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ABSTRACT 

The sediment may be a source or a sink for metals and nutrients. The hydrographic and 
sedimentary conditions affect the cycling of iron, manganese, phosphorus and heavy metals at 
the sediment-water interface. Metals and phosphorus associated with iron and manganese 
oxides and hydroxides or organic matter are released to the pore water as these oxide phases 
dissolve in anoxic conditions or during early diagenesis. The solutes released to the pore water 
may diffusive upwards and be released to the overlying water or be removed from pore water 
by formation of authigenic mineral phases. Sulphide is thought to limit the pore water 
concentration of heavy metals. Phosphate may be re-adsorbed on sediment solid phases, 
especially in the oxidizing layer of the sediment. However, the oxidation of sulphidic 
sediments may release the metals bound by sulphidic phases. In anoxic conditions, the 
eutrophication may be enhanced by the release of phosphate from sediments. These variable 
hydrographical conditions are well-known phenomena in the Baltic Sea. The first part of this 
publication reviews the associated processes. 

To study the influence of variable environmental conditions, the techniques of diffusive 
equilibration in thin-films (DET) and diffusive gradients in thin-films (DGT) were 
implemented to study dissolved iron, manganese and phosphorus dynamics. The techniques 
were implemented for the sediment in the central and eastern part of the Gulf of Finland, the 
Baltic Sea. Additionally, a procedure to study dissolved sulphide was tested. Examples of the 
results from the central station GF2F are presented and compared to conventional methods, i.e. 
squeezing and centrifugation. 

DET and DGT are chemical sensors based on hydrogels. In DET device the sediment pore 
water equilibrates with a single layer of diffusive gel that is about 95% water. DGT uses an 
additional layer of gel impregnated with a binding agent that preconcentrates solutes in-situ 
and fixes them on a binding gel layer. DGT measures the induced flux of solute from the solid 
phase to solution directly. The flux can be interpreted as the mean concentration at the surface 
of the DGT device during deployment. These techniques allow measurements to be done at 
fine scale, and allow study interactions of different elements and processes. 

This publication is based on the authors masters thesis done in the Department Geology and 
Mineralogy, University of Helsinki. Financial support has been received from the Maj and Tor 
Nessling Foundation and the Mathematics and Science Fund of the University of Helsinki. 
Keywords: marine sediment, geochemistry, sediment pore water, early diagenesis, DET, DGT, Gulf of 
Finland, Baltic Sea 
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1. INTRODUCTION 

Sediments are both carriers and potential sources of contaminants in aquatic systems. Contaminants are 
not necessarily permanently fixed in the sediments but may be remobilised when physiochemical 
conditions, e.g. oxygen content or redox conditions, change (Salomons & al. 1987, Petersen & al. 1995, 
Leivuori 2000). Metals are affected by the reactions taking place during the early diagenesis, e.g. 
oxidation of organic matter by manganese and iron oxyhydroxides and sulphate reduction (Petersen & 
al. 1995, 1996). 

Iron (Fe) and manganese (Mn) form solid oxyhydroxide phases in oxic environment. In anoxic 
conditions or during the oxidation of organic matter, these phases are reductively dissolved and iron and 
manganese released to the sediment pore water as Fe2+  and Mn2+(e.g. Froelich & al. 1979, Burdige 
1993). Heavy metals are scavenged by iron and manganese oxyhydroxides, in addition to organic 
matter, and may be remobilised during the oxidation of organic matter or dissolutive reduction of iron 
and manganese (Salomons & al. 1987, Petersen & al. 1995, 1996). Significant fractions of phosphorus 
may be associated with the solid phases, especially adsorbed on iron oxides and may be released to the 
pore water as phosphate when these solid phases dissolve (Sundby & al. 1992, Anschutz & al. 1998). 
The dissolved species may diffuse upwards and be released to the water column or readsorbed on the 
sediment solid phases, or be removed by formation of authigenic mineral phases (e.g. Fe-sulphides, 
rhodochrosite, apatite, Mn-sulphide). 

The sediment-water interface is characterized by large chemical, physical and biological gradients. 
Concentration gradients provide information on solute transport and exchange fluxes of solutes between 
sediment and overlying water (Shuttleworth & al. 1999). The vertical gradients between pore water and 
the overlying water produce diffusive fluxes across the sediment-water interface and can be modelled 
by one-dimensional diffusive equations, i.e. Fick's first and second laws of diffusion (Appendix 1, 
Berner 1971, Santschi & al. 1990, Zhang & al. 1995a). The concentration gradients provide a tool to 
understand the mechanism of remobilisation, solubility, sorption or biogeochemical processes taking 
place in recent sediments during early diagenesis (Froelich & al. 1979, Santschi & al. 1990). 

To find out the sources and sinks of each component there is need for precise spatial definition and 
detection of heterogeneity within sediment systems (Davison & al 1994). The spatial resolution 
provided by established methods for measuring pore water is inadequate for determining concentration 
gradients (Davison & al. 1994, Krom & al. 1994a). Conventional methods for pore-water sampling 
include centrifugation, pore water squeezing, in-situ sampling and dialysis cell. Dialysis cell and 
peepers are based on equilibration of pore water and aqueous component of the sampler (Hesslein 
1976). The deployment times are long and achieved resolution not more than 1 cm (Hesslein 1976, 
Zhang & al. 1995a). 

Techniques of diffusive equilibration in thin-films (DET) and diffusive gradients in thin-films (DGT) 
used in this study are chemical sensors based on hydrogel. In the DET device, similarly to dialysis, the 
sediment pore water equilibrates with a single layer of diffusive gel that is about 95 % water. DGT uses 
an additional layer of gel impregnated with a binding agent that preconcentrates solutes in-situ and fixes 
them on the binding gel layer. They provide high spatial resolution and measurements of remobilisation 
fluxes in pore water. Micro- and minielectrodes are available for several elements and high-resolution 
measurements of solutes in sediments. The in-situ chemical sensors and instrumentation successfully 
used at the sediment-water interface are reviewed by Reimers & Glud (2000) and electrochemical 
monitoring of dissolved heavy metals in marine waters by Achterberg & al. (2000). The disadvantages 
are that the equipment is expensive, breaks easily and the use on board is difficult. The high-resolution 
measurements have revealed fine scale structures in the sediment pore waters indicating that higher 
sampling resolution compared to the conventional methods is needed to define concentration gradients 
(e.g. Krom & al. 1994a, Zhang & al. 1995a, Shuttleworth & al. 1999). 

There is a concern of how changing environmental conditions, e.g. bottom water anoxia or the 
oxidation of sulphidic sediments, affect the cycling of iron, manganese, phosphorus and heavy metals at 
the sediment-water interface. These variable hydrographic conditions and eutrophication are well-
known phenomena in the Baltic Sea, one of the largest brackish water systems in the world (Helsinki 
Commission, HELCOM 2003). The present study focuses on the Gulf of Finland, a sub-basin of the 
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Baltic Sea, which is a direct continuation of the Baltic Proper to the north-east (Fig. 1, Andrejev & al. 
2004, Alenius & al. 1998). 

Fig. 1. The Baltic Sea (HELGOM 2001). 

According to Vallius (1999a) and Vallius & Leivuori (2003), heavy metals are stored in the recent 
sediments in the Gulf of Finland. They classified the concentrations of the heavy metals in the 
sediments within significant or high levels of pollution. The changes in physico-chemical conditions 
could change the situation and release metals stored in the sediments (Vallius & Leivuori 1999, 
Leivuori 2000). Before the year 1996, substantial amounts of phosphorus were retained in sediments, 
but due to anoxic conditions in 1996, large amounts of phosphorus were released from the sediment to 
the water (Leppänen & al. 1997). 

The purpose of this study is to implement DET and DGT techniques to sample sediment pore water to 
study dissolved iron, manganese, phosphorus and sulphide concentrations in the Baltic Sea 
environment. Pore water concentrations of iron, manganese, and sulphide in surface sediment are 
compared to results obtained using conventional methods, sediment squeezing and centrifugation. The 
study focuses on the sediments of the Gulf of Finland, where five stations were sampled to implement 
DET and DGT techniques. Examples of the results from the central station GF2F are presented. This 
publication is based on the master's thesis made at the Department Geology and Mineralogy, University 
of Helsinki. The work was financiated and done at the Finnish Insitute of Marine Research (FIMR). 

2. GEOCHEMISTRY AT THE SEDIMENT-WATER INTERFACE 

2.1 General 

The sediment-water interface is characterised by large chemical, physical and biological gradients. The 
early diagenetic environment at the sediment-water interface is characterised by microbiological, 
chemical and physical interactions of dissolved, colloidal and particulate organic carbon, metal ions, 
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metal-organic complexes, sulphur compounds and organic and inorganic solids (Salomons & Förstner 
1984, Santschi & al. 1990). Additionally, biogeochemical and physical processes, such as wave 
activity, erosion by currents and bioturbation take place and control the physical boundary conditions 
for chemical reactions immediately above or below the sediment-water interact (Grasshoff & Voipio 
1981, Santschi & al. 1990). The processes of early diagenesis are mainly biologically catalysed by 
benthic organisms or bacteria but purely inorganic reactions take place as well, such as oxidation of H2S 
and Fe2+  by 02 (Santschi & al. 1990, Burdige 1993, Thamdrup 2000). 

Sediment is often reworked and mixed by bioturbation i.e. animal activity at the sediment surface. 
Bioturbation may affect the chemical and physical properties of the sediment by mixing, pumping pore 
fluids and altering sediment texture, porosity and compaction (Campbell & al. 1988, Matisoff 1995). 

The labile organic fraction of settling material is degraded at the sediment-water interface. 
Decomposition of organic matter proceeds in succession of redox reactions oxidising the organic 
substance to yield carbon dioxide and water (Schulz 2000a). It is accompanied by a decrease in the 
redox potential and a reduction the electron acceptors such as 02, NO3-, Mn4+, Fe3+  and sulphate (5042-) 
(Froelich & al. 1979, Grasshoff & Voipio 1981, Santschi & al. 1990). These reactions are discussed in 
detail in section 2.2. 
Berner (1981) classified the sedimentary environments based on the presence of dissolved oxygen and 
dissolved sulphide at the time of authigenic mineral formation. He divided the oxic and anoxic 
environments depending on the presence of measurable dissolved oxygen. Anoxic environments are 
divided into sulphidic and non-sulphidic according to the presence of dissolved sulphide, and further 
on, anoxic non-sulphidic environments are divided into post-oxic (without sulphate reduction) or 
methanic (methane production). The diagenesis proceeds in the order: oxic — post-oxic — sulphidic — 
methanic. Different iron and manganese minerals are characteristic and stable in every environment. 

The redox potential in sediments decreases in response to 02  consumption when organic matter is 
oxidized. When oxygen is absent, alternate electron acceptors are sequentially reduced by micro-
organisms and the reduced species accumulate in pore water, decreasing the redox potential (Pardue & 
Patrick 1995, Cappellen & Wang 1995, Schulz 2000a). Sediment pore water is a mixture of compounds 
undergoing redox reactions in various stages of non-equilibrium, making the sediment redox potential 
status a complex parameter (Pardue & Patrick 1995). The pH in marine sediments is commonly lying 
between 6 and 8 (Berner 1971). The redox potential in the oxic and suboxic zone of marine sediments 
varies from 0-100 to +400 mV and in the reducing sediment from 0-100 mV down to —200 mV 
(Jorgensen 2000). 

2.2 Early diagenetic reactions in surface sediments 

The sequence of reactions taking place during early diagenesis has been depicted by Froelich & al. 
(1979). Redox-zones are formed during the oxidation of organic carbon by different electron acceptors 
in order of decreasing energy production and the limited availability of electron acceptors (Froelich & 
al. 1979, Berner 1981, Santschi & al. 1990, Luther 1995). The quantity and degradability of organic 
carbon and the availability of electron acceptors affect the relative importance of the different 
degradation pathways (Schulz 2000a, Ferro 2003). In marine sediments, the primary reduced species 
being oxidized is organic carbon (Froelich & al. 1979). The oxidation proceeds from the oxidant 
yielding the greatest free energy change by mol of organic carbon oxidized continuing to the next most 
efficient oxidant until all the oxidants are consumed or oxidisable matter is depleted. The resulting 
hypothetical pore water profiles and associated processes are presented in Fig. 2. The sequence of 
organic matter oxidation processes in the following section is presented according to Froelich & al. 
(1979). It is known, that the classical biogeochemical zones describing early diagenesis are 
oversimplifications (Mortimer & al. 2002). Iron, manganese and sulphur cycles in marine sediments 
have been found to be closely coupled to nitrification-denitrification (Thamdrup & al. 1994a,b, Hulth & 
al. 1999, Mortimer & al. 2002). 
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Iron Reduction Fe(III) 
(e.g., FeOOH) 

Sulfate Reduction 	SOq- 
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ELECTRON 
CONCENTRATION 
	

PROCESSES 	 ACCEPTOR 

Fig. 2. The hypothetical pore water profiles resulting from the sequence of organic matter oxidation 
processes taking place in marine sediments (Burdige & al. 1993, originally from Froelich & al. 1979). 

In the uppermost oxic zone, dissolved oxygen is present in pore waters and is used in the oxidation of 
organic matter, resulting in the release of carbonate, nitrate and phosphate to the pore water. Nitrate 
diffuses down to be denitrified in the lower part. Immediately below the oxic zone, in the suboxic zone, 
manganese oxides are reduced and Mn2+  dissolves into the pore water. Carbonate, nitrogen and 
phosphate are produced in the zone. After or simultaneously with manganese oxide reduction, reduction 
of nitrate produced in the oxic zone, takes place. As a result, carbonate, phosphate, nitrogen and 
ammonia are produced. The oxidation continues by iron oxides and hydroxides and ferric iron (Fe3+) 
becomes reduced to ferrous iron (Fe2+) by hydrogen sulphide (H2S), fermentation or by anaerobic 
bacteria. 

In anoxic diagenesis, the redox potential and the content of dissolved oxygen in pore waters become 
very low. Sulphate reduction is the dominating diagenetic process in anoxic marine environment, 
sulphate being highly concentrated in marine pore water. At this stage, organic matter is not usually 
being oxidized anymore, but methane, which diffuses up from the deeper parts of the sediments. In the 
lowest fermentation zone methane accumulates in pore waters. Relative to the abundance of oxide 
phases, oxygen and nitrate are not found in high concentrations and manganese oxide reduction takes 
place readily. Iron reduction appears to be less favourable, but has been found to be an important 
process because of the higher relative concentration of oxide phases of iron over those of manganese in 
most environments (Luther 1995). 



8 	Hanna Kaasalainen 	 MERI No. 56, 2006 

2.3 Geochemistry of certain elements 

2.3.1 General 

Dissolved oxygen is transported from the bottom water to the sediment and is reduced by oxidation of 
organic carbon and biologically mediated or purely inorganic oxidation of inorganic species such as 
ammonia (NH3), Mn2+, Fez+, H2S, CH4  and S2  (Stumm & Morgan 1970, Santschi & al. 1990). Changes 
in oxygen content in the water column and sediments affect the forms, solubility and deposition of 
metals, converting the oxidation states that may involve changes in precipitation/dissolution behaviour. 
It can be expected that changes in the oxygen content will be reflected in the vertical distribution of 
heavy metals in sediments (Grasshoff & Voipio 1981, Salomons & al. 1987). For example, when an 
oxidising environment changes into reducing, the conversion of the solid phases of iron and manganese 
to their reduced, soluble forms, may liberate other trace components adsorbed or associated with oxides 
(Tessier & al. 1979, Zhang & al. 1995a, Haese 2000). 

In sediments, metals are subjected to several other abiotic reactions such as complexation/dissociation 
and adsorption/desorption (Campbell & al. 1988). Dissolved metal concentrations are largely affected 
by the interactions between particulates and metals. There are three main processes (Honeyman & 
Santschi 1988): 

(i) adsorption, i.e. accumulation of matter at an interface, 

(ii) absorption i.e. diffusion of aqueous species into a solid phase, 

(iii) surface precipitation. 

Adsorption is the first removal process of the metals from the hydrocycle. Components that interact 
with dissolved constituents include clay minerals, carbonates, quartz, feldspar and organic solids, and 
are usually coated with hydrous manganese and iron oxides, and by organic substances (Förstner 1985). 

The metals present in the pore water as cationic species may participate in complexation reactions: 

MZ+ +nL <-4 M(L)„Z+ 	 (1) 

Inorganic ligands in oxic sediments include anions, such as chloride and sulphate, hydroxide, carbonate 
and bicarbonate. The content of dissolved organic carbon in pore water has a considerable influence on 
metal speciation (Campbell & al. 1988). Metals can accumulate in sediments and may be incorporated 
in the biota. The main question is, to what extend the metals are available for living organism 
(Montouris & al. 2002). Complexing of metal by ligands usually make them less bioavailable 
(Salomons & Förstner 1984). Weakly bound metals-organic complexes may be sources of biologically 
available metals (Campbell & al. 1988). 

2.3.2 Iron (Fe) 

Iron occurs at two valence states, as oxidised ferric ion, Fe3+  and soluble, reduced ferrous ion, Fez+. Due 
to the low solubility of Fe3+, oxidised iron is mostly in the particulate form (Ferro 2003), forming solid 
iron oxides and hydroxides, but may also occur in solution in significant concentrations as an iron 
chelate of enzymes, humic acids or iron polysulphides (Santschi & al. 1990). Dissolution and 
precipitation of iron bearing minerals are related to the redox conditions at the sediment-water interface 
and control the pore water concentration of iron. The oxidation of organic matter is accompanied by 
reduction and dissolution of iron oxides and hydroxides to Fez+  (see section 3.2) (Froelich & al. 1979, 
Haese 2000). The most important phase for microbial iron (Fe3+) reduction, amorphous or poorly 
crystalline iron, generally contributes to about 20% or less of the total iron in sediments (Thamdrup 
2000). 

Iron, supplied to the sediment from sinking particles in the form of goethite (FeOOH), hematite (Fe203) 
or crystallographically amorphous ferrihydrite, becomes buried as new material is added to the 
sediment (Davison & al. 1991). Hematite and goethite are the oxidation products of weathering of 
ferrous minerals and a major source of detrital iron in sediments (Berner 1971). A point source of 
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dissolved Fe2+  develops, when the reactive fraction of Fe3+  is reduced and Fe2+  diffuses downwards and 
upwards away from this point source. The upward-diffusing Fe2+  is oxidised by e.g. oxygen, nitrate or 
manganese oxides and removed from the solution as new solid phases are formed (e.g. Froelich & al. 
1979, Fones & al. 1998). The downward diffusing Fe2+  is regulated by diagenetic reactions, solubility 
and interactions with surfaces. For example, precipitation of iron sulphide minerals is very rapid and 
Fe2+  is efficiently trapped in such minerals (Davison & al 1991, Fones & al. 1998, Haese 2000). Iron 
sulphides can be buried, oxidized microbially by nitrate or transported back to the surface by 
bioturbation and become oxidized by oxygen or manganese oxides (Schippers & Jorgensen 2002). 

Iron cycling is closely coupled to that of sulphur (e.g. Santschi & al. 1990). Glauconite (K-Fe2+-Fe3+-
hydrous aluminosilicate), siderite (Fe,Mg)CO3  and iron sulphides (pyrite FeS2  and its precursors 
greigite Fe3S4  and mackinawite Fei+XS) form only during diagenesis (Berner 1971). Pyrite formation is 
determined by the kinetics of intermediate metastable iron sulphides to pyrite, solution pH and sulphide 
concentration while the influence of precursor iron oxides and hydroxides was found to be relatively 
minor although important for initial iron sulphidisation rates (Morse & Wang 1997). 

Iron oxides and hydroxides have a very high affinity for anions as well as cations. The iron dissolution 
and precipitation reactions can have a great influence on the behaviour of various components such as 
phosphate and heavy metals (Tessier & al. 1979, Petersen & al. 1995, 1996, Haese 2000). These are 
discussed later in sections 2.3.4. and 2.3.5. 

2.3.3 Manganese (Mn) 

Manganese occurs in three oxidation states in natural aquatic environments, +II, +III and +IV. Soluble 
manganese occurs in natural waters at the oxidation state +II (e.g. Santschi & al. 1990). Under oxic 
conditions, Mn2+  tends to be oxidised to Mn3+  or Mn4+, forming solid oxides and hydroxides often 
referred to as MnOX. These oxides are thought to be amorphous materials and often found as coatings 
on sedimentary particles and in association with iron oxides (Burdige 1993). Most particulate, oxidised 
manganese will be reductively dissolved when the sediment becomes anoxic and Mn2+  begins to build 
up in the sediment pore water. The presence of manganese oxides is good indicator of oxic 
environments (Froelich & al. 1979, Berner 1981, Sternbeck 1996, Ferro 2003). Manganese oxides and 
hydroxides adsorb many heavy metals (Co2+, Ni2+, Cu2+, Zn2+) and oxyanions due to a high adsorption 
capacity (Tessier & al. 1979, Petersen & al. 1995, 1996). These metals are affected by the precipitation 
and dissolution reactions of manganese oxides and hydroxides. 

Manganese oxides are electron acceptors in the oxidation of organic matter during the early diagenesis. 
Changes in the manganese oxidation state occur after oxygen has been reduced, but before or 
simultaneously with the reduction of Fe3+  or sulphate (see section 3.2, Froelich & al. 1979, Sternbeck 
1996, Schulz 2000b). Close coupling between anoxic nitrification and manganese reduction has been 
found in marine sediments (Hulth & al. 1999). 

The Mn2+  ions produced by manganese oxide reduction may diffuse upwards to be released to the pore 
water and be re-oxidised by dissolved oxygen or nitrate or diffuse downwards and precipitate in the 
sediment as Mn2+  containing minerals. The reoxidised manganese oxides will settle and upon reaching 
the anoxic zone, they will again be reductively dissolved (Froelich & al. 1979, Sternbeck 1996). Mn2+  
may form minerals such as rhodochrosite (MnCO3), alabandite (MnS) or reddingite (Mn3[PO4]2x3H2O) 
(Emelyanov 1988, Santschi & al. 1990, Sternbeck 1996). The presence of authigenic Mn2+  phases 
(rhodochrosite) is noted in the anoxic basins of the Baltic Sea, such as Gotland Deep, indicating anoxic 
conditions, enhanced manganese concentrations and salt-water inflow events (Emelyanov 1988, 
Jakobsen & Postma 1989, Huckriede & Meischner 1996, Alvi & Winterhalter 2001). Manganese 
sulphide, MnS (alabandite or another crystalline form), is stable only at very high H2S concentrations 
(Berner 1981) and is formed only rarely (Sternbeck 1996). In the Baltic Sea, however, MnS may 
precipitate due to high Mn2+  and H2S concentration (Suess 1979). Unique sedimentary Mn-sulphide 
precipitation in Landsort Deep in the Baltic Sea has been reported by Lepland & Stevens (1998). 

In sediments in which the sediment-water interface is constantly oxic, manganese nodules may 
accumulate. They are common on the deep sea floor, but vary considerably in abundance and 
composition from place to place. The distribution is affected by sedimentation rate, sea-floor 
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topography, sediment distribution and the abundance of accretion nuclei (Cronan 1977). The nodules 
are composed of manganese oxides and iron oxides. The nodules are enriched in many rare elements, 
such as Mo, TI, Ag, Ir, Pb, Zn, Cd, Yb, W, Bi, V, Y, Zr, Ba, La and Hg (Cronan 1977). In anoxic 
conditions, ferromanganese nodules would dissolve and the associated metals would become released to 
the water body. The occurrence of ferromanganese nodules in the Baltic Sea is discussed more detail in 
section 3.2. 

2.3.4 Heavy metals 

Many of the heavy metals are biologically active, either enhancing or depressing biological production 
(Grasshoff & Voipio 1981). The most mobile and biologically and chemically active fractions in 
sediments are the dissolved components present in pore waters (Zhang & al. 1995a). During the early 
diagenesis or when the environmental conditions change, heavy metals can be remobilised and released 
from the sediment (Grasshoff & Voipio 1981, Salomons & al. 1987, Petersen & al. 1995). 

The most important controls of the heavy metal concentration in the sediment pore water are the 
breakdown of organic matter, oxygen conditions, the dissolution of iron and manganese oxides and 
hydroxides and adsorption-desorption reactions. During early diagenesis, the scavengers of heavy 
metals, i.e. organic matter and iron oxyhydroxides are affected resulting in the reduction of the total 
adsorption capacity. On the other hand, heavy metals form insoluble sulphide minerals and have been 
observed to adsorb and coprecipitate with commonly forming authigenic iron sulphide minerals 
(Salomons & al. 1987, Morse 1995, Petersen & al. 1995, 1996). 

The breakdown of organic matter results in the release of heavy metals, such as cadmium, zinc, nickel 
and copper, associated with solid organic phases. Furthermore, the produced dissolved organic matter 
may form complexes with the released metals or may actively desorb them from the sediment 
(Salomons & al. 1987, Petersen & al. 1995, 1996). 

Iron and manganese oxides are enriched at the oxic-anoxic boundary, which acts as a natural barrier for 
the diffusive flux of trace contaminants into the overlying water column (Tessier & al. 1979, Petersen & 
al. 1995, 1996). The heavy metals associated with the oxides are released under anoxic conditions due 
to reductive dissolution of iron and manganese oxides, if they are not precipitated by the formation of 
sulphide minerals (Petersen & al. 1995, 1996). An oxidative release of metals from sulphides during 
sediment suspension or seasonal migration of the redoxcline may have a major impact on the 
concentration of the potentially bioavailable metals (Morse 1995). Cobalt and chromium associated 
with the oxide minerals are not limited by the formation of sulphide minerals, and are released to the 
water under anoxic conditions (Petersen & al. 1995). Cobalt, being more enriched in the zone of 
manganese reduction and showing detailed correspondence to manganese, is more associated with the 
manganese oxides (Petersen & al. 1995, Zhang & al. 2002). Cadmium, copper, zinc and nickel are 
released from the organic material or due the oxidation of sulphide phases in oxic conditions. Copper 
and zinc precipitate as sulphide minerals at very low sulphide concentrations. The nickel sulphide is 
much more soluble (Moore & al. 1988, Petersen & al. 1996). 

The natural sources of metals include weathering, erosion and volcanic activity. The anthropogenic 
release of heavy metals by processes such as smelting and fossil fuel combustion, has increased the 
fluxes from pre-industrialized times. Additionally, the transport and the behaviour of heavy metals have 
been affected by land usage, acidification, eutrophication and the introduction of complexing agents 
(Salomons & Förstner 1984). Heavy metals are transported from the continents to the oceans both in 
solution and attached to the suspended matter (Salomons & al. 1987). Contaminants are stored in the 
sediment, but changing environmental conditions may release the accumulated metals. 

Vallius & Leivuori (2003) classified the concentrations of the heavy metals in the sediments of the Gulf 
of Finland within significant or high levels of pollution. The highest concentrations of heavy metals in 
the surface sediments are found in the easternmost part of the Gulf of Finland (Leivuori 1998, 2000, 
Vallius & Leivuori 1999). There is a difference between the northern and southern Gulf of Finland, the 
heavy metal concentration being higher in the north. In addition to anthropogenic sources there is a 
natural difference in the metal levels in the sediments in the different parts of the Gulf of Finland due to 
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differences in source rocks, hydrological conditions and material transportation by the currents (Vallius 
1999a, Vallius & Leivuori 2003). 

2.3.5 Phosphorus (P) 

The main form of phosphorus in nature is phosphate, phosphorus having the oxidation state V and 
coordination number 4. Phosphate occurs in all known minerals as orthophosphate, the ion form of 
which is represented as [PO4]3-  (Stumm & Morgan 1970). Phosphorus has a role of controlling the 
productivity of freshwater and terrestrial ecosystems. Phosphorus is removed from the water column by 
photosynthetic processes and by a variety of inorganic processes (Eijsink & al. 2000). In the sediments 
phosphorus may be associated with the solid iron oxyhydroxides, organic matter and detrital material 
(Krom & Berner 1980). Sediments act as a reservoir of phosphorus, but a significant fraction, 20-50%, 
of the total phosphorus in the surface sediments may be remobilised during burial and exported to the 
overlying water (Sundby & al. 1992, Anschutz & al. 1998). The formation of authigenic mineral is 
important, because it may not be solubilised again, whereas iron-bound and organic phosphorus can still 
be released upon the burial (Slomp & al. 1996). 

At the sediment-water interface, where organic matter is decomposed, phosphate is released to the pore 
water from the phosphorus containing organic matter (Krom & Berner 1981, Sundby & al. 1992, 
Anschutz & al. 1998). The phosphate in pore waters may be released to the overlying water, 
reprecipitated within the sediment as an authigenic phase, or adsorbed by other constituents of the 
sediment (Stumm & Morgan 1970, Sundby & al. 1992, Ruttenberg & Berner 1993, Eijsink & al. 2000). 
A significant fraction of phosphorus may be associated with solid phases such as clays, iron 
oxyhydroxides and carbonates (Krom & Berner 1981, Eijsink & al. 2000). The potential availability of 
these fractions to plants and algae is important. Exchange between solid phases and solution is a key 
process (Zhang & al. 1998a, Eijsink & al. 2000). 

Phosphate associated with amorphous iron is an important reservoir of phosphorus in the surface 
sediment (Jensen & al. 1995, Anschutz & al. 1998). Phosphate adsorbed on iron oxide surfaces is free 
to participate in exchange reactions and may be released to pore water as needed to maintain the 
equilibrium concentration and replace the dissolved phosphate that escapes to the overlying water 
(Sundby & al. 1992, Rozan & al. 2002). When iron oxides undergo reduction in an anoxic environment, 
associated phosphate will be subsequently released into pore water (Sundby & al. 1992, Ruttenberg & 
Berner 1993). Iron sulphide-reactions, i.e. the precipitation of iron sulphide minerals, solubilise solid 
phosphorus and maintain phosphate in pore water, while removing Fe2-1-  from the solution (Jensen & al. 
1995, Rozan & al. 2002). Both the reductive dissolution of amorphous iron and the formation of pyrite 
diminish the capacity of the sediment to store phosphorus (Krom & Berner 1980, Anschutz & al. 1998). 
Simultaneous release of iron and phosphate to the pore water emphasises the association of particulate 
phosphate and iron oxides in sediments (Sundby & al. 1992). 

The oxic layer of surface sediments enriched with iron oxides is thought to regulate the phosphate flux 
out from the sediment (Sundby & al. 1992, Jensen & al. 1995, Anschutz & al. 1998, Rozan & al. 2002). 
Mobilised phosphate, being readsorbed by the oxidising layer of the sediment, can be recycled several 
times across the iron redox boundary before escaping the sediment (Sundby & al. 1992). 

Jensen & al. (1995) found that reactive phosphorus bound by iron contributed only 3.5% of the burial 
flux of phosphorus. The non-mobilized phosphorus that is buried with the accumulating sediment is 
associated with more stable minerals such as apatite (Caio(PO4)6(OH,F)2  (Sundby & al. 1992, Anschutz 
& al. 1998). 

2.3.6 Sulphur (S) 

Sulphur is added to sediments as organic sulphur complexes and dissolved sulphate (S042-). Under 
aerobic conditions organic sulphur compounds are oxidised to sulphate, whereas under anaerobic 
conditions sulphate reducing bacteria can reduce sulphate or degrade sulphur in organic matter to form 
sulphide species, H2S and HS-  (Berner 1971, Drever 1982). In the marine environment with low 
sedimentation rates, there is continuous supply of sulphate from surface waters to the sediments 
(Salomons & al. 1987). The existence of sulphate reduction is the principal difference between marine 
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and freshwater sediments (Berner 1981, Reeburgh 1983). Sulphate reduction has the largest capacity of 
any process to oxidise organic matter in marine sediment (Reeburgh 1983). Oxidation of organic matter 
by sulphate reduction does not occur near the sediment-water interface in oxic environment and takes 
place only when all other electron acceptors are exhausted (Froelich & al. 1979, Santschi & al. 1990). 
In anoxic environment, however, it is the main process in the oxidation of organic matter. 

The dissolved sulphide reacts with iron minerals to form iron sulphides or migrates upward until it 
comes into contact with oxygen and is oxidised to elemental sulphur and sulphate (Berner 1971). 
Aerobic and sulphide bacteria, dissolved H2S and oxygen cannot exist simultaneously (Berner 1981). 
Sulphide sedimentary particles can be removed closer to the sediment-water interface due to 
bioturbation and iron sulphides can be oxidised not only by oxygen, but also by Fe3+, iron oxides and 
nitrate (Santschi & al. 1990, Schippers & Jorgensen 2002). 

A variation in the concentration of sulphide in pore water with sediment depth is one of the major 
controls of dissolved metals (Salomons & Förstner 1984, Petersen & al. 1995, 1996). The sulphide 
species generally react with iron-containing minerals in the sediment to form variety of iron sulphides. 
The end products are pyrite (FeS2) or marcasite and elemental sulphur (Berner 1971, Drever 1982, 
Salomons & al. 1987). 

3. SITE DESCRIPTION 

3.1 The Baltic Sea in general 

The Baltic Sea, one of the largest brackish water areas in the world, has a limited water exchange with 
the Atlantic Ocean (Andrejev & al. 2004). Permanent salinity stratification is formed in the Baltic Sea, 
when the freshwater supply generates a brackish surface layer of outflowing water, and ingoing 
subsurface flow forms a layer of more saline deep waters and bottom waters (Kullenberg 1981, 
Andrejev & al. 2004). A permanent oxygen deficiency exists below the permanent halocline due to a 
decrease in the oxygen content by decomposition of organic matter (Grasshoff & Voipio 1981). During 
the present century, suboxic to anoxic conditions frequently developed in the deeper basins and are 
terminated intermittently by dense marine inflow from the Atlantic Ocean that oxygenates the water 
column (Grasshoff & Voipio 1981, HELCOM 2003). The most recent major inflow of saltwater 
occurred in 1993-1994, while a smaller inflow event occurred in January 2003, bringing over 100 km3  
of saltwater into the southern Baltic Sea (HELCOM 2003). 

The Baltic Sea is divided to variable sub-basins with quite different dynamics (Andrejev & al. 2004). 
This study was conducted in the central Gulf of Finland, which is a direct, shallow continuation of the 
Baltic Proper, the central basin of the Baltic Sea. It has a mean depth of 38 m (Fig. 1). The Gulf of 
Finland shows general decrease in depth towards the east. It has a water volume of 1100 km3  and a 
surface area of 29 600 km2. The drainage area covers about 421 000 km2  (Perttilä & Savchuk 1996). 
The Gulf of Finland is bordered by highly populated land areas in Finland, Russia and Estonia, which 
release huge amounts of organic material and inorganic pollutants to the Gulf of Finland (Leivuori 
1998, 2000, Pitkänen & al. 2001, HELCOM 2003). The volume of the industrial production in the 
catchment area is significant. Treated and untreated wastewaters from the industry are discharged by the 
rivers into the Gulf of Finland (Vallius & Leivuori 2003). 

The hydrography of the Gulf of Finland is complicated, with a main anti-clockwise movement. The 
salinity of the Gulf of Finland is low and increases in the surface waters from 0 in east to 6 %o in the 
west. Saline water inflow takes place from the Baltic Sea Proper in the west, whereas a large amount of 
fresh water is discharged by rivers from the east, especially by the rivers Neva, Kymi and Narva 
(Alenius & al. 1998, Andrejev & al. 2004). Approximately one fourth of the total river water volume 
received by the Baltic Sea enters directly into the Gulf of Finland (Perttilä & Savchuk 1996). In contrast 
to the surficial freshwater inflow, the salty water from the Baltic Sea proper tends to penetrate into the 
Gulf of Finland along the bottom making the circulation pattern being highly dependent on the depth 
(Alenius & al. 1998, Andrejev & al. 2004). The general structure of the inflow-outflow system is rather 
stable but the variable bottom topography of the Gulf of Finland modifies the physical processes 
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causing the dynamics of various sub-basins to be quite different (Sviridov & al. 1996, Vallius & 
Leivuori 2003, Andrejev & al. 2004). 

The circulation pattern results in strong horizontal gradients in salinity and a sharp halocline. In the 
western Gulf of Finland, a permanent halocline exists throughout the year between depths of some 60-
80 m preventing vertical mixing of the water body to the bottom. Towards the east, the difference 
between surface and bottom salinities decreases (Alenius & al. 1998). The influx of saline water from 
the Baltic proper increased the deep-layer salinity and strengthened the salinity stratification in 1994-
1998 (Lips & al. 2002). The oxygen concentrations of the bottom water in the Gulf of Finland are partly 
related to saltwater inflows. Extensive bottom areas in the Gulf of Finland have suffered from oxygen 
deficiency since the mid 1990s (HELCOM 2003). In 2003, the near bottom oxygen conditions were 
very poor after an unusually strong stratification in 2002. By the end of the year, the oxygen situation 
had become very good (Haahti & Kangas 2004). 

The Baltic Sea is seriously eutrophicated; the excess biomass of primary producers accumulates on the 
sea-bed (HELCOM 2003). The external nutrient loading is accompanied by internal nutrient loading by 
the sediment itself. The increasing input of organic matter to the sediments may cause oxygen deficit to 
develop and the redox boundary to move towards the sediment-water interface (Skei & al. 1996). 
Anoxic conditions affect the nutrient and metal cycles in bottom water and sediments, e.g. releasing 
phosphorus and metals from the sediments, intensifying eutrophication and accelerating oxygen 
depletion (HELCOM 2003). According to Pitkänen & al. (2001), the state of the Gulf of Finland has not 
improved corresponding to the significant decrease in the external nutrient inputs in 1990s, the nutrient 
loading still being two to three times the average of the Baltic Sea. In contrast, an increase in the 
phosphate concentration in the surface and near-bottom layers was observed around mid-1990s due to 
internal loading accelerated by the poor oxygen conditions in the eastern Gulf of Finland. 

3.2 The Baltic Sea sediments 

The Baltic Sea has been repeatedly subjected to glacial erosion and accumulation during the multiple 
glaciations in the Late Pliocene and Pleistocene. The general topographical outlines of the Baltic Sea 
area were established long before that (Winterhalter & al. 1981). All the common forms of glacial 
deposits occur in the bottom of the Baltic Sea. The last deglaciation of the Baltic Sea basin began about 
15 000 years ago, at the time when the continental ice sheet had an ice marginal position just south of 
the present Baltic Sea. Since then, the Baltic Sea has experienced several stages of different salinities 
and extents. The development of the Baltic Sea and the sedimentary strata deposited during different 
stages are described in detail by Winterhalter & al. (1981), Winterhalter (1992) and Raukas & 
Hyvärinen (1992). Muds enriched in organic matter have been accumulating over the past ca. 8000 
years since the break-through of saline seawaters into the Baltic Sea (Emelyanov 1988). 

There are three main types of sediments based on the acoustic characteristics: (1) hard bottom including 
till and outcropping bedrock, (2) sand bottom including gravel, and (3) soft bottom with mud, clay and 
silt. Recent sediments are poorly compacted and differ acoustically from underlying more compact 
sediment layers (Winterhalter 1992). An example of an acoustic profile of sediments is presented in Fig. 
3. The very loose recent sediments form a fluffy, thin layer that can easily be eroded. Therefore, 
continuous accumulation can only occur where the bottom currents are weak (Winterhalter 2001). 
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Fig. 3. An example of an acoustic profile of sedimentary units at station GF2 in 1996. The length of the 
echoline is ca. 0.9 nautical miles and the scale of y-axis is 70-120 m (figure from Boris Winterhalter). 

Anoxic conditions generally prevail within the sediments of the Baltic Sea due to the oxidation of 
organic matter (Belmans & al. 1993, Perttilä & al. 2003). Well-laminated sediments are formed in 
anoxic conditions, when density stratification of the water column results in the depletion of oxygen 
content and bottom fauna. They differ markedly from the bioturbated sediments depositing during oxic 
conditions (Winterhalter 1992). 

Recent muds are mainly composed of terrigenic minerals i.e. elastics consisting of material eroded from 
the land surface (Uscinowicz & al. 1996, Futterer 2000). The Baltic Sea receives an important amount 
of run-off water carrying erosion products, which make up the major part of the sediment even in the 
central areas of the Baltic Sea (Belmans & al. 1993). Two types of terrigenic sediments are accumulated 
in the Baltic Sea: quartzo-feldspathic sands in near-shore and shallow regions and clayey muds 
(Emelyanov 1988). Commonly occurring terrigenic minerals in the Baltic Sea are quartz, feldspar, clay 
minerals such as kaolinite, illites and chlorites, amphiboles and locally appearing calcite and dolomite 
(Belmans & al. 1993, Uscinowicz & al. 1996, Mälkki 2002). 

Early diagenesis is accompanied by a formation secondary authigenic minerals reflecting the 
environmental, hydrologic and redox conditions during the deposition. This contributes to the vertical 
and regional variation of the accumulation of geochemically active sediments. The elements occurring 
as diagenetic secondary mineral species, such as iron and manganese oxides and hydroxides and 
manganese carbonates, are indicators of post-depositional redox conditions in the sediments 
(Emelyanov 1988, Belmans & al. 1993). Calcite (CaCO3) and manganoan calcite ((Ca,Mn)CO3), 
magnesian (Ca,Mn,Mg)(CO3) and calcian kutnohorite (Ca(Mn,Mg)(CO3)2), rhodochrosite (MnCO3), 
witherite (BaCO3), siderite (FeCO3), goethite (FeOOH), pyrite (FeS2) gypsum (CaSO4x2H2O), bassanite 
(CaSO4x0.5H2O) and anhydrite (CaSO4) were the authigenic minerals found by Uscinowicz & al. 
(1996). 

Iron and manganese oxides and hydroxides and ferromanganese nodules are found in an oxic 
environment, being dissolved in anoxic conditions (Emelyanov 1988). Ferromanganese nodules have 
been observed for example in Mecklenburg Bight and Kiel Bight in the southwestern Baltic Sea 
(Hlawatsch & al. 2002), Slupsk Furrow in the southern Baltic Sea (Szefer & al. 1998), the Gulf of Riga 
(Glasby & al. 1997), the Gulf of Bothnia (Glasby & al. 1997) and the Gulf of Finland (Zhamoida & al. 
1996, Glasby & al. 1997). The ferromanganese concretions are highly abundant in the eastern part of 
the Gulf of Finland, occurring in water depths of 3 to 100 m in a region low sedimentation rate 
(Zhamoida & al. 1996). 

In the anoxic environment authigenic minerals, such as iron sulphides and manganous carbonate, are 
formed (Belmans & al. 1993). The presence of these mineral phases in the deep basins of the Baltic Sea 
has been noted by e.g. Huckriede & Meischner (1996), Alvi & Winterhalter (2001) and Kunzendorf & 
Larsen (2002). Oxides and hydroxides can be detected side by side with sulphides in the regions with 
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periodic changes in the redox conditions (Emelyanov 1988, Belmans & al. 1993). Metals that form 
stable sulphidic phases have also been found to have increased concentrations in anoxic basins 
(Belmans & al. 1993). 

3.3 Sedimentation in the Gulf of Finland 

The Gulf of Finland is characterised by a greatly variable distribution of bottom types and active 
sedimentation basins of different shape and size, scattered throughout the Gulf area (Winterhalter & al. 
1981, Vallius & Leivuori 1999). In the northern part of the Gulf of Finland rock outcrops alternate with 
clay sediments filling the deeper parts. The Finnish coast is part of the Fennoscandian Shield and the 
bedrock consists of hard crystalline rocks (Vallius & Leivuori 1999). In the southeastern part, large 
deposits of glacial drift interplay with soft sediments in the deeps lying between the deposits. Cambrian 
and Ordovician sedimentary rock areas of the southern and eastern parts are characterised by large 
sedimentation basins. The areal extend of the accumulation basins in the Gulf of Finland has been 
estimated to be 25-30 % (Kankaanpää & al.1997, Vallius 1999a). The topmost part of the basins is 
usually covered by a poorly compacted layer of recent sediments - muddy clays that are laminated or 
bioturbated, or by silts (Winterhalter & al. 1981, Winterhalter 1992). 

The distribution of silty and pelitic muds is mosaic due to the very rough bottom relief of the Gulf of 
Finland (Emelyanov 1995, Sviridov & al. 1996). That and the large number of rivers carrying erosion 
products contribute to the poor sorting of the material (Emelyanov 1995). 

The character of sedimentation on the Estonian side and the Finnish side differ from each other due to 
hydrography (e.g. water circulation, salinity gradients and oxygen content), and different bottom 
topography affecting the near bottom currents, which either favour or hinder the accumulation of 
suspended matter (Kankaanpää & al. 1997, Vallius 1999a, Vallius & Leivuori 2003). Erosional-
accumulative topographic features exist over the floor of the Gulf of Finland, and suggest a high 
mobility of the upper sedimentary layer, accessible to the impact of surface turbulence and wave action 
(Sviridov & al. 1996). Near-bottom currents and bioturbation play an important role in erosion and 
redistribution of material at the sediment surface (Perttilä & Niemistö 1993, Sviridov & al. 1996). 

The thickness of recent sediments in sedimentary basins varies widely within the Gulf of Finland and 
even within the basins. The thickness of the soft sediments varies between a few centimetres to several 
metres (Vallius & Leivuori 1999, Vallius 1999b). In some basins the sedimentation rate is more or less 
even throughout while in others it varies significantly (Vallius 1999b). Kankaanpää & al. (1997) found 
an average accumulation rate to be 0.60±0.39 cm a."1   for the accumulation area of the Gulf of Finland 
and 0.15±0.10 cm a' for the whole Gulf of Finland (29 600 km2). Accumulation rates were high in 
recent mud sediments, especially near river outlets (Kankaanpää & al. 1997). Accumulating particulate 
matter is a collection of material from dispersion of sinking organic material, allochtonous material, soil 
particles from the land, eroded sediment from shallow water areas and resuspended matter from the 
deeper bottom sediments (Kankaanpää & al. 1997, Leivuori & Vallius 1998, Mälkki 2002). 

4. TECHNIQUES OF DIFFUSIVE EQUILIBRATION AND GRADIENTS 
IN THIN-FILMS 

4.1 Introduction 

A technique of diffusive equilibrium in thin-films (DET), can be used to measure solute concentrations 
in sediments, was invented by Bill Davison (Institute of Freshwater ecology, Windermere) and first 
published in 1991. The technique developed from DET, diffusive gradients in thin-films (DGT), was 
invented by Bill Davison and Hao Zhang in Lancaster and first published in 1994. With DET and DGT 
chemical separation is made in-situ, but analysis is performed under controlled laboratory conditions 
(Davison & al. 2000). 



16 Hanna Kaasalainen 	 MERI No. 56, 2006 

4.2 Diffusive equilibration in thin-films (DET) 

4.2.1 Principles of DET 

Diffusive equilibrium in thin-films (DET) is based on establishing a diffusive equilibrium between the 
surrounding solution and the aqueous component of the gel (Davison & al. 1991). DET can be used for 
sediment pore water concentration measurements in sub-millimetre intervals in freshwater (e.g. Davison 
& al. 1991, Krom & al. 1994a,b, Fones & al. 1998, Shuttleworth & al. 1999), estuarine (e.g. Mortimer 
& al. 1998a,b, Shuttleworth & al. 1999) and marine environments (e.g. Santvoort & al. 1996, Mortimer 
& al. 1998b). In DET, sediment pore water equilibrates with a single layer of polyacrylamide gel that is 
about 95% water. The preparation of the polyacrylamide gel cross-linked with agarose derivative (DGT 
Research Ltd, UK) used in DET assembly is described by Davison & al (1994), Krom & al. (1994a) and 
Zhang & al. (1995a). A filter, 0.45 µm pore size cellulose nitrate membrane, is placed on top of the gel 
sheet for physical protection of the diffusive gel and to prevent contamination by adhering solid phases 
and authigenic deposition of oxyhydroxides on the gel during deployment. The diffusive gel and filter 
membrane are sandwiched between a piston type or rectangular Perspex holder and inserted into the 
sampling medium, consisting usually of sediment cores (Davison & al. 1994, Davison & Zhang 2000). 
A section through a DET assembly is shown in Fig. 4. Various designs of DET have been used 
(Davison & al. 2000). 

  

  

V 

Fig. 4. A section through DET assembly. Diffusive hydrogel and filter membrane are sandwiched 
between two Perspex plates, one with a window. 

Principles of DET technique have been described by many authors (e.g. Davison & al. 1994, 2000, 
Zhang & al. 1995a, Davison & Zhang 2000). The DET technique is based on Fick's second law of 
diffusion (Zhang & al. 1995a, Appendix 1): 

dC/dt = D(d2C/dx2) 	 (2) 

where C is concentration, t is time, x is distance, and D is diffusion coefficient. Once inserted into the 
sampled medium, dissolved species diffuse through the filter into the gel by molecular diffusion until 
equilibrium is achieved (Zhang & al. 1995a, Harper & al. 1997). The filter acts as an extension of 
diffusive gel layer (Davison & al. 1994). 

As solutes diffuse into the DET gel, their concentrations in the pore water adjacent to the device may 
become depleted. The flux of solute to the DET gel depends on the supply from the pore water by 
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diffusive transport and the resupply from the solid phase in the sediment, which clearly affect the time 
needed to establish an equilibrium (Harper & al. 1997, Davison & al. 2000). Three different cases have 
been considered: 

(i) Buffered case where the flux from the sediment solid phase to pore waters or local 
convective transport effectively buffers pore water concentrations even over short time scales. 
The DET gel probe is therefore in contact with sediment pore water characterized by a 
persistent concentration profile. 

(ii) Diffusive case when there is no resupply from the solid phase and the concentration 
gradients will diminish over time. The only supply to the DET gel probe is by diffusion through 
pore waters. 

(iii) Case of partial resupply where there is some resupply from the solid phase, but the pore 
water concentration in contact with the DET gel probe is not necessarily persistent. 

The time needed to establish equilibrium between the aqueous component of the gel and the 
surrounding solution depends on the rate of diffusion of ions into the gel, i.e. the three cases described 
above (Davison & al 1994, Zhang & al. 1995a, Harper & al. 1997). Experimentally observed 
equilibrium times lie between the modelled buffered and diffusive case values (see Table 1), being 
hours for DET, and are consistent with the modelled partial resupply from the solid phase to pore water. 
Depletion of pore water concentrations in the sediments were noticed to be insignificant at a longer 
distance than 10-14 mm from the DET device, but vary according to differences in parameters e.g. 
diffusion coefficients (Harper & al. 1997). 

Table 1. Times for 99% equilibration for diffusive and buffered cases in the sediments. The diffusive gel 
thickness of DET is 0.4 mm and the depth of peeper cells 6 mm (Harper & al. 1997). 

Equilibrium times DET (0.4 mm) 	Dialysis cell 
Buffered case 	 18 min 	 36 h 
Diffusive case 	 78 h 	 1380 days 
Observed 	 hours 	 weeks 

The thickness of the diffusive gel layer is the main physical factor that affects the equilibrium time, 
which is inversely proportional to the diffusion coefficient and increases with gel layer thickness 
(Harper & al. 1997). The pore size of the gel (>5 nm) determines the size of the molecules that can 
equilibrate (Zhang & Davison 1995, Davison & al. 2000). According to Davison & al. (1994), Zhang & 
al. (1995a) and Zhang & Davison (1995, 1999) the diffusion of metal ions in the polyacrylamide gel is 
effectively the same as in water. The retardation of diffusion of humic and fulvic substances is assumed 
because of the decreasing diffusion coefficients with increasing molecular weight (Zhang & Davison 
1999, Docekalovå & al. 2002). By varying the composition of the gel, it is possible to restrict the pore 
size and measure organically and inorganically complexed metal species separately (Zhang & Davison 
1999, 2001, Davison & Zhang 2000). 

4.2.2 Pore water sampling by DET 

The DET device is inserted into retrieved sediment cores or directly into the sediment and let 
equilibrate with the pore water. Some overlying water must be above the sediment to avoid 
evapoconcentration errors (Mortimer & al. 1998b). Before deployment in the sediment, the gels should 
be deoxygenated in a solution of similar ionic composition to the deployment media to ensure similar 
diffusional properties (Zhang & Davison 1999) and bubbled vigorously with nitrogen or argon for at 
least 24 hours. Systematic errors may arise if traces of oxygen are present when the gel probes are 
deployed in anoxic sediments and waters. Iron and lesser extent manganese would be oxidised within 
the sampler and measured, resulting in overestimation of the pore water iron and manganese 
concentration. The same would apply to any species that adsorb onto oxyhydroxide surfaces, such as 
heavy metals and some nutrients (Davison & al. 1994, Zhang & al. 1995a, Davison & al. 2000). Before 
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insertation, any exposure to air or oxygenated water up to 15 seconds, results in negligible error 
(Davison & al. 1994). 

After retrieval from the sediment, adhering solid particles from the gel probe must be wiped away with 
a tissue. Rinsing the DET by MQ-water is not recommended because of the possible errors due to the 
dilution of pore waters (Mortimer & al. 1998b). DET gels are quickly fixed or sliced to the desired 
resolution to avoid the relaxation of spatial profiles. Iron and manganese can be fixed by oxidising and 
hydrolysing them to immobile oxyhydroxides by immersing gel probes in 1 mmol 1"1  sodium hydroxide 
solution (Davison & al. 1991, 1994, Zhang & al. 1995a). The pieces of diffusive gel are back-
equilibrated by inserting them into a small, known volume of elution solution such as MQ-water or 
nitric acid, and the solution is analysed. Eluted samples are stored in a refrigerator until analysis. The 
back-equilibrium time should be sufficient or mixing should be used to allow the DET gel to fully 
equilibrate with the solution (Harper & al. 1997). The concentration of a solute in eluent i.e. in the gel, 
is subsequently analysed using an appropriate analytical technique i.e. GFAAS, ICP-MS. Alternatively, 
the gels can be fixed, dried and the elemental composition of the fixed solid phase in the dried gel 
analysed can be measured using a micro solid-phase technique, such as proton induced X-ray emission 
(PIXE), which allows chemical measurements to be made at high spatial resolution (Davison & al. 
1991, 1994, Zhang & al. 1995a). 

The mass of solute (M) and thus the concentration in the DET gel (CDET)  can be calculated: 

M= Cei(Vei+ Vger) 

CDET—MNgel 

where Cei  is the concentration of the solute in elution solution, Vei  is the elution volume and Vgei  is the 
volume of the gel piece. The concentration of the DET gel equals the concentration in the sediment pore 
water, if the equilibrium time has been long enough (see Table 1). 

The very small volume of gel pieces (typically about 10 µl) results in low concentrations of most metals 
after elution and places constrains on detection limits (Zhang & al. 1995a). DET can be used to measure 
any solute for which there is a sensitive technique for analysing very small concentrations. 

4.2.3 Profile fidelity and spatial resolution 

In some cases the spatial variation measured by DET may differ from the true in-situ variation in 
concentration. The spatial resolution of the technique is determined by the thickness of the gel, 
diffusional relaxation in the gel during equilibration in the sediment and by diffusional relaxation taking 
place between the removal of the gel from the sediment and fixation or slicing (Davison & al. 1994, 
Zhang & al. 1995a, Harper & al. 1997). The diffusional relaxation is due to tendency for ions in the gel 
to diffuse from regions of high to low concentrations, obscuring concentration gradients and 
underestimating maxima. The resolution approximates to the thickness of the gel, and the use of thinner 
gels improves resolution (Davison & al. 1994). 

When other ions than iron or manganese are to be considered, the gels must be sliced. Slicing may take 
several minutes and the concentration profiles will relax. Krom & al. (1994a) estimated that if the 
slicing is done within ten minutes, the mean diffusive path can be expected to be about 1 mm. 
Concentrations within gel slices are averaged during analysis, so any structure on a scale equal to or 
less than the resolution of the technique will be lost (Harper & al. 1997). Even when fixing of iron and 
manganese (in seconds) is possible, considerable redistribution of material may occur as hydroxyl ions 
(with their counter ions) and oxygen diffuse through the gel and the resolution can not be expected to 
be much better than 0.5-1 mm (Davison & al. 1994). It is possible to use a probe comprising a series of 
individual 0.2 mm compartments or to dry the gel after retrieval. Best spatial resolution, down to 100-
200 µm may be possible using beam techniques, such as PIXE (Davison & al. 1991, Zhang & al. 
1995a). 

A physical depression of the sediment (1-2 mm deep) in the immediate vicinity of the assembly can be 
seen when the assembly is inserted into the sediment. It is probable that leaving the assemblies in place 

(3)  

(4)  
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for 24 hours minimizes the effect of disturbance because the structure of the sediment and particularly 
the pore water will have time to re-establish (Davison & al. 1994). 

4.2.4 Validation of DET 

DET technique has been compared to standard measurements in the laboratory and conventional 
methods in the field (Davison & al. 1991, Krom & al. 1994a,b, Zhang & al. 1995a, 1999, Mortimer & 
al. 1998a,b, Shuttleworth & al. 1999). Davison & al. (1994) found the concentrations of iron and 
manganese to correspond those of the standard solutions after immersion of 1 hour in pH of 5.0, 6.8 and 
6.85. Similar results have been found for chloride, nitrate, sulphate and ammonia (Krom & al. 1994a). 
The DET measured concentrations have been within 6% of known concentrations in standard solutions 
(Zhang & al. 1999, Shuttleworth & al. 1999). Generally, a good agreement between conventional 
methods and DET gel probes has been found. The fine structure revealed by DET cannot be seen by 
conventional sampling (e.g. Zhang & al. 1995a). Shuttleworth & al. (1999) found a good 
reproducibility by DET in horizontally uniform sediment in laboratory microcosm. 

Zhang & al. (1999) made comparisons between DET and syringe-extracted pore water concentrations in 
a seasonally anoxic lake. Major ions (Mg, Fe, Ca, Mg, K, SO4) agreed well above the interface and at a 
8 cm depth. Differences at intermediate depths showed that the syringe-extraction procedure introduced 
artifacts due to mixing of pore waters with overlying sediment. Fones & al. (2001) found that the 
concentrations of manganese by DET sampling was lower than that measured by slicing and 
centrifugation, most probably due to insufficient equilibrium time. 

4.2.5 Applications of DET 
The species measured by DET include iron, manganese, major cations, anions and nutrients, while the 
measurement of heavy metals at background levels has become possible by using highly sensitive 
techniques for analysis, such as ICP-MS (e.g. Davison & al. 2000, Docekalovå & al. 2002). The solutes 
in sediment pore water measured by DET, analytical methods used and references are collected to 
Appendix 2, Table A2-2. 

DET can be deployed in retrieved sediment core samples or in-situ, inserting it by hand in shallow 
water or by divers (Davison & al. 1994, Krom & al. 1994a,b, Zhang & al. 1995a). The profile shapes 
were similar in the gels inserted into the sediment in-situ by divers and those deployed in sediment 
cores in laboratory (Zhang & al. 1995a,b). Fones & al. (2001) used an autonomous benthic lander to 
deploy gel probes in-situ in Black sea sediments at the depth of 77 m. 

Fones & al. (1998) used a constrained DET probe with 200-gm wide compartments to measure pore 
water iron at an ultrahigh spatial resolution in surface sediments and immediately overlying water. A 
good agreement was found between conventional and constrained DET measurements. Constrained 
DET probes have been used to measure trace elements in estuarine (Docekalovå & al. 2002) and marine 
sediments (Morford & al. 2003) 

Shuttleworth & al. (1999) studied horizontal and vertical structure of iron and manganese in the pore 
waters of lacustrine and estuarine sediments on millimetre scale by using modified DET gel probes, a 
twin probe where DET were arranged back to back in a single assembly and 2D probe with enlarged 
windows (4 cm x 10 cm) to allow horizontal measurements. 

4.3 Diffusive gradients in thin-films (DGT) 

4.3.1 Principles of DGT 

Diffusive gradients in thin-films (DGT) is a kinetic measurement, which relies on establishing a 
diffusion gradient in a thin film (Davison & Zhang 1994, Zhang and Davison 1995, Zhang & al. 
1995a). It uses similar equipment to that used in the DET technique, but a different measuring principle. 
The DGT assembly consists of a polyacrylamide gel layer, a filter membrane and additional layer of 
selective resin gel layer to bind solutes. A section through a DGT assembly is shown in Fig. 5. 
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The DGT technique has been developed for in-situ speciation measurements of heavy metals in 
seawater using DGT with a Chelex-100 binding gel selective for metals (Davison & Zhang 1994, Zhang 
& Davison 1995). There are other types of binding gels to be used as a resin gel layer, including 
ferrihydrite gel for phosphorus (Zhang & al. 1998a), general cation exchange resin (Chang & al. 1998) 
and silver iodide gel for sulphide (Teasdale & al. 1999). In principle any solute can be measured for 
which there is a selective binding agent. In addition to seawater, DGT have also been used to study 
lacustrine (e.g. Zhang & al. 1995b) and marine sediments (e.g. Fones & al. 2001, Zhang & al. 2002) 
and soils (Zhang & al. 1998b, 2001). 
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Fig. 5. A section through DGT assembly. A resin gel layer gel to bind solutes is overlain by a diffusive 
hydrogel and a filter membrane. The layers are sandwiched between two Perspex plates, one with a 

window (Davison & Zhang 2000). 

The principle of DGT is described by e.g. Davison & Zhang (1994), Zhang & Davison (1995), Zhang & 
al. (1995a) and Davison & al. (2000). The DGT preconcentrates solutes in-situ and measures directly 
the mean flux of labile species to the device during the deployment. Measured ions are bound by the 
resin, the concentration of the dissolved labile species at the resin gel layer surface (Co) is effectively 
lowered to zero. Before becoming bound by the resin, labile species must diffuse through the diffusive 
gel layer and the filter with a total thickness of Ag and the diffusive boundary layer (DBL) with a 
thickness of 8, which separates the gel and the bulk solution and where the transport of ions is solely by 
diffusion. In well stirred water phase 8«Ag (Davison & Zhang 1994). A lower than theoretical 
response is expected in sediments, where mixing is restricted to molecular diffusion and pore waters 
adjacent to the device may become depleted (Zhang & Davison 1995, Harper & al. 1998). After a few 
minutes, a steep concentration gradient is created between the resin and the solution with the 
concentration C (Fig. 6). The mass transport through gel is controlled by diffusion and thus well 
defined, making it possible to obtain quantitative data on concentration and speciation over time periods 
(Davison & Zhang 1994). 

The flux per unit area, F, through the diffusion layer can be expressed as a function of Ag and Co using 
Fick's first law of diffusion (Harper & al. 1998, Appendix 1): 

F=D [(Cå Co)/ag] 
	

(5) 

where D is the diffusion coefficient in the diffusion layer and Ca is the concentration at the probe 
surface during the deployment. According to Davison & al. (1994) and Zhang & Davison (1995) the 
diffusion of metal ions in the gel is effectively the same as in water, whereas phosphate is slightly 
impeded (Zhang & al. 1998a). It is assumed that strong organic-metal complexes and large colloids will 
be excluded (Zhang & al. 1995b). A time-averaged flux to the resin from the pore water during the 
deployment can be calculated (Harper & al. 1998): 
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F=M/tA 	 (6) 

where M is the accumulated mass of a solute, t is the deployment time and A unit area. 

Ag 
Distance 

	100. 

Fig. 6. Concentration gradient at steady state through a DGT device with a diffusive gel thickness of Ag 
in contact with well-mixed solution of concentration C. DBL indicates a diffusive boundary layer with a 

thickness of ö (Davison & Zhang 2000). 

The accumulated mass is a function of concentration at the membrane surface (Hamilton-Taylor & al. 
1999). The mean concentration in solution during deployment is given by (Davison & Zhang 2000): 

CDGT= MAg/(DtA) (7) 

In the sediments, this surface concentration of the probe surface reflects the bulk pore water 
concentration and the supply from the solid phase to solution (Motelica-Heino & al. 2003). 

DGT perturbs the environment in which it is placed by providing a continuous sink for ions lowering 
the metal concentrations locally, similarly to plants. Local buffering of sediment pore water 
concentrations by interaction with the solid phase can maintain a constant concentration gradient 
(Zhang & al. 1995b, Davison & Zhang 2000). The measured DGT flux can be quantitatively related to 
the effective concentration CE that includes both the solution concentration and the metal supplied from 
the solid phase (Zhang & al. 2001). The DGT profile against depth shows spatial variations in the flux 
to the DGT device, and can be interpreted as concentrations only if additional information i.e. pore 
water concentrations or measurements with different gel thickness, are available (Davison & Zhang 
2000). 

If pore water concentrations are measured independently by an alternative technique, DGT 
measurements can be expressed in terms of a ratio R of DGT estimated to actual pore water 
concentration (Harper & al. 1998): 

R= CDGT / Cporewater, (0<R<1) 
	

(8) 

In response to the DGT induced flux, three different cases in sediments can be distinguished (e.g. 
Harper & al. 1998, Davison & Zhang 2000) (see Fig. 7): 

(i) Fully sustained, buffered case. Solutes removed by the DGT probe are rapidly resupplied by 
the solid phase to sustain the concentration in solution. The flux is dictated by the diffusive 
layer thickness and the concentration in the pore water and is maximal during the deployment 
time. CDGT equals the concentration in the pore water (R-1). 
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(ii) Unsustained, diffusion only. There is no resupply from the solid phase, and solutes are 
supplied only by diffusion from the pore waters that become progressively depleted. The DGT 
flux diminishes with deployment time, and CDGT<Cporewater  (R-0.1). 

(iii) Partially sustained (partial resupply). There is some resupply from the solid phase but not 
enough to maintain DGT demand. The flux measured by the DGT device can be equated to the 
in-situ local flux from solid phase to solution induced by DGT and is close to the potential flux 
of the soil. The pore water concentration is locally depleted by the probe, and while CDGT is less 
than Cporewater,  it is greater than in the (ii). 

Resin layer 

Distance into sediment 

Fig. 7. Concentration of ionic species in a DGT device and adjacent pore water during deployment in 
(a) unsustained, (b) sustained and (c) partially sustained case (Harper & al. 1999). 

A numerical model of heavy metal reaction and transport in sediments, DIFS (DGT Induced Fluxes in 
sediments) has been developed to interpret the fluxes measured by DGT and described by Harper & al. 
(1998, 1999, 2000). 

The ability of DGT to preconcentrate solutes in-situ i.e. accumulation of solutes to the resin gel layer as 
the deployment time is increased, overcomes most contamination problems in measuring heavy metals 
(Davison & Zhang 1994) and allows metals at extremely low levels (e.g. pmol I" t ) to be measured after 
deployments for a day (Zhang & Davison 1995). 

The species measured by DGT are determined by the binding agent, the pore size of the gel (>5 nm, see 
4.2.1) and the binding gel. DGT measures the species that are in labile equilibrium (within minutes) 
with the species that can bind to the binding agent. The DGT measured mass of a metal will be the sum 
of the free metal ions in solution, M, and the free metal ions dissociated from ML, M', the contributions 
of them depending on the equilibrium between the M and ML i.e. lability of the complex (Davison & 
Zhang 1994, Zhang & Davison 1995, Scally & al. 2003). Dissociation and the amount of ML measured 
depend on the diffusion time through the gel. Labile metal complexes are measured by DGT through 
their dissociation to free metal ions (Scally & al. 2003). For the complexes that are not fully labile, the 
rate of dissociation determines the accumulated mass. Varying gel layer thickness provides information 
about the partially labile species measured by DGT (Zhang & Davison 1995, Scally & al. 2003). Metal 
species can be discriminated according to the size and lability by manipulating the diffusive gel 
composition (Zhang & Davison 2000, 2001). Twiss & Moffett (2002) emphasize the importance of 
determining effective diffusion coefficients to be able to estimate the inorganic metal fraction by using 
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gels of different porosity and composition. If the speciation of an element is dominated by simple ions 
rather than organic complexes, the determination of total concentration is more straightforward. 

The diffusion of the solute is maintained across the diffusion gel layer as long as the binding capacity 
within the binding gel is not exceeded (Teasdale & al. 1999, Davison & Zhang 2000). If a non-selective 
binding agent is used, common ions will quickly accumulate and saturate the resin (Chang & al. 1998, 
Davison & Zhang 2000). With a selective binding agent, very long deployment times (i.e. months) can 
be used making it possible to use DGT as a monitoring tool (Zhang & Davison 1995, Davison & Zhang 
2000). There is a possibility to use DGT in monitoring the biological accumulation of heavy metals, but 
it is not discussed more detail in the present study (see e.g. Giusti & Zhang 2002, Webb & Keough 
2002). 

Silver iodide binding gel has been developed to measure sulphide species (Teasdale & al. 1999). The 
measurement includes all labile forms of sulphide including H2S, HS- and polysulphides (Motelica-
Heino & al. 2003, DeVries & Wang 2003, Naylor & al. 2004). Sulphide reacts with silver iodide to 
form silver sulphide (Ag2S), which results in a colour change from pale yellow to black. Silver sulphide 
does not readily oxidize in the air and can be stored for over 12 months without a visible change 
(Teasdale & al. 1999). The colour change forms the basis of the quantitative determination of sulphide 
by a procedure based on densitometry, which provides high potential sensitivity and high spatial 
resolution in two dimensions (Teasdale & al. 1999). The binding gel is dried, scanned and the grey 
scale image processed by software. The procedure of densitometry analysis is described in detail by 
Teasdale & al. (1999), DeVries & Wang (2003) and Naylor & al. (2004). The densitometric 
measurement is very sensitive at low sulphide concentrations and less sensitive at high sulphide 
concentrations. Sulphide could also be eluted from the binding gel and the elution solution analysed by 
wet-chemical methods described by Teasdale & al. (1999). 

For reactive phosphorus species, Zhang & al. (1998a) used a dark brown-red coloured ferrihydrite gel 
layer as a binding agent. Phosphorus was eluted by 0.25 M sulphuric acid and the concentration of the 
solution measured by a spectrophotometric determination as phosphomolybdenum blue. DGT clearly 
measures orthophosphate but its ability to measure other dissolved phosphorus species including 
polyphosphates and organic phosphorus compounds has yet to be tested, because they may not diffuse 
through the gel because of the larger molecular size (Zhang & al. 1998a). DGT with ammonium 
molybdophosphate binding layer has been used to measure radiocesium in lake water receiving 
radioactive liquid discharges (Murdock & al. 2001). 

4.3.2 Pore water sampling by DGT 

DGT, similarly to DET, must be deoxygenated prior to deployment in heterogeneous sediments due to 
the potential presence of anoxic horizons. Extra care should be taken prior to deployment, because 
contaminants will be accumulated in the resin gel (Davison & al. 2000). 

To establish a time invariant response for DGT in sediments, an appropriate deployment time is crucial. 
According to Harper (1998), less than 24 hours is not usually enough to establish a pseudo steady-state 
i.e. constant flux through the DGT device, whereas significantly longer deployment times result in a 
depletion of the solid phase concentration and a decreased supply to the DGT device. 

After retrieval, the probe surface is rinsed to remove any remaining sediment and to prevent further 
accumulation of solutes (Fones & al. 2001). DGT probes can be stored for months without relaxation of 
concentration gradients as the solutes are automatically fixed by the resin (Zhang 1995a). The mass of 
diffused ion, M, is obtained by direct measurement of the ion concentration in the resin gel layer using 
techniques capable of analysing solids or after elution of the resin gel layer and measurement of the 
concentration of the ion in the eluent (Zhang & Davison 1995). In the latter case, the filter and diffusive 
gel are peeled off, the resin gel sliced at the wanted resolution and resin gel pieces eluted (Zhang & al. 
2002). Metals are eluted using nitric acid, HNO3  (Davison & Zhang 1994), and phosphorus using 0.25 
M H2SO4  (Zhang & al. 1998a). 

In practise, only a fraction of the bound metal is eluted. The ratio of the eluted to bound metal is known 
as the elution factor, fe. Mass of diffused ions (M) in the resin layer can be calculated (Zhang & 
Davison 1995): 
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M= Cei(Vei+ Vgei)ife 	 (9) 

An elution factor of 0.8 is used for metals (Zhang & Davison 1995), whereas phosphate is eluted 100 % 
by sulphuric acid (Zhang & al. 1998b). 

4.3.3 Profile fidelity and spatial resolution 

In DGT, the solutes are spatially fixed in the binding layer. Lateral diffusion in the diffusive gel prior to 
fixing decreases the spatial fidelity, if the pore waters are well buffered (Zhang & al. 1995b). The 
relaxation of the profiles depends on the diffusion coefficient, the gradient steepness and the diffusive 
layer thickness. With a diffusive layer thickness of 0.5 mm, the DGT profiles record the structures 
wider than about 1.8 mm accurately (Harper & al. 1999). The use of a thinner gel is possible but it 
increases the DGT demanded flux from the sediment making it more difficult for the sediment solid 
phase to buffer the pore water concentration. Supply from a greater distance will probably be induced 
allowing more time for lateral diffusion (Zhang & al. 1995b). Once the metal is bound by the resin, it is 
spatially fixed, indicated by a good reproducibility even after 6 months of storage (Zhang & al. 1995b). 

The size of resin particles affects the ultimate spatial resolution of the DGT technique (Zhang & al. 
1995a). Using a resin gel with a smaller 0.2 µm bead size and PIXE as the analytical tool, Davison & al. 
(1997) were able to do measurements at a very high resolution (100 p.m). The volumetric resolution of 
DGT is very high because of the small volume of the sediment (tens of micro litres) that is averaged in 
contributing to a single measurement (Zhang & al. 2002). 

4.3.4 Validation of DGT 

The basic principles of DGT have been verified in laboratory by standard measurements (e.g. Zhang & 
Davison 1995, Davison & Zhang 2000). The precision of 5-10 % for DGT has been found (e.g. Davison 
& Zhang 1994, Zhang & al. 1995b, Denney & al. 1999, Fones & al. 2004). The theoretical response of 
Chelex-100 is demonstrated by Zhang & Davison (1995), that of the ferrihydrite gel by Zhang & al. 
(1998a) and silver iodide gel by Teasdale & al. (1999). The use of Chelex is pH limited. Temperature 
affects the diffusion coefficients and viscosity, but the effect can be predicted. Problems in the use of 
DGT Chelex resin to study heavy metal species in lake water with low major cation concentrations 
(E[cations] < 2 x 10 4  M) have been reported by Alfaro-De la Torre & al. (2000). The electrical 
contributions to the diffusive transport in the gel resulted in increased diffusion coefficients of the 
cations entering the DGT sampler. Thus, DGT measured concentrations exceeded those measured by 
dialysis (Alfaro-De la Torre & al. 2000). 

DGT technique has mainly been used in studying natural waters. The applications in sediment pore 
water studies, especially in marine environments, and comparisons to conventional pore water sampling 
methods are limited. Different gel layer thicknesses or comparisons to the measurements by 
conventional methods can be used to decide if the DGT data can be interpreted as concentrations or if it 
should be considered as the maximum flux from the solid phase to pore waters (Zhang & al. 1995b, 
Harper & al. 1998). 

Good agreement was found between zinc concentrations in lacustrine pore water measured using DGT 
and syringe extraction by Zhang & al. (1995b). DGT assemblies inserted both directly into the sediment 
by divers and into a sediment core gave similar Zn profiles and even detailed variation was well 
reproduced (Zhang & al. 1995b). Differences in absolute concentrations were due to distance of the 
sampling locations and poorly defined diffusive layer at the sediment-water interface. 

Fones & al. (2001) used centrifugation, DET and DGT technique to study metals in marine sediments. 
DET and DGT measured iron and manganese concentration profiles agreed well, the DGT 
concentration was, however, three times lower than that measured by DET, indicating that the resupply 
from the solid phase was insufficient to sustain the concentration at the surface of the DGT device. The 
location of the iron and manganese maxima at less depth compared to that measured by centrifugation 
can be due to a difference in the exact sampling location or an unreliable judgement of the sediment-
water interface in gel probes. The concentrations in the overlying water measured by all methods agreed 
well. Krom & al. (2002) studied iron profiles in marine sediments using DGT with two different gel 
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thicknesses and compared the results to those from centrifugation. The profiles measured by DGT with 
a 0.4 thick diffusive gel layer showed overall similar profiles at slightly different depths. A profile 
measured by DGT with a 1.2 mm thick diffusive gel displayed more vertical variation. DeVries & 
Wang (2003) compared sulphide profiles measured using DGT and peepers in the pore water of wetland 
sediment. Sulphide concentrations measured by DGT were lower than those measured using peepers 
due to a partial resupply from the solid phase. The vertical profiles were similar. 

4.3.5 Applications of DGT 

The solutes measured in sediment pore water using DGT are collected to Appendix 2, Table A2-3. In 
addition, the methods of analysis and references are presented. 

Hamilton-Taylor & al. (1999) developed an in-situ remobilisation trap consisting of a hollow cylinder 
with a DGT assembly at its base to study metal remobilisation into solution from settling particles in 
water columns. Fones & al. (2001) used benthic Lander to deploy DGT gels in-situ in the Black Sea 
sediments, at a water depth of 77 metres. Zhang & al. (2002) used a twin DGT probe using two DGT 
assemblies back to back with different diffusive gel thickness to assess the resupply from the sediment 
solid phase exactly at the same depth. Further on, Motelica-Heino & al. (2003) and Naylor & al. (2004) 
deployed a composite DGT probe with distinct layers of silver iodide and Chelex to measure metals and 
sulphide simultaneously exactly at the same location. 

4.2 Geochemistry revealed by DET and DGT techniques 

Sub-surface remobilisation of several different metals has been found in studies using DET and DGT 
techniques. Tightly defined subsurface maxima of iron in the surface sediments of the Lake Esthwaite 
water in England has been found by Davison & al. (1991), Krom & al. (1994a,b), Zhang & al. (1995b) 
and Fones & al. (1998). The maxima indicate that oxyhydroxides appear to be reduced at the sediment-
water interface. Associated to the iron maximum, Krom & al. (1994b) found a well-defined maximum 
of dissolved manganese at a depth of about 1 cm in the sediments of the same lake. Zhang & al. (1995b) 
found coincident maxima of iron, manganese, zinc, cadmium, nickel and copper using the DGT 
sampling procedure. Zhang & al. (2002) and Fones & al. (2001) found metal remobilisation in discrete 
locations of the marine sediment. Iron and manganese varied systematically with depth, cobalt aligned 
the features of manganese but had additional sources associated with nickel (Zhang & al. 2001). 

Motelica-Heino & al. (2003) found simultaneous release of heavy metals and sulphide on a small scale 
and exactly at the same location in lacustrine sediments. Metals are generated within the microniche and 
removed as metal sulphides at its edges. Naylor & al. (2004) found similar coincident maxima of 
sulphide and metals and associated maxima of nickel and zinc in marine sediments. 

The very sharp resolution (1 mm) of the observed peaks implies a rapid removal mechanism 
immediately above and below a spatially well-defined source. Above the peak, removal may simply be 
attributed to mixing and dilution above the diffusive layer. Below the peak, for example adsorption to 
sediment particles may effectively remove metals from the solution (Davison & Zhang 1996). Pore 
water concentrations vary both horizontally and vertically on a centimetre-scale, and there may be 
localised high concentrations. Manganese and iron have been shown to have a systematic vertical and 
horizontal structure by two-dimensional images created from DET profiles (Shuttleworth & al.1999). 

5. SAMPLING AND MEASUREMENTS 

Five stations in the central and eastern Gulf of Finland, the Baltic Sea, were sampled to study dissolved 
iron, manganese, phosphorus and sulphide in sediment pore water. Examples of the results at the central 
station GF2F are presented. Pore water samples were collected using DET and DGT techniques. CTD, 
pH and oxygen measurements, sediment descriptions, squeezed and centrifuged pore water data were 
available from FIMR. Sediment descriptions were done by the Geological Survey of Finland (GSF). 
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5.1 Study area 

The studied basin, GF2, is a rather small sedimentary basin in the central Gulf of Finland (Fig. 8). It 
was studied for the first time for the HELCOM-ICES Sediment Baseline study in 1993 (Perttilä & 
Niemistö 1993). GF2F (59°50.38'N, 25°51.85'E WGS-84) is situated in the middle of the basin at the 
water depth of 84 m. 

Fig. 8. The sampling station GF2F is located in the central Gulf of Finland. Bathymetry from Seifert & 
Kayser (1995). 

The Precambrian bedrock and sedimentary rocks are covered with glacial and postglacial deposits. The 
thickness of the total sediment cover over the bedrock in the area varies from 0 to 35 m (Vallius 1999b). 
About 65% of the area is covered by recent soft sediments. The thickness of soft sediments on the top 
of the older sediments varies from a few cm to several m (Vallius & al. 1996, Vallius 1999b). The 
thickest recent sediments are found in the middle of the basin (Vallius & al. 1996). Some parts of the 
basin are areas of erosion or non-deposition (Vallius & al. 1996). In the surroundings, the environment 
favours erosion and resuspension of older deposited material (Leivuori & Vallius 1998). The sediment 
cover and bathymetry at GF2 is presented in Fig. 9. 

The sedimentation rate varies widely along the basin, from 2.5 mm a-1   to 15 mm a"'  (with a mean of 6.5 
mm a-1),  being greatest in the middle of the basin (Leivuori & Vallius 1998, Vallius 1999a,b). Vertical 
profiles of 137Cs activities vary from sharp to wide or even bimodal, indicating that sedimentation varies 
from undisturbed to mixed due to bioturbation (Vallius 1999b). The clay size fraction makes up 
between 65 and 73 % of the material of the soft sediments, the rest being silt and only 1-4 % is sand 
(Vallius & al. 1996). In the easternmost site the clay content decreases to 50 % and with 8 % sand 
(Vallius & al. 1996). 
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GF2 SAMPLING AREA 

h~. 

Fig. 9. Bathymetry within the sediment basin GF2 and the thickness of the total sediment cover and 
postglacial sediments (source: Boris Winterhalter). 

A sediment sample from station GF2F and a sediment description are presented in Fig. 10. During the 
cruise in April, white bacterial mat was observed on the sediment surface in GF2. In August, white-
coloured lamina at a depth of a few mm and white pieces were observed in the surface part of the 
sediment, probably remaining from the bacterial mat. 

Heavy metal concentrations in the surface sediment and the seasonal variation in the suspended matter 
at GF2 have been studied by Leivuori (1998), Leivuori & Vallius (1998), Vallius & Leivuori (1999) 
and Vallius (1999c). Nutrients have been studied by Mäkelä & Tuominen (2003). 
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depth 	Description 
Surface 	Light coloured pieces and small 

dark particles were observed on the 
greenish-black coloured surface. 
Fluffy flocculated, high water content. 

0-2.5 cm 	Black, gray, olive gray and light 
olive gray recent gyttja-day and 
clay-gyttja layers and lamina. 

2.5-5 cm 	Olive green/gray gyttja-day with 
ghost-like dark gray layers. 

5-10 cm 
	Partly layered gyttja-clay. Black/dark 

gray and light gray/light olive gray 
coloured (bioturbated) layers. 

10-16.3 cm Layered gyttja clay with alternating 
light olive gray, gray and black 
lamina. 

16.3-40 cm Spotted gyttja-day that is partly 
layered with darker and lighter 
(bioturbated) layers with unclear 
contacts. 

Fig. 10. Sediment sample and description of the surface sediment from the station GF2. The centimetre 
scale is shown on the left-hand side of the sediment sample. Figure and sediment description by Aarno 

Kotilainen (GSF). 

5.2 Sediment sampling 

Sediment sampling was performed on board R/V Aranda during SEGUE-2 research cruise 24-
30.8.2004 (FIMR, cruise report http://www.fimr.fi/fi/aranda/matkat/77.html). Surface sediment samples 
were collected using Gemax and cut Selena gravity corers. For centrifugation and sediment description, 
a Gemax-corer was used. 

5.3 Sampling and measurements 

5.3.1 DET and DGT 

Preloaded DET and DGT assemblies were supplied by DGT Research Ltd. DGT probes were loaded 
with 0.8 mm thick diffusive gel and Chelex-100, ferrihydrite or Ag! binding gels, and DET probes with 
0.8 mm thick diffusive gel. Two different gel sampler designs were used: flat rectangular gel probes for 
the sediment deployments and piston holders for the sulphide calibration and the blank tests. The piston 
holder consists of a backing cylinder and a front cap with a window with an exposure area of 3.14 cm2. 
The flat probe consists of two plates, a backing plate and a front plate with a window (15 cm x 1.8 cm). 
Probes with all the different gel types were deployed simultaneously in the same sediment core. Two 
sediment cores were collected from the station, to allow comparison between parallel cores. 

Before deployment in anoxic sediments, gel samplers were deoxygenated by purging N2-gas through 
0.01 M suprapur NaC1 solution in a teflon bottle. The gel probes were inserted into the sediment very 
quickly to keep the contact with air in the minimum. Part of the probe was left above the sediment to 
allow measurements to be done in the overlying water. The cores were closed using a lid to avoid 
dissolution of oxygen to the bottom water during the incubation. Gel probes were deployed for 24 hours 
at constant temperature (5 °C) (Fig. 11). 
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Fig. 11. Deployment of the gel samplers in a sediment core. 

On retrieval from the sediment cores, DGT probe was rinsed using MQ-water. DET gel probe was 
wiped with a tissue to remove sediment particles from the surface, because rinsing may result in the 
relaxation of the concentration profiles according to Mortimer & al. (1998b). The gel layers were cut 
out from the probe window using a teflon coated stainless steel surgical scalpel. Further on, the 
diffusive gel layer in DET and the resin gel layer in DGT were sliced down to desired resolution (5 mm 
for DET, 2-5 mm for DGT). The DET strips were divided into halves to be able to measure both metals 
and phosphate. Gel strips were put into 1.5 ml acid washed plastic vials (Eppendorf) and eluted by 
known volume (200-600 µI) of 1M HNO3  (for metals) or 0.25 M H2SO4  (for phosphate). The samples 
were left in the room temperature for approximately 48 hours and stored in the refrigerator until the 
analysis. 

Fig. 12. Slicing Chelex-DGT. The filter and diffusive gel layer are peeled off and the resin gel sliced 
down to desired resolution. 

Blank gel piston devices for DET and DGT-Chelex had the same handling protocol as the sediment 
probes, including deoxygenation, rinsing with MQ-water, storage, cutting into two pieces and elution in 
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1.0 ml of acid, except that a screwdriver was needed to open the piston sampler. Blank devices loaded 
with ferrihydrite and AgI were not used. 

Sample solutions were analysed for iron and manganese by graphite furnace atomic absorption 
spectrophotometry, GFAAS (Perkin Elmer 5100 ZL) after sufficient dilution. Commercial certified 
reference material SLRS-4 (103+5 µg E' Fe, 3.37+0.18 jig r' Mn) was used to control the analytical 
reliability. The measured average values for SLRS-4 and standard deviations were 102.8+10 µg r for 
iron and 5.34+0.49 µg l' for manganese. The use of a reference material with higher manganese 
concentration is recommended, but was not available for these measurements. The manganese sample 
concentrations were at least two orders of magnitude higher than that of the reference material. 

Phosphate samples were analysed on board R/V Aranda by flow injection analysis (Lachat 8000). Prior 
to analysis, the DET and DGT samples were diluted 20-fold and the pH adjusted by adding 500 µl of 
1M NaOH. The DGT samples from core B had to wait between the dilution and the analysis. Next day, 
the colour of the sample had changed from colourless to reddish brown and fluffy solid phase was 
observed, probably due to a pH effect caused by the pH adjustment. Thus, only DET and DGT from 
core A are presented here. The reaction was not observed to take place in these samples analysed 
immediately after pH adjustment, but there is a possibility of some disturbance. The pH adjustment is 
not recommended due to possible pH effects affecting the phosphate measurement. The phosphate 
samples from the other stations sampled during the implementation study were measured without pH 
adjustment by manual spectrophotometry. 

Analysis of the accumulated sulphide in DGT AgI-gel is based on densitometry and the change in 
colour due to the formation of Ag2S. Dried gels were scanned (SNAPSCAN 1212P-Agfa) to provide a 
greyscale image at a resolution of 400 dpi. The scanned images were then processed using software 
(Scion Image, Scioncorp) to generate the colour density in pixels. The sample gel images were 
processed to get one-dimensional vertical profile of the average horizontal colour density, which was 
plotted against the depth. To prepare the sulphide calibration curve for DGT, AgI-gels were exposed to 
a known concentration of sulphide in a solution for variable lengths of time (1-4 h) in N2-atmosphere to 
develop varying grey densities. After immersion, the binding gel was removed from the gel holder, 
placed between two plastic slides and dried in an oven at 40 °C for 3 hours. Anomalously low colour 
density of the standard gels was found, and it is suspected that preparation of sulphide solutions was not 
successful. Thus, the calibration curve could not be constructed. 

5.3.2 Squeezing 

A low-pressure whole core squeezer described by Bender & al. (1987) was used to squeeze pore water 
from the sediment through a 0.45 pm filter using a hydraulic jack. The nutrient samples were directly 
collected into plastic test tubes and sheltered by an aluminium folio from contaminants and sunlight 
(Mäkelä & Tuominen 2003). The pore water for metal analysis was drained by tubing into a air-thigh 
glove box, collected into test tubes and acidified by suprapur HNO3  (to pH<2) in N2 —atmosphere. The 
pore water samples for metals were stored in refrigerator until transportation and analysis by ICP-AES 
at FIMR. Phosphate was measured on board immediately after sampling by flow injection analysis 
(Lachat 8000). 

5.3.3 Centrifugation 

Sediment cores were sectioned immediately after sampling into sub sample slices of 1 cm in a N2-
atmosphere in a specially designed plastic glove bag. The slices were put into clean plastic containers 
and sealed in N2-atmosphere. The containers were taken to a laboratory and the sediment transferred 
into centrifuge tubes in a glove bag (N2  atmosphere). Samples were centrifuged at 4000 rpm for 30 
minutes to separate out pore waters and transferred back to a glove bag filled with N2. The water was 
filtered through 0.45 µm filters. Phosphate was measured from the filtered samples on board by flow 
injection analysis (Lachat 8000). For metal measurements, the samples were acidified by HNO3  (pH<2) 
and stored in refrigerator until the transportation and analysis by ICP-AES at FIMR. 
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6. RESULTS AND DISCUSSION 

The DGT fluxes, DET measured concentrations and DGT measured concentrations at the probe surface 
during the deployment were calculated using equations (3), (4), (6) and (7). Diffusion coefficients in the 
diffusive gel are given by the manufacturer (DGT Research Ltd). The first and the last data point are 
excluded, because elevation of the lowest data points have been reported earlier (e.g. Zhang & al. 2002) 
due to material retaining at the lip of the window in the top plate. The last centimetres of DET diffusive 
gels broke down and were discarded. 

6.1 Site conditions 

The temperature, salinity and oxygen conditions in the water column at the station GF2F are presented 
in Fig. 13. Additionally, the oxygen content was measured separately ca. 5 cm above the bottom, giving 
a value of 0.73 ml 14. The temperature, pH and the redox potential in sediments are presented in Fig. 14. 
The redox and pH profiles should be considered only as indicative of the redox and pH environment. 
The redox values indicate a rapid change from oxidising conditions at the sediment surface reaching 
highly reducing just below the sediment-water interface. 

Fig. 13. Oxygen content, salinity and temperature in the water column at station GF2F in August 2004. 

Fig. 14. Sediment redox and pH measured at station GF2F in August 2004. Negative depth values 
correspond the water overlying the sediment and positive values the distance from the sediment 

surface down core. 
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6.2 Blanks 

The measured blanks for iron and manganese, and the sample concentration ranges are presented in 
Table 2. No indications of manganese contamination were found, whereas there seems to be a 
possibility of some iron contamination. Iron DGT blank was even higher than the sample concentrations 
and thus cannot represent systematic contamination. It also questions the reliability of blank 
measurements. The high blank may be due to difference between the sample and blank handling 
procedure, i.e. use of screwdriver to open the piston sampler. There was not enough blank sample to do 
replicate measurements. 

Table 2. Blank concentrations and mass per unit area together with the sample concentration ranges. 
The sample concentrations are not blank subtracted. 

Blank DET Sample DET Blank DGT Sample DGT 

Unit mol F1  µmol C1 nmol cm-2  nmol cm -2  
Mn 0.7 115-924 0.2 107-725 
Fe 4.2 4.7-54.8 1.3 0.7-9.1 

More attention to contamination issues should be paid in the future. The results presented in the 
following sections are not blank subtracted because the blank measurements were not found reliable. 
Contamination is discussed in section 6.4 as a possible reason for the general disagreement between 
DET and conventional measurements. 

6.3 DET and DGT 

The pore water concentrations (in µmol F') measured using DET are presented in Fig. 15. DET 
diffusive gel equilibrates with the pore water, and thus the concentration measured using DET is 
expected to be equal to the bulk pore water concentration. Some relaxation of the profiles due to 
diffusion may have taken place between the retrieval from the sediment core and the slicing. 

Phosphate pore water concentration increases down core. Manganese reaches rather constant 
concentration after smooth increase, at the depth of few centimetres. Manganese concentration is very 
high compared to the iron and phosphate concentrations. Iron profile shows distinct features: a 
maximum just at the sediment-water interface followed by decrease down core to about 8 cm, after 
which concentration starts increasing again. Sharp maximum at or above the sediment-water interface 
has been observed in other fine scale studies (e.g. Fones & al. 1998, Zhang & al. 1995a) and will be 
shortly discussed later. 

Deeper down core, the iron concentration is most probably limited by the presence of sulphide and 
formation of iron sulphide precipitates. There is a difference in the DET overall concentrations between 
the parallel cores, being higher in core B. The explanation for this may be the horizontal heterogeneity 
of the sediments, and the high volumetric resolution of DET resulting in very local measurements. 

DGT measured mean fluxes of labile species (pmol cm-2 s-1)  to the device during the deployment are 
presented in Fig. 16. These fluxes can be interpreted as the mean concentration in the solution during 
the deployment, CDGT,  but the calculated concentration cannot be directly interpreted as pore water 
concentration. Thus, CDGT are presented and discussed further in section 6.4. 

Higher flux represents local sources and higher remobilisation. Several small-scale features are 
displayed in DGT profiles. Part of the sharp features revealed by DGT techniques are not reproduced in 
the both cores, indicating that they are probably formed by highly localised sources. Some of these 
features are simultaneous for different elements, such as at 1 cm depth below the sediment-water 
interface suggesting similar local remobilisation sources and strong linkages for the different elements. 
The high manganese flux results in low DGT Fe/Mn (about 0.01) and low DGT PO4/Mn (about 0.1) 
ratios. DGT PO4/Fe —ratio is about 10 at station GF2F. 
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Fig. 15. DET measured iron, manganese and phosphate concentrations (in pmol 1-1) in sediment and in 
near-bottom water in parallel cores A and B at station GF2F. Note that manganese concentration is 

divided by factor 10. 

Fig. 16. DGT fluxes of iron, manganese and phosphate (in pmol cm-2 s-1) in sediment and in near- 
bottom water in parallel cores A and B at station GF2F. Note that manganese flux is divided and iron 

flux is multiplied by factor 10. 

Active remobilisation takes place in the first centimetres in the sediment surface. Local iron and 
manganese maxima can be observed just above the sediment-water interface. A double maximum of 
iron above and below the sediment-water interface in has been observed earlier in lacustrine 
environment by Fones & al. (1998). The explanations suggested were: (1) a local depletion of Fee+ in a 
broad zone of Fee+ production or (2) sampling artefact. Case (1) may be caused by Fez+ oxidizing 
bacteria, whereas (2) may result in a zone, where Fez+ is actively oxidized, due to simultaneous 
diffusion of oxidant and Fez+ and formation of Fe3+ within the gel. Fe3+ would then be measured after 
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elution. The cycles of iron manganese, and sulphur processes are closely coupled to denitrification-
nitrification processes in marine sediments (Thamdrup & al. 1994a,b, Hulth & al. 1999, Mortimer & al. 
2002). These complex interactions may also explain the observed maxima above the interface. 

The DGT sulphide measurements revealed high sulphide production and the concentration profiles of 
the sample gels appear to saturate almost immediately below the sediment-water interface. In the Fig. 
17 an example of the scanned image of the sample gel and the grey density plotted against depth is 
given. 

GF2F 
grey density (pixels) 

0 	100 	200 	300 

Fig. 17. An example of scanned image of DGT gel for sulphide (right-hand side) and horizontally 
averaged grey density (in pixels) plotted with depth at GF2F. Below ca. 3 cm depth, the gel appears to 

saturate. 

Due to the problems in the construction of the calibration curve, the density cannot be related to the 
concentration. It can be approximated through the estimated capacity for Ag1 binding gel being about 1 
µmot cm-2 (Teasdale & al. 1999), that DGT measured sulphide concentration (CIT) must be higher 
than about 70 µmot r' below the depth where DGT-AgI becomes saturated. Obviously, the deployment 
time was too long in the very sulphide rich environment of the Baltic Sea. A shorter deployment time or 
a thicker diffusive gel can be used to avoid the problem. 

6.4 Comparison between different techniques 

The pore water concentrations (in µmol 1-1) measured using different sampling methods at station GF2F 
are presented in Fig. 18. The DGT measured concentration is the mean concentration at the surface of 
the DGT device during the 24 hours deployment. 

As DET measures the bulk pore water concentration, DET measurements should be theoretically 
directly comparable to the concentrations measured using conventional method. However, gel 
techniques measure highly localised concentrations. Thus, differences are expected to arise from the 
difference between the exact sampling location (different hauls) and the different sampling volume 
(about 100 cm' of sediment versus tens of microliters pore water by DET). The pore size of the DET 
diffusive gel restricts the size of the species that can equilibrate. In contrast to what is expected, iron 
concentration measured by DET is higher than the concentrations measured by conventional methods. 
The shape of DET iron profile differs significantly from the profiles measured using conventional 
measurements. The rather high DET blank value measured cannot explain the difference alone. 
Insufficient deoxygenation of DET probe would result in systematic overestimation of iron as discussed 
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is section 4.2.2. In addition to iron, manganese would be overestimated due to adsorption of manganese 
to iron oxide. Phosphate may be affected as well, being associated to iron oxides and hydroxides. 

Fig. 18. Pore water concentrations iron, manganese and phosphate (in pmol 1"1) measured using DGT, 
DET, centrifugation and squeezing at GF2F. The DGT measured concentration is the mean 

concentration at the surface of the DGT device during the deployment for 24 hours. 

However, opposite effect may take place during the oxidation of the samples during the conventional 
sampling procedure. The artefacts caused by the oxidation of anoxic sediment during the squeezing and 
centrifugation processes are well recognised. Oxidation during the squeezing process has resulted in a 
depletion of iron and phosphate (e.g. Bray & al. 1973, Troup & al. 1974). Oxidation during the 
centrifugation has resulted in decreased concentrations of e.g. iron, and phosphate reported by e.g. 
Loder & al. (1978) and Lyons & al. (1979). As short as a 12 minute exposure to the laboratory 
atmosphere during centrifugation resulted in an average of 75% removal of Fee+  (Loder & al. 1978). 
The reasons for the overall difference have opposite effects, and whether the disagreement is due to 
insufficient deoxygenation of gel probes or oxidation of sample during conventional procedures or both 
of them together cannot be judged with the available data and clearly needs further investigations. 

During the squeezing procedure, sediment was pressurized for hours at a temperature clearly exceeding 
that of the sediment. Squeezing in temperatures different from the in-situ temperature has been reported 
to change the composition of pore waters (Bischoff & al. 1970). The pore water from the deeper 
sediment comes to the contact with the surface sediment layer, and may result in solid-solution 
reactions and especially affect redox-sensitive species such as iron and manganese (Bender & al. 1987, 
Mäkelä & Tuominen 2003). Squeezing has been recognized to accurately define particle-unreactive 
species (nitrate, oxygen, anions) but not particle-reactive nutrients (phosphate) and heavy metals 
(Bender & al. 1987). 

By comparing DGT to "actual" pore water concentrations the availability from the solid phase to pore 
water can be assessed. The comparison of DGT to an independent pore water measurement or DGT 
with other diffusive gel thickness is crucial to find out the possible case in the sediment as discussed in 
section 4.3.1, see also Equation (8). As DGT locally lowers the pore water concentration, it induces a 
flux from the sediment solid phase to the pore water. Depending on the ability of the sediment solid 
phase to buffer the pore water concentrations, the pore water concentration is buffered by the sediment 
solid phase or becomes progressively depleted. According to DGT theory, this case can be recognised 
by comparing CDGT to pore water concentration measured by alternative technique (R-ratio, 
CDGT/Cporewater). In Fig. 19, the R-values in core A at station GF2F are presented. 
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Fig. 19. R-values for iron, manganese and phosphate in sediment in core A at station GF2F. DGT 
measured concentrations are compared to bulk pore water concentrations measured using alternative 

technique (DET on the left hand side, centrifugation on the right hand side). 

Manganese pore water concentration is partially buffered, i.e. there is a solid phase source to supply to 
the pore water. Phosphate is supplied by diffusion only, the pore water concentration becoming more 
and more depleted during the deployment. The case for iron is controversial due to the general 
disagreement between DET and conventional methods, and thus, depends on the method used for the 
comparison. When comparing DGT to DET measured concentration, R-values indicate supply by 
diffusion only for iron. However, when DGT is compared to centrifugation or squeezing, partially 
supplied case is suggested. Earlier, the possibility of the insufficient deoxygenation of the gel samplers 
was discussed. In addition to systematic errors in DET results, it would result in an overestimation of 
the DGT fluxes and concentrations as well. This is even more difficult to judge, because DGT is not 
directly comparable to any other technique. 

The changes in R-values with depth provide information of the on-going remobilisation. Change in R-
value indicates change in the remobilisation source. As an example, in the sediment, there may be a 
horizon rich in organic matter, which may result in enhanced release of phosphate or metals at some 
specific depth and locally high R-value. This is not discussed in more detail here, because of the 
disagreement between DET and conventional methods does not allow the selection of the method for 
comparison. Additionally, the R-values should ideally be calculated by comparing DGT to DGT with 
different diffusive gel thickness. It would decrease the effects caused by different sampling method, 
such as different resolution and size destriction by the gel pore size. It can be noted, however, that R-
value profiles display interesting features indicating coupling of the elements and also distinct 
behaviour. It is clearly revealed, that DGT cannot be directly interpreted as concentration, but it 
provides additional information on the dynamics of iron, manganese and phosphate. 

6.5 Experiences in the practical work 

Generally, the DET and DGT techniques were found to be applicable in studying pore water chemistry 
and dynamics of iron, manganese and phosphate in the Baltic Sea sediments. They are relatively easy to 
use in the field and diminish the work done on-board. 

More attention should be paid to the contamination issue in the future. The number of blanks should be 
increased and the handling protocol checked. The preconcentration ability of DGT helps to avoid 
contamination during the sampling, but is very sensitive for the contamination prior to deployment. For 
DET, the case is opposite. 
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The problems encountered during the study are mostly connected to the environmental conditions 
prevailing in the Baltic Sea. In the sulphide rich environment, the binding gel for suplphide was 
saturated. For the same reason, the very high concentration of phosphate in the sediment pore water 
may cause problems in the use of DGT with ferrihydrite to bind phosphate, i.e. the capacity of 
ferrihydrite binding gel may be exceeded. During the study, a colour change of the ferrihydrite gel from 
reddish brown into black was observed. It raises a question about the stability of the binding gel in the 
sulphidic rich sediments. However, high concentrations were measured in the elution solutions, which 
indicates that the capacity was not significantly lowered by the reaction. Laboratory standard tests 
should be performed to quantify the effect. The encountered problems emphasize, that the prevailing 
environmental conditions have to be taken into account while planning the DGT sampling and the need 
for practical studies done in different environments before starting to use as a standard tool. The 
thickness of the diffusive gel and the deployment time is crucial. The reason for the general 
disagreement between the DET and conventional methods could not be solved, and needs further 
investigations. 

7. CONCLUSIONS 

The conventional methods for pore water sampling are laborious and time-consuming, and thus, 
research on applicable alternative method is crucial. DET and DGT techniques used in the present study 
are easy to use in the field, and very practical compared to the conventional sampling procedure, which 
needs to be carried out in N2-atmosphere. They provide measurements in high spatial resolution. The 
possibility to use gel samplers in-situ minimizes the problems caused by temperature changes and the 
presence of oxygen during pore water sampling. The gel samplers can also be deployed in sediment 
cores, which are incubated in a cold-room. 

DGT has many advantages, due to its ability to preconcentrate heavy metals in-situ, possibility to 
measure many metals simultaneously, and measurement of time-averaged concentrations over the 
length of its deployment period. The use of different diffusive gel thickness allows the estimation of the 
bulk pore water concentration, and thus, the possibility to use DGT technique alone diminishes the 
work done on-board. By varying the pore size of the gel, information on speciation can be achieved. 
The high resolution and information on fluxes provide tool to assess the linkages between different 
solutes, remobilisation sources and calculation of on-going reactions. 

In the present study, DET and DGT techniques were implemented to study dissolved iron, manganese, 
phosphorus and sulphide in the sediment pore water in the Baltic Sea. The implementation of the new 
method still needs some further investigations. A general disagreement between the gel techniques and 
conventional methods was found, the reason for which need further studies. Characteristics of the Gulf 
of Finland and the Baltic Sea should be taken into account in the DGT sampling procedure. The 
thickness of the diffusive gel and the deployment time are crucial in the sulphide and phosphate rich 
environment. The implementation will continue in more oxic environments in the Baltic Sea as well. 

The measured pore water concentrations reveal very high manganese concentrations in the anoxic 
conditions prevailing at station GF2F in the central Gulf of Finland. The overall features of the profiles 
measured by conventional methods and DET are rather smooth, manganese and phosphate being 
released to the pore water down core. Iron does not accumulate in the pore water probably because of 
being limited by the presence of sulphide. Additional sharp, small-scale features indicating local sites of 
high mobilisation are revealed by the DGT technique. These are located in the surface part of the 
sediment, where the most active processes are expected to take place. Simultaneous release of iron, 
manganese and even phosphate indicates the same source such as reduction of iron and manganese 
oxides and hydroxides or microniche distribution of organic matter. The manganese concentration in 
pore water is buffered from the sediment solid phase. Dissolved phosphorus is supplied only by 
diffusion. For iron, there was a disagreement between the methods: the DET technique suggested 
diffusion only, whereas supply from the solid phase was indicated by conventional methods. 
DET and DGT are used for local measurements at high spatial resolution. DGT measurements reveal 
sharp small-scale features, emphasizing that the classical biogeochemical zones are oversimplified. 
Conventional measurements fail to see small-scale features due to averaging of larger volume, but on 
the other hand giving more producible results. The comparison between parallel cores reveals that the 
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sediments are horizontally heterogeneous and emphasize the high spatial resolution of gel techniques. 
However, care should be taken when generalizations to wider areas are to be made based on inadequate 
data. DGT clearly provides a powerful tool for the process studies and to study interaction the processes 
of different elements. 
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APPENDIX 1. FICK'S LAWS OF DIFFUSION 

The diffusion of aqueous solution can be described by Fick's first (1) and second (2) laws of diffusion: 

J = - D(aCiax) 
	

(1) 

ac/at= D(a2C/ax2) 	 (2) 

where J is the diffusion flux vector (mass per unit area per unit time), C the concentration (mass per unit 
volume), D the diffusion coefficient, and t is time (Berner 1971). 

First law is only valid under steady-state conditions, when concentrations and hence the gradients and 
diffusive fluxes are constant over time. The second law is applicable to non-steady state conditions 
(Schulz 2000b). 
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APPENDIX 2. SPECIES MEASURED IN SEDIMENT PORE WATER USING DET 
AND DGT TECHNIQUES 

Table 1. List of abbreviations and their explanations used in Table 2 and 3. 

Abbreviation 	Explanation 

AAS 
	

Atomic absorption spectrometer 
AES 	 atomic emission spectrometer 
ET 	 electrothermal 
FIA 
	

flow injection analysis 
GF 	 graphite furnace 
IC 
	

ion chromatography 
ICP 
	

ion coupled plasma 
LA 
	

laser ablation 
LC 
	

liquid chromatography 
MS 	 mass spectrometer 
OES 	 optical emission spectrometer 
PIXE 	proton-induced X-ray emission 
ZF 
	

Zeeman furnace 

Table 2. Species in sediment porewater measured using DET. 

Species Environment Analysis Reference 
Ag estuarine ICP-MS Docekalovå & al. (2002) 
As estuarine ICP-MS Docekalovå & al. (2002) 
alkalinity marine potentiometric 

titration 
Mortimer & al. (1998b) 

Ba estuarine ICP-MS Docekalovå & al. (2002) 
Bi estuarine ICP-MS Docekalovå & al. (2002) 
Br estuarine IC Mortimer & al. (1998a), Docekalovå & al. (2002) 

marine IC Mortimer & al. (1998b,c) 
Ca marine Flame AAS Mortimer & al. (1998b) 

lacustrine ETAAS Zhang & al (1999) 
Cd estuarine ICP-MS Docekalovå & al. (2002) 
Cl lacustrine LC Krom & al (1994b) 

estuarine IC Mortimer & al. (1998a), Docekalovå & al. (2002) 
marine IC Mortimer & al. (1998b) 

Co estuarine ICP-MS Docekalovå & al. (2002) 
ECO2  estuarine FIA Mortimer & al. (1998a) 

marine FIA Mortimer & al. (1998b) 
Cr estuarine ICP-MS Docekalovå & al. (2002) 
Cu estuarine ICP-MS Docekalovå & al. (2002) 
Fe lacustrine PIXE, GFAAS, 

ZFAAS, ETAAS 
Davison & al. (1991, 1994a), Krom & al. 1994a,b), Fones & al. 
(1998), Shuttleworth & al. (1999), Zhang & al (1999) 

mining lake ferrozine method Koschorreck & al. (1999) 
estuarine ICP-AES Shuttleworth & al. (1999), Docekalovå & al. (2002) 
marine ZFAAS, ICP-MS Santvoort & al. (1996), Fones & al. (2001), Morford & al. (2003) 

K lacustrine ETAAS Zhang & al (1999) 
Mg lacustrine ETAAS Zhang & al (1999) 
Mn lacustrine PIXE, GFAAS, 

ZFAAS, ETAAS 
Davison & al. (1994a), Krom & al. 1994a,b), Zhang & al (1999), 
Shuttleworth & al. (1999) 

estuarine ICP-MS, ICP-AES Shuttleworth & al. (1999), Docekalovå & al. (2002) 
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Table 3. Species in sediment pore water measured using DGT. 

Species Environment Analysis 
	 Reference 

As 

Cd 

Co 

Cu 

Fe 

Mn 

Ni 

P 

Pb 
SZ  

Zn 

stream 
marine 
lacustrine 
marine 
lacustrine 
marine 
lacustrine 

marine 
stream 
lacustrine 

marine 

stream 
lacustrine 

marine 

lacustrine 

marine 
pond water/ 
sediment 
marine 
lacustrine 
wetland 
estuarine 
marine 
lacustrine 
marine 

PIXE 
ICP-MS 
ET-AAS 
ICP-MS 
LA-ICP-MS 
ICP-MS 
ETAAS, LA-ICP- 
MS 
ICP-MS 
PIXE 
ETAAS, LA-ICP- 
MS 
ICP-MS, GFAAS, 
ZFAAS 
PIXE 
ETAAS, LA-ICP- 
MS 
ICP-MS, GFAAS, 
ZFAAS 
ETAAS, LA-ICP- 
MS 
ICP-MS, GFAAS 
spectrophotometry 
(FIA) 
ICP-MS 
densitometry 
densitometry 
densitometry 
densitometry 
GFAAS 
ICP-MS, GFAAS 

Davison & al. (1997) 
Zhang & al. (2002) 
Zhang & al. (1995b) 
Fones & al. (2001, 2004) 
Motelica-Heino & al. (2003) 
Fones & al. (2001, 2004), Zhang & al. (2002) 
Zhang & al. (1995b), Motelica-Heino & al. (2003) 

Fones & al. (2004) 
Davison & al. (1997) 
Zhang & al. (1995b), Motelica-Heino & al. (2003) 

Fones & al. (2001, 2004), Krom & al. (2002), Mortimer & al. 
(2002), Zhang & al. (2002), Naylor & al. (2004) 
Davison & al. (1997) 
Zhang & al. (1995b), Motelica-Heino & al. (2003) 

Fones & al. (2001, 2004), Zhang & al. (2002), Naylor & al. 
(2004) 
Zhang & al. (1995b), Motelica-Heino & al. (2003) 

Zhang & al. (2002), Fones & al. (2004), Naylor & al. (2004) 
Zhang & al. (1998a) 

Fones & al (2004) 
Motelica-Heino (2003) 
DeVries & Wang (2003 
Teasdale & al (1999) 
Naylor & al. (2004) 
Zhang & al. (1998a,b) 
Fones & al. (2004), Naylor & al. (2004) 
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ABSTRACT 

Alkalinity and calcium data in the Baltic Sea are presented and discussed in view of carbonate 
processes, salinity variations and fresh water inputs. Preliminary results on calcium — salinity rations in 
both Gulf of Finland and Gulf of Bothnia indicate enhanced calcium dissolution in both drainage areas, 
leading to a [Ca]/TA ratio higher than expected by the simple mixing of North Sea high salinity water 
with fresh water. 

Key words: alkalinity, calcium, Baltic Sea 

1. INTRODUCTION 

The carbon dioxide chemistry in seawater is responsible for the capacity of seawater to buffer against 
excessive acidity changes, expressed as alkalinity. The total alkalinity in seawater is formed as a part of 
salinity as the suin of all anions of weak acids. Sea water alkalinity has gained new significance also in 
view of studies on the use of scrubbers to make the ship exhaust gases meet environmental regulations. 
Thus especially in brackish water areas, where large variations in both salinity and alkalinity occur, the 
geographical distribution of alkalinity is of interest. 

In ocean waters, variations in alkalinity usually follow very closely the variations in salinity. However, 
the Baltic Sea water is a mixture of oceanic water with a considerable proportion of fresh water from 
rivers. The rivers run off from drainage areas of different quality, resulting in large variations in the 
chemical quality of the river run off. While rivers like Odra, Vistula and Daugava run on a drainage 
area with calcareous bedrock, the rivers in the northern side run through granite bedrock. Accordingly 
the northern rivers have a very low carbonate concentration, resulting in low alkalinity discharges into 
the Baltic Sea, while the southern rivers run through soil rich in carbonates, resulting in high carbonate 
concentrations and consequently high alkalinity of the discharging waters. In principle this fact can be 
used to trace the mixing of the water masses in the Baltic Sea. While all fresh water sources have zero 
or very close to zero salinity, making their contributions to the sea water salinity distribution 
indistinguishable, alkalinity — salinity relation is dependent on the relative influence of the rivers 
mixing with the sea water. Thus alkalinity as a tracer has an edge over the conventional tracer, salinity, 
in sea areas influenced by fresh waters flowing through bedrock of different qualities (Perttilä & al., 
1991) (Fig. 2). 

In the German coastal areas, the anomalous ion composition of the Baltic Sea has been studied by 
Nehring and Rohde (1966). They report a considerable increase in both calcium concentration and 
alkalinity in the immediate recipient area of the river Warnow, flowing through a limestone-rich soil. 

In the Baltic Sea deep water below the halocline, the dissolution of calcium carbonate as a result of the 
decomposition of organic detritus leads into strong increase of alkalinity. Also the formation of 
hydrogen bisulphide ion HS-  as a result of the sulphate reduction will increase alkalinity. 

In oceanic water, the alkalinity-salinity ratio is usually constant. In the Baltic Sea, variations to the TA 
— salinity ratio has been reported in several studies (see, e.g. Buch 1917 and 1945, Kremling 1969, 
1970, 1972, Ohlson & Andersson 1990, Ohlson 1998, Perttilä & al. 2001). The determining factor for 
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variations in the alkalinity-salinity ratio in the Baltic Sea is the mixing of oceanic water with river 
waters of variable total carbonate content. Total carbonate in the inflowing rivers has two main sources 
(Ohlson & Anderson, 1990): dissolution of metal carbonates in the drainage area, and the input from the 
atmosphere. Of the bivalent metal ions, calcium of course is of main interest because of its occurrence 
in soil in large amounts. 

Kremling & Wilhelm (1997) have studied the long term changes in the calcium content of the Baltic 
Sea. With most of the observations carried out in the Baltic Proper area, and without separation of the 
different low-salinity areas, they conclude that an average increase on at least 4% has taken place from 
the years 1968-70 to 1994-95 in the rivers flowing in the Baltic Sea. Ohlson & Andersson (1990) 
report an even more significant increase in the overall mean of inflowing rivers to have taken place 
during 1964-1986. However, since the changes due to acid precipitation can be expected to be 
enhanced in sea areas with low salinity and low alkalinity, it was considered necessary to carry out a 
study on alkalinity — salinity — calcium relations in the Gulf of Finland and the Gulf of Bothnia 
separately. Moreover, the drainage areas of these coastal seas differ in quality; drainage area of the Gulf 
of Bothnia consists mainly of granite bedrock, while that of the Gulf of Bothnia consists of both granite 
and calcite. 

The long-term changes in alkalinity and in the alkalinity-calcium-salinity relations are under study. 

2. EXPERIMENTAL 

Samples for alkalinity were collected in 2000-04 in different seasons mainly on board RV Aranda. The 
sampling locations are shown in Fig. 1. 

Fig. 1. Alkalinity sampling stations in 2000-2004. 
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The samples were analysed for alkalinity immediately on board. An automatic system, using airpump as 
driving force, consisted of a series of magnetic valves allowing first the thorough flushing of the whole 
system with background water (ion-exchange water with added NaCI to attain ion strength comparable 
with that of the sample), followed by double flushing of the dispenser with the actual sample water, 
before the filling up of the ca. 100 ml thermostatted dispenser. The sample was allowed to thermostat to 
25 °C in the dispenser, before conducting it into the equally thermostatted open reaction vessel. The 
potentiometric titrations (Dickson, 1981) were carried out using a Metrohm Titrino 716 instrument, 
equipped with a combination glass electrode. HCI solution of 0.05 M strength was used for the titration. 
The output data of E vs. Vtitrant  was retrieved by the commercial Vesuv 3 program of the Metrohm 
company. For controlling the performance of the equipment, the certified reference material provided 
by A.G. Dickson was used (Scripps Institution of Oceanography, San Diego, U.S.A.). It is well known 
that a better accuracy can be obtained using separate work and reference electrodes (see, e.g. Millero & 
al., 1993), but keeping in mind the large scale of alkalinity variations in the Baltic Sea, the commodity 
of use of the combined electrode was preferred. During 2000-2004, the Dickson program (Dickson & 
Goyet, 1996) was used for the calculation of the results from the output data of E vs. Vtitrant•  In order to 
take in account the brackish water characteristics of the Baltic sea, the DOE program was modified. The 
equations were corrected to carry out calculations at salinities below 5 units by means of the equations 
for the 1st  and 2nd  ionisation constants for carbonic acid according to Millero (1995). Calculation for the 
effect of hydrogen sulphide and ammonia was also included in the program using the equations 
presented by Millero (1995). Hydrogen sulphide and ammonia are often present in the anoxic deep 
water layer of the Baltic Sea and ammonia can be found sometimes in considerable concentrations also 
in the surface layer close to discharge areas. Effects of ammonia in total alkalinity calculation were, 
however, negligible. Repeated measurements resulted in an analytical uncertainty of ±2 µmol/kg for 
the system. In order to further increase the automation the system, the VINDTA program provided by 
the Marianda company was adopted for use during 2004, modified according to the system 
requirements, to handle both the data retrieval from the titrator, and carry out the calculations. With 
corresponding modifications of the low salinity effects on the equilibrium constants, the VINDTA and 
Dickson programs gave results comparable to within ±5 µmol/kg, which can be considered the overall 
(titration + calculation) uncertainty of the system. 

The salinity profile was measured with a SeaBird CTD instrument, checked against Guildline 
salinometer readings at two depths for each profile. The performance of the salinometer was checked by 
means of IAPSO salinity reference (Ocean Science International, Petersfield, U.K.). The system 
uncertainty is ±0.005 units. 

Samples for calcium analysis were taken in 2003 on board RV Aranda. The sampling was concentrated 
in the Gulf of Finland and the Gulf of Bothnia locations (Fig. 1). The samples for calcium analyses 
were filtered immediately on board through glass fiber filters and acidified with HNO3. Samples were 
later analysed in laboratory directly by means of inductively coupled plasma spectrometer. Uncertainty 
of the measurement is ±2%. 

3. RESULTS AND DISCUSSION 

3.1 Alkalinity distribution in the Baltic Sea 

The total alkalinity vs. salinity relations in the whole Baltic Sea in 2000-2005 are shown in Fig. 2. 
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Fig. 2. Total alkalinity (µmol/kg) vs. salinity in the Baltic Sea (2000-2004). A: Gulf of Bothnia, B: Gulf of 
Finland, C: Riga Bay, D: Baltic Proper (surface), E : Baltic Proper (anoxic deep water). 

In the Baltic Proper (line E), the TA vs. salinity behaviour follows closely that of mixing oceanic water 
with fresh water. In the Gulf of Finland and in the Gulf of Bothnia (lines A and B, resp.), the low 
alkalinity of the discharging rivers, running mostly through granite bedrock, results in steeper slopes in 
the TA vs. salinity lines. The Riga Bay, dominated by the Daugava river running through calcite 
bedrock, shows an opposite behaviour, with alkalinity increasing steeply with decreasing salinity (line 
C). The accelerated decomposition of biological detritus with calcium carbonate skeletons and shell 
material in the below halocline zone, mostly anoxic, of the Baltic Proper increases the bicarbonate 
content, and hence the alkalinity (line E). 

In order to study closer the changes in the low salinity — low alkalinity regions (the Gulf of Finland and 
the Gulf of Bothnia), the corresponding regression lines were studied separately. The corresponding 
linear equations are: 

Baltic Proper (surface layer): 	TA(µmol/I) = 1416.7 + 29.2 * sal 
Gulf of Finland: 	 TA(µmol/I) = 488.8 + 179.6 * sal 
Gulf of Bothnia 	 TA(µmol/I) = 89.7 + 223.3 * sal 
Riga Bay 	 TA(µmol/l) = 3333.3 — 238.9 * sal 

The possible use of alkalinity as a water mass tracer in the Baltic Sea can be seen in Figs. 3a and 3b, 
which show the alkalinity and salinity distributions in the surface layer (0-15 in). 
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Fig. 3a. Alkalinity distribution in the surface layer (0-15 m) in the Baltic Sea (2000-2004). 
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Fig. 3b. Salinity distribution in the surface layer (0-15 m) in the Baltic Sea (2000-2004). 
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3.2 Salinity — calcium — alkalinity relations 

The ratio of the major ions in seawater to salinity is constant in the oceanic waters. In the Baltic Sea, 
recent studies indicate that in the case of calcium, this constant relation does not hold (see, e.g. 
Kremling & Wilhelm 1997, Ohlson & Anderson 1990, Millero 1978, Kremling 1969, 1970, 1972). 
Again, it is to be expected that the largest anomalies should be found in the low salinity areas of the 
Baltic Sea, for which, however, data is available only scarcely. For a data set mainly weighed for the 
Baltic Proper, Kremling & Wilhelm (1997) report fresh water end values of 16.5 and 27.9 mg/kg (412 
and 696 µmol/kg) for low salinity upper layer and higher salinity deep water layer, respectively. In the 
present work, the low salinity areas were extended and studied separately for the Gulf of Finland and 
the Gulf of Bothnia. The [Ca] vs. salinity linear equations, based on the preliminary data of 2003, are 

The Gulf of Finland 
	

Ca(µmol/kg) = 657.9 + 242.8 * sal 
The Gulf of Bothnia 	 Ca(µmol/kg) = 125.0 + 336.3*sal 

The fresh water end value is thus 26.4 mg/1 for the Gulf of Finland, corresponding well with the average 
value for Baltic Sea deep layer reported by Kremling & Wilhelm (1997). In accordance with the above, 
this reflects to the influence of the Baltic Proper water in the Gulf of Finland. A considerably smaller 
value, 5.0 mg/1 is obtained for the Gulf of Bothnia. At salinity 6, approaching the conditions at the 
surface layer of the Baltic Proper, both water masses converge to around 85 mg/1. Compared to the Ca 
concentration of undisturbed dilution of oceanic water (Dickson & Goyet 1996) to salinity 6, giving 
70.6 mg/kg, the observed Ca concentrations are only moderately increased in the Baltic Proper. 

The acid precipitation affects both alkalinity and calcium contents of the discharging rivers. Because of 
the lack of calcium data, comparison of the ratio of [Ca]°/TA° to older values is difficult. Kremling 
(1969, 1970, 1972) has reported data from the years 1966 through 1970, with the extrapolated fresh 
water ratio of [Ca]°/TA° being around 0.42. However, he only separates between Baltic Sea high 
salinity (chlorinity > 4.5) and low salinity (chlorinity < 4.5) waters, main emphasis being thus in the 
separation between the values above and below the halocline. The distinct separation between the 
characteristics of the Gulf of Bothnia, Gulf of Finland and the Baltic Proper waters with respect to 
alkalinity indicates, however, that the data from these sea areas should be separated. Ohlson & 
Anderson (1990) report a significant increase in the ratio [Ca]°/TA°, reaching 0.69. Their main 
emphasis lies also on the Baltic Proper, and therefore the extrapolated values reflect the average 
characteristics of all rivers flowing in the Baltic Sea, giving thus perhaps only an indication of the 
processes that have taken place in the drainage areas of the low salinity Baltic Sea regions. According 
to the present concentrations (2000-2004), the [Ca]°/TA° ratio exceeds significantly the previous 
values, reaching 1.35 in the Gulf of Finland and 1.39 in the Gulf of Bothnia. 

4. CONCLUSIONS 

Alkalinity distribution in the Baltic Sea has been studied using modern automatised analysis methods. 
The investigation on alkalinity, calcium and salinity emphasize the potential use of their relations as 
water mass tracers in the Baltic Sea, and as tracers of environmental changes especially in the low 
salinity regions. 
The distribution, budget and tracer behaviour of alkalinity will be further studied in forthcoming papers, 
together with other inorganic carbon components. 
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