lukkari et al.
2008, submitted). This suggests that this P form has
its origin in river-transported clayey material. Clay
particles often have metal oxide coatings, effective in
binding P. In addition to displacement of PO4-P with
hydroxyl ions, alkaline extraction dissolves OM.
Although part of the Al (and Fe) released in alkali
extraction may originate from disrupted oxide struc-
tures, their abundance in OM-rich sediments from the
eastern coast (Table 5) suggests the presence of
organometallic compounds. Schnitzer (1969) showed
that Al and Fe, which form complexes with humic
acids, bind P and, for example, Williams et al.
(1971b) and Paludan and Jensen (1995) found that a
part of sediment OP is associated with Al.

The fractionation scheme used does not separate
detrital and authigenic apatite (Ruttenberg 1992), but
it is expected that most of the apatite-P (HCI-iP) in
these coastal CaCOjz-poor sediments was of terrestrial
origin. Furthermore, Virtasalo and Kotilainen (2008)
showed that in the surface sediments of the AS,
authigenic apatite-P was about six times lower than
detrital apatite-P. Detrital apatite-P is a fairly inert P
form, which can also be concluded from the more or
less stable vertical distribution of apatite-P fraction
(Fig. 3) (Jensen and Thamdrup 1993; Lukkari et al.
2008). Apatite-P was the predominant P form at the
site most affected by transportation (C63) as also
found by Williams et al. (1976) in lake sediments.
Site C63 was also coarsest in texture, lowest in OP
(and OM), and highest in TCasqy (Table 3). In
contrast, apatite-P formed a smaller proportion of

TP,y on the OP-rich eastern coast, which was higher
in clayey material and poorer in TCag.q (BISA1 and
BZ1). This spatial difference between apatite-P and
OP was probably responsible for the statistically
significant relationship between OP and TCagyq
(Table 6).

The residual P fraction is supposed to represent
refractory OP, although it contains some slowly
degradable as well as inorganic P as well (Ruttenberg
1992; Lopez 2004). Residual P was amongst the three
most abundant P forms at all coastal sites. It was most
abundant in the OM-rich sediments on the eastern
coast, while the transportation area (C63) was poorest
in refractory OP. Residual P slightly decreased with
sediment depth at the eastern sites. This may be
attributable to the presence of slowly degradable OP
compounds (Reitzel et al. 2007) or increased sedi-
mentation of OM in the coastal area. In fact,
Vaalgamaa and Conley (2008) reported that sedi-
mentation has increased during the past decades in
small shallow bays in the northern GoF. In the coastal
sediments examined in the present study, Fe content
was the only sediment variable to which residual P
was statistically related (Table 6). A similar relation-
ship was found previously by Williams et al. (1976),
who suggested that it may result from indirect
relations via other sediment variables (OC and clay
contents). However, it may also be related to the
presence of organometallic complexes stable against
degradation (Schnitzer 1969). Although the relation-
ship between residual P and TCg,y was not
statistically significant, residual P increased with
increasing TC,.q content (Fig. 5a).

Reactive P

Reactive P formed 34-74% of TP in coastal
sediments. In fact, in the surface sediments from the
eastern coast, reactive P was highest, as determined
in our previous studies, in the northeastern BS
(Lukkari et al. 2008, submitted). At the easternmost
sites (i.e., closest to the inner bay), the concentration
of reactive P strongly decreased with sediment depth
and predominated over immobile P in deeper sedi-
ment layers than at the other sites.

Usually, pore water or loosely-bound P (NaCl-iP)
forms only 1-2% of TPy, (e.g., Jensen et al. 1995;
Lukkari et al. 2008, submitted). However, the sites on
the eastern coast were exceptional: in the surface
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layer at BISAI1, this P form, which is readily
available to bacteria and algae (Van Eck 1982),
formed 17% of TP and, at BZI, the percentage
was 6% (Fig. 3). The abundance of the loosely-bound
P reflects a lack of available sorption sites for PO,4-P.
A lack of sorption sites can result from highly
occupied sorption surfaces, reducing conditions in the
sediment (as was the case at BISA1 with its high
positive incubation-derived PO4-P flux; Table 2), or
from anion competition (e.g., with silicate (Fig. 2)
and organic acids; Hingston et al. 1967; Koski-
Vihila et al. 2001).

The highest concentrations of P bound to Fe
oxyhydroxides (NaBD-iP) in the topmost 0-1 cm
layers (Fig. 3) was expected, since in muddy sedi-
ments, the oxygenated layer is usually restricted to
several millimetres depth (Mortimer 1971; Conley
et al. 1997). In agreement with the assumed binding
form, this P fraction was statistically significantly
related to reductant-soluble Fe and Mn (Table 6).
However, it has been found that some Fe-bound P
can be buried with sediment due to incomplete Fe
reduction (Berner et al. 1993; Slomp et al. 1996b;
Hyacinthe and Van Cappellen 2004). Coastal sedi-
ments in this study also buried Fe-bound P (Fig. 3),
though considerably less than sediments in the nearby
shallow estuaries (Lukkari et al. 2008). One reason
for this was probably the slower sedimentation rate in
the coastal areas. Fe-bound P was higher in the AS
(AS2) than at site C63, even though the transporta-
tion-affected site had better O, conditions. AS2 was
also higher in reductant-soluble Fe as well as in total
sediment Fe; thus, it is likely that the higher
Fe-bound P at AS2 resulted from the fine particulate
Fe-rich material this site received from the estuary.
Although site AS2 was higher in sediment Fe than
the OM-rich sediments on the eastern coast, surface
sediments at the eastern sites were fairly high in
reductant-soluble Fe. It is possible that an abundance
of POy4-P, Si0,4-Si, and organic anions (Shukla et al.
1971; Slomp et al. 1996b) as well as alternating oxic—
anoxic conditions (Coey et al. 1974) retard crystal-
lization of poorly crystallized Fe (and Al) oxides,
maintaining their high sorption capacity. All these
coastal sites had O, concentrations higher than
2ml 17" in the near-bottom waters. However, at
BISAL, the reducing conditions and the high loosely-
bound P at the sediment surface indicate dissolution
of Fe oxides.

@ Springer

Labile OP (NRP) was the predominant P form at
the oxic coastal areas studied, except for the apatite-
P-rich site (C63), which located in transportation
area. This P fraction contains e.g., orthophosphate
monoesters (e.g., inositol phosphates) and diesters
(DNA, phospholipids) as well as polyphosphates and
pyrophosphates that are inorganic storage compounds
and degradation products (Hupfer et al. 2004; Ahl-
gren et al. 2005; Reitzel et al. 2006). Unlike total OP
(i.e., Res-P and NRP), labile OP did not have
statistically significant relationship with TCgq
(Table 6). However, it had statistically significant
relationship with TNg.4, and it was more abundant at
the OM-rich sites (Fig. 5a). The degradation rate of
labile OP can be coarsely evaluated based on its half-
life (T,,) in the sediment (Ahlgren et al. 2005). T+, for
NRP (determined by exponential fitting of concen-
trations versus sediment age, R> > 0.7) was 36 years
in the AS (AS2), while it was only 6 years at the OM-
rich eastern coast. One explanation for faster degra-
dation of OP at the eastern sites may be poorer O,
conditions and, consequently, release of OP bound to
particle surfaces (Suzumura and Kamatani 1995; Celi
et al. 1999). In the sediment surface layers, the ratios
of OC and OP, which characterize OM (Ruttenberg
and Goni 1997), were lower at the two eastern sites,
BISA1 (122) and BZ1 (141), than at C63 (229) and
AS2 (180). This suggests that OM at the eastern sites
contained less material of terrestrial origin than OM
on the western coast, which is congruent with the
shorter T, of labile OP at the eastern coast sites. This
probably reflects the higher P load and productivity in
the eastern GoF (Conley et al. 1997). As in surface
sediments in the central GoF (Lukkari et al., submit-
ted), the OC:OP ratio and OC:ON ratio (8.5-9.0)
exceeded the Redfield ratio (Redfield et al. 1963).
This is typical for the BS and indicates OM loading
from the large drainage area and enrichment of
deposited material with C (Carman 1998; Edlund and
Carman 2001; Stepanauskas et al. 2002).

Dissolved species in the sediment-water interface

The inverse relationship between near-bottom water
0O, and PO4-P (Table 2) is in agreement with the
theory of more efficient P binding in oxic conditions
(Einsele 1936, 1938; Mortimer 1941, 1942). The
highest near-bottom water PO4-P (BZ1) also coin-
cided with the steepest concentration gradient of
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PO,4-P in the sediment-water interface (Fig. 2). How-
ever, the incubation-derived PO4-P flux (Table 2) was
clearly highest at the site richest in OP (BISAI;
Fig. 3). Thus, a part of the PO4-P probably originated
in easily degradable OP. This conclusion is supported
by the high NH4-N at BISA1, indicating OM degra-
dation (Martens and Goldhaber 1978; Kamp-Nielsen
1992; Slomp et al. 1996b). OP, TC,.4, and NH4-N
were also high at BZ1, where the incubation-derived
PO4-P flux was five times lower than at BISAI,
probably because of more reduced sediment surface at
BISA1. Moreover, BZ1 was higher in NO3-N in the
near-bottom water (Table 2) and in the sediment-water
interface (Fig. 2) than BISA1. This suggests that in the
surface layer at BZ1, Fe was more likely present as Fe
oxyhydroxides, which are able to retain P. In fact,
reductant-soluble Fe was higher at BZ1 than at BISA1
(Table 5). A peak value for pore water Feg; at ca.
1-cm depth at BZ1 (Fig. 2) may explain the diffusion
of Fegiss into the near-bottom water. At BISAI1, in
contrast, reduced conditions and low Feg in the
sediment-water interface indicate that Feg, had
diffused out from the sediment or was incorporated
into ferro-sulfides (Berner 1970), as suggested above.
Despite the oxidized surface sediment, the incubation-
derived PO4-P flux was positive and near-bottom
water Feyiss was fairly high at AS2. This may be
related to the activity of benthic animals (e.g. Petr
1977; Hietanen et al. 2007), a suggestion that is
supported by the partly mixed laminas. Similarly,
Conley et al. (1997) reported high PO,-P fluxes in the
GoF despite oxic near-bottom water.

Silicate anion is bound to oxide surfaces with a
similar mechanism than PO4-P and it competes with
PO,4-P for sorption sites (Hingston et al. 1967; Ryden
et al. 1987; Koski-Vihili et al. 2001). Although the
gradients of SiO4-Si in the sediment-water interface
were similar at AS2, BISA1, and BZ1 (Fig. 2), the
sites on the eastern coast were higher in SiO4-Si in
the near-bottom water (Table 2). This may be related
to their higher biogenic Si content, as suggested by
high alkali-extractable Si (Table 5). Moreover, scan-
ning electron microscope images revealed an
abundance of biogenic silica (mostly diatom rem-
nants) in surface sediment in the eastern GoF (Vallius
1999). At these coastal areas, many parameters in the
near-bottom water increased with increasing sedi-
ment TC, while the opposite was found for O,
(Fig. 5b). High amounts of OM support active

mineralization and other biogeochemical processes
that are reflected in the chemistry of the near-bottom
water.

Burial and release of sediment P in the shallow
coastal sediments

Reactive P forms buried in deep sediment layers were
taken into account when calculating the burial flux
and in evaluating the minimum annual P efflux
determined on the basis of the solid phase data
(Table 4) (Lukkari et al. 2008, submitted). The TPy,
of the sediment depth layer deposited in 1986 (i.e.,
the one with '*’Cs peak value) was used as the
background level. Among the main sampling sites,
BISA1, which had the fastest sediment accumulation
and P sedimentation rates, also had the highest burial
of P (Table 4). However, because this same site, rich
in OM and OP, had the lowest burial efficiency for
total P in the sediment surface, it also clearly had the
highest P efflux when calculated as an annual average
since 1986 (Table 4). At BISA1, labile OP seemed to
be the P form mostly responsible for the long-term P
efflux. Furthermore, the reduced sediment surface
restricted the capture of mineralization-released P by
Fe oxyhydroxides. Although the chemical composi-
tion of sediment P at the other OM-rich site, BZ1,
was similar to that at BISA1, the long-term efflux of
P at BZ1 was even lower than at the site located in
the Fe-rich AS (AS2). The explanation for this seems
to be the slower sedimentation and accumulation of P
at BZ1. The best burial efficiency for total P in the
AS is related to lower OP and abundance of Fe-
compounds and their ability to retain soluble P
diffusing upwards into the oxic surface layer (Fig. 3).

The chemical characterization of sediment P sug-
gests that, on average, shallow coastal sediments in
the AS and in the GoF will bury 49% of total P in the
sediment surface layer, while the rest will be released
back into the water column with time. Generally, in
coastal sediments, sedimentation and burial of P was
lower than in nearby estuaries, but higher than in the
hypoxic central GoF (Lukkari et al. 2008, submitted).
Burial of P at the study sites was also slightly higher
than reported for other shallow coastal areas in the BS,
e.g., in the Gulf of Riga (Carman et al. 1996) and
Aarhus Bay (Jensen et al. 1995). However, at the two
coastal sites in the eastern GoF, the burial efficiency
of sediment P was lowest found in the studies in the
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northeastern BS (Lukkari et al., submitted). This
suggests that shallow coastal areas high in OM and OP
that occasionally suffer from O, depletion release a
large part of their accumulated sediment P in the long
run. Calculation of long-term average values for
minimum annual P efflux (Table 4), based on the loss
of reactive P from the sediment between year 1986
and the sampling year, assumes that (1) all reactive P
lost was released from the sediment to the water
column (2) the SAR was constant, and (3) the
composition of deposited material remained constant.
These estimates suggest that, in these coastal sedi-
ments, the average value for minimum annual P
release from sediment reserves ranges from 42.9 (at
the AS) to 124 kg km 2 (at the eastern GoF; Table 4).
It is noteworthy that this is higher than similarly
determined values for P in the hypoxic sediments in
the central GoF (1.3-46.0 kg km 2 year™'; Lukkari
et al., submitted). Relevant to this, Lee et al. (1977)
and Bostrom et al. (1982) suggested that over the
long-term, the slow but continuous release of P from
shallow lake sediments in aerobic conditions may
even exceed that in anaerobic conditions. However,
possible increase in SAR (Emeis et al. 2000; Vaal-
gamaa and Conley 2008) can cause overestimation of
P efflux in this study.

Assuming that the burial efficiency of total P at the
rest of the coastal sampling sites, C55, C74, and C6,
is close to the average value (49%) determined for the
sites AS2, BISA1, and BZ1, we can also coarsely
estimate P burial and the long-term average of
minimum annual P efflux for the former sites.
Moreover, combining the long-term P efflux esti-
mates (41.2-115 kg km™2 year ') with those
presented in Table 4, we can roughly estimate that
the shallow coastal areas in the northern GoF (and
AS) have annually released about 79 kg P km ™2 from
their sediments during the past 12-18 years. Note,
however, that all these minimum estimations are
based on information stored in the sediment and do
not take into account short-term P release during or
right after deposition. Pronounced P release occurs
temporarily, for example, after the settling of algal
blooms (Williams and Mayer 1972). The incubation-
derived flux determinations represent temporal situ-
ation and the fluxes have significant spatial and
temporal variation. Thus, they are not comparable
with the long-term P efflux estimations. According to
incubation-derived flux determinations, P efflux is
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16.8, 389, and 70.5 mmol m 2 yeatr_1 for sites AS2,
BISAL1 and BZ1, respectively. These values represent
maximum estimates because the determinations were
made in August when the flux is probably high. As
pointed out in Lukkari et al. (submitted), using
average values during the past 12—-18 years probably
overestimates the long-term P efflux during years of
good O, conditions and underestimates that when O,
has been depleted from the near-bottom water.
Despite the shallowness, O, depletion is common in
the small basins on the northern coast of the GoF and
AS because of the patchy bottom topography and
thermal stratification during summer. An abundance
of laminated sediments indicating poor O, conditions
has also been reported in other coastal areas of the BS
(Persson and Jonsson 2000), and their occurrence
may even increase in the future as a result of climate
change.

Conclusions

The topographically variable shallow coastal sedi-
ments in the AS and northern GoF differed in their
content of P and its chemical composition. The site
most affected by sediment transportation was poorest
in P and it was dominated by immobile apatite-P. In
the AS, on the other hand, the Fe-rich oxic sediment
surface had abundant P bound to Fe oxyhydroxides.
However, sediments in the AS, and especially the
OM-rich sediment on the eastern coast of the GoF,
were dominated by alkali-extractable, labile OP. An
abundance of OP seemed to cause efflux of P from
sediment reserves in the long-term. The release of
sediment P, including that originating in OP, was
most pronounced in sediment that had the most
reducing conditions at the surface. For this reason, Fe-
compounds were not able to bind P diffusing upwards
in the sediment and, instead, the P was released into
the water column. Furthermore, the abundance of
loosely-bound and pore water P at the same site
reflected the lack of available sorption sites for P. P
bound to oxides of metals not sensitive to reduction
(e.g., Al-oxides) was vertically and spatially the most
stable P form. Sediments on the eastern coast high in
OM and OP have the lowest burial efficiencies for
total P in sediments studied in the northeastern BS so
far. In fact, concerning P reserves in the sediment the
long-term average of minimum annual P efflux was
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generally higher in OM-rich sediments overlain by
oxic near-bottom water on the eastern coast than in
the poorly oxygenated sediments in the central GoF.
Despite the shallow water depth, sediments in shel-
tered coastal OM-rich sub-basins suffer from seasonal
O, depletion. Moreover, in the future, the surface area
of shallow hypoxic basins may even increase in the
BS because of climate change. Thus, shallow coastal
areas may release a marked part of their P reserves in
the long run and their condition should be taken into
consideration when trying to resolve the eutrophica-
tion problem in the BS as well as in the other
eutrophied sea areas. The results suggest that more
information is needed on the long-term release of P
from coastal sediments and on the role of organic P in
P loading.
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