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Abstract
Physicochemical speciation of metals in natural waters is very important for understanding 
their distribution, mobility, bioavailability and toxicity. To be able to understand the 
behaviour of an aqueous element and the transformation between chemical and physical 
species, there is a need for reliable methods that enable measurements of specific fractions of 
metals.  

Many different techniques are used for metal speciation, of which many suffer from problems. 
Ultrafiltration has frequently been used to study speciation of metals in natural waters. A 
possible alternative or complement to ultrafiltration is the technique of diffusive gradients in 
thin films (DGT), a novel technique which provides an in situ measurement of labile metal 
species. DGT accumulates metals in a time- integrated way and produces a mean 
concentration over the chosen deployment period. DGT- labile metals may be regarded as a 
measure of the bioavailable amount, since the DGT simulates the diffusion process that 
occurs when a metal is diffusing into a cell membrane.  

This thesis is focused on the DGT technique for sampling and determination of labile species 
in the Baltic Sea. The aim of this study was to compare the trace metal speciation methods; 
DGT, 1 kDa ultrafiltration, 0.22µm membrane filtration and unfiltered water, to study the 
dynamics for the DGT labile fractions to find out which mechanisms that control the labile 
fraction.

In 2003 and 2004, DGT and 1 kDa ultrafiltration were simultaneously applied at two 
sampling stations in the Baltic Sea with different salinity and trace metal concentrations. 
Baltic Sea concentrations of Mn, Zn and Cd measured by DGT during 2004 were similar to 
the concentrations measured in 1 kDa ultrafiltered samples, especially for Mn. Cu and Ni, 
showed noticeably higher concentrations in ultrafiltered water than DGT-labile 
concentrations. This indicates the existence of low molecular weight Cu and Ni species, small 
enough to pass through the 1 kDa, but can also be a sign of high degree of organic 
complexation which will lead to an underestimation in the DGT labile fraction.  

The dynamics of DGT-labile trace metals during 2004 show quite large variations during the 
season at 0.5 to 40 meters depth. From May to August, Cu, Cd and Mn drop about 35, 50% 
and 60% respectively. Ni decreased about 25% late April to late June but was slightly 
recovered at late season. The only elements that showed good correlation between DGT-labile 
species to dissolved phase (0.22µm filtrate) was Mn and Cd. DGT labile Mn is probably 
controlled by oxidizing bacteria during most of the sampling period, and DGT labile Co, Cd 
and to some extent Zn seem to follow this process. It should be noted that Mn is closely 
correlated to P, a relationship which need further investigations. Cu and Ni are controlled by 
other processes, where influence from primary production may be one.  

This is the first comparison of DGT and 1 kDa ultrafiltration regarding trace metals in 
brackish waters. Strong correlations between the methods imply that DGT can be a simple 
alternative to an ultrafiltration procedure. It is also the first study on trace metals in the Baltic 
Sea where measurements were performed at high temporal resolution during several months. 





Preface

This thesis consists of the following two papers: 

I. Forsberg J., Dahlqvist R., Gelting-Nyström, J., Ingri, J. (2006) Trace 
Metal Speciation in Brackish Water Using Diffusive Gradients in Thin 
Films and Ultrafiltration: Comparison of Techniques. Environmental
Science and Technology, 40(12): 3901-3905. 

II. Gelting J., and Ingri J. (2006) Dynamics of Labile Trace Metals at the 
Landsort deep, Baltic Sea (manuscript). 





Contents

    Abstract 
    Preface 

Introduction ..........................................................................................................1
Metals in natural waters ................................................................................................... 1

Suspended particulate matter ....................................................................................... 2
Colloids ........................................................................................................................ 3
Soluble phase ............................................................................................................... 4

Trace metals in estuarine waters ...................................................................................... 4
The Baltic Sea .................................................................................................................. 5
Study areas ............................................................................................................5
Materials and methods.........................................................................................6
Diffusive gradients in thins films (DGT)......................................................................... 6
DGT principle in water .................................................................................................... 7

Using DGT in natural waters ....................................................................................... 9
Metal speciation by DGT............................................................................................. 9
Biological relevance................................................................................................... 11
Application in this study ............................................................................................ 11

Ultrafiltration ................................................................................................................. 12
Application in this study ............................................................................................ 14

Membrane filtration ....................................................................................................... 15
Field work ...................................................................................................................... 15
Chemical analyses.......................................................................................................... 16
Findings ...............................................................................................................16
Acknowledgements .............................................................................................17
Glossary ...............................................................................................................18
References............................................................................................................19

    Paper I 
    Paper II 





1

Introduction 
This thesis is part of a research programme which aims to understand the geochemistry of 
trace metals in the Baltic Sea and to some extent evaluate their significance for 
phytoplankton. The main focus is on the bioavailability of iron, which has gained lots of 
attention in the open ocean during more the a decade due to irons determinant role for 
bioproduction, (Martin et al., 1994; Coale et al., 1996; Boyd et al., 2000). A previous 
study (Ingri unpublished data) showed that the truly dissolved fraction of iron in a bay of 
the Baltic Sea decreased from relatively high initial concentrations during winter to below 
detection limit (7 nM) during a spring bloom. This pattern was also observed for several 
other trace metals (Ingri et al., 2004). The question was raised if iron, despite the high 
total concentrations, may control bioproduction in the Baltic Sea due to its low 
bioavailability. Studies in different parts of the Baltic have been performed since 2003 
and will at least continue until end of 2007 to seek answers for this. One interesting aspect 
in the Baltic Sea are the nitrogen fixing cyanobacteria in the Baltic sea, which contribute 
to 20-40% of the nitrogen sources (Larsson et al., 2001) and have a high demand of Fe 
relative other phytoplankton.  

This thesis has its focus on speciation and dynamics of trace elements in the Baltic Sea 
except iron. The elements studied are cadmium, cobalt, copper, manganese, nickel, and 
zinc, all to some extent needed by phytoplankton, and some toxic at high concentrations 
(Whitfield, 2001). In ppI, a comparison of two different trace metal speciation techniques 
is done, where the DGT technique is evaluated as a complement to ultrafiltration. This 
comparison is the first presented for brackish waters.  
The dynamics and processes affecting the DGT-labile trace metal concentrations in the 
Baltic Sea are subjects of ppII. There are no previous studies in the Baltic Sea where the 
concentrations of trace metals have been measured at such high temporal resolution 
during one season. 

Metals in natural waters 
In natural waters, almost all of the elements in the periodic table occur in a wide range of 
concentrations and forms. Many of these elements are essential for life as nutrients, but 
they all become toxic if their concentrations exceed critical limits. Information of the total 
concentration of an element is most often not enough for understanding its behaviour in 
the environment. For this, one has to consider in which form the element occur in, which 
is often referred to as the elemental speciation. The subject of speciation in natural waters 
has emerged by development of ultra clean sampling protocols and more precise 
analytical techniques. Even though progress in the field of trace metal speciation have 
continued for decades and extensive amounts of literature have accumulated, this is a very 
complex issue, and seems to get even more complex the more detailed the speciation can 
be performed. 
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In order to prevent confusion in the subject, the International Union for Pure and Applied 
Chemistry (IUPAC) has defined the different aspects of elemental speciation: 

Chemical species. Chemical element: specific form of an element defined as to 
isotopic composition, electronic or oxidation state, and/or complex of molecular 
structure.
Speciation analysis. Analytical chemistry: analytical activities of identifying and/or 
measuring the quantities of one or more individual chemical species in a sample. 
Speciation of an element; speciation. Distribution of an element amongst defined 
chemical species in a system. 

The term fractionation should be used when speciation is not applicable: 

Fractionation. Process of classification of an analyte of a group of analytes from a 
certain sample according to physical (e.g. size, solubility) or chemical (e.g. 
bonding, reactivity) properties.

Changes in environmental conditions, whether natural or anthropogenic, can strongly 
influence the mobility and bioavailability by altering the speciation. Important controlling 
factors are pH, redox, particle and colloid surfaces for adsorption and, availability of 
complexing ligands (Ure & Davidson, 2002). Natural systems are dynamic, where 
variable conditions and episodic changes will affect concentrations and speciation on a 
short term scale, which is important to take into consideration when developing a 
sampling protocol. Sampling can be performed discretely, which is most common, e.g. by 
ultrafiltration, or intergraded with respect to temporal and spatial variations e.g. by using 
the DGT technique described below. Most metal concentrations, except for a few major 
elements, occur in very low concentrations (Filella et al., 2002). Therefore, rigorous 
procedures have to be applied to avoid contamination during sampling, treatment storage 
and analysis (Benoit et al., 1997).  

Traditionally, aquatic species of elements are divided into three groups, suspended 
particulate matter (SPM), colloids and soluble forms. 

Suspended particulate matter 
Determination of the composition of suspended particulate matter in natural waters is 
usually determined by size separation using membrane filtration. The particulate fraction 
is by this approach defined by the properties of the filter. Substances that pass trough a 
0.22 µm membrane filter are considered as dissolved, and larger than 0.22 µm are called 
particles. Development of more sensitive analytical techniques and clean sampling 
protocols revealed unexpected variations in the dissolved fraction. When a membrane 
filter is clogged, the nominal pore size is gradually reduced and the concentration of some 
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elements will decrease (Horowitz et al., 1996). These filtration artefacts have been 
assigned to the presence of natural colloids. Some parameters that affect the concentration 
in the filtrate during a filtration procedure are (1) filter type, (2) filter diameter, (3) 
filtration method, (4) concentration and composition of SPM, (5) colloidal concentration 
and composition, (6) concentration of organic matter, and (7) filtrated sample volume. It 
was concluded that large filters may overcome some of these artefacts (Horowitz et al., 
1996). Other recommendations have been found to decrease this problem such as  
discarding the first 25-50 ml of filtrate, apply low filtrations rates, and to avoid clogging 
by passing small volumes trough the filter (Morrison & Benoit, 2001). Horowitz et al. 
(1996) stressed that the term “dissolved” should be abandoned when referring to filtered 
water since it is misleading. Detailed descriptions of sampling and processing needs to be 
included in every publication, to make data from different studies comparable. Membrane 
filtration is still the most common method for separation of different size classes in water, 
mainly because it is cheap and uncomplicated to apply on site. 

Colloids
As discussed above, there is a fraction of species in natural waters between the particulate 
and soluble fraction, which is referred to as colloids. The distinction is made due to the 
dual behaviour of colloids, which in some means act as particles, and by others act as the 
solute phase (Buffle & Leppard, 1995). These substances are usually defined as having at 
least one dimension in the 1 nm – 1 µm range (Buffle et al., 1998). A chemocentrical 
definition has also been proposed, where a colloid is any constituent that provides a 
molecular milieu onto which chemicals can escape and whose fate is affected by 
coagulation–break-up mechanisms rather than by removal by sedimentation (Gustafsson 
& Geschwend, 1997). This is probably a more environmental relevant approach, but more 
difficult to quantify. 

Natural colloids, abundant in both fresh and marine waters, play a  significant role due to 
their high surface area relative mass, which makes them capable of sorbing significant 
amounts of trace metals (Muller, 1996; Wells et al., 1998; Wells et al., 2000). For 
instance, colloids have been shown to affect the aggregation of settling particles 
(Sholkovitz, 1978; Honeyman & Santschi, 1989) and bioavailability of trace metals 
(Wang & Guo, 2000; Chen et al., 2003). Thus, quantification of colloids is essential to 
understand the speciation of a metal in nature. The colloidal pool has been shown to 
consist of different colloids types (Buffle et al., 1998) and different size fractions of 
colloids have various affinities to different trace metals (Wells et al., 2000). 
Consequently, a detailed quantification of colloids has to be made to understand trace 
metal interaction to these constituents. A common method applied in colloidal 
quantification, ultrafiltration, is discussed in the methods section. Flow Field-Flow 
Fractionation (FlFFF) is a recent developed method that yields more information about 
the sample than ultrafiltration, since a continuous size distribution is provided (Giddings, 
1993; Stolpe et al., 2005).  
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Major inorganic colloids are aluminium silicates, silica and iron oxyhydroxides, while 
common organic colloid types are humic substances, biopolymers (such as 
polysaccharides and proteins) and biological phases (such as bacteria) (Buffle et al., 1998; 
Stolpe, 2006). 

Soluble phase 
The soluble fraction in natural waters is often regarded as direct bioavailable and is 
commonly operationally defined, e.g. filtrate (permeate) from a 1kDa ultrafilter. This 
fraction should be distinguished from the dissolved (<0.22µm) since it contains no colloid 
fraction. The truly dissolved fraction is commonly used as a synonym to soluble fraction. 
From a pure chemical perspective, the soluble phase would comprise single hydrated ions. 
However, in natural systems, the picture is more multifaceted than that, since many trace 
metals have a strong affinity to different complexes, or ligands. When a natural water 
sample is separated from colloids and particles, e.g. by a 1 kDa ultrafilter, the filtrate will 
not only contain the free ions, but also the metal-ligand bound fraction. The complexation 
of uranium to humic substances in freshwater and to carbonates in seawaters decreases its 
bioavailability by orders of magnitude (Markich, 2002). Soluble iron in the open ocean 
have been found to be more than 99% bound to organic complexes (Gledhill & van den 
Berg, 1994) and a marine cyanobacteria have been found to produce strong ligands that 
complexes copper (Moffett et al., 1990; Moffett, 1995). Besides the size-defined 
separation of soluble metals, this fraction can be determined by a number of methods, 
including ion-selective electrodes (ISEs), Donnan membrane technique (DMT), 
permeation liquid membrane (PLM), and competitive ligand exchange adoptive stripping 
voltammetery (Ure & Davidson, 2002). The DGT technique (see below) can be used to 
measure the labile fraction, i.e. dissolved metal ions and metal-ligand complexes that are 
labile enough to diffuse trough a defined diffusion film. 

Trace metals in estuarine waters 
Estuaries are the interface between rivers and the ocean. Here chemical, biological, 
geological and physical processes combine which can substantially modify the flux and 
composition of material from the continents to the oceans (Berner & Berner, 1987). In 
estuaries, mixing of fresh and saline waters results in changes in salinity and pH which 
are both fundamental parameters in adsorption/desorption models (e.g. Millward & 
Moore, 1982; Stumm & Morgan, 1996). Many estuaries are characterized by high primary 
production, which may be expected to promote the uptake of biorective elements into 
biota.
Colloidal material in rivers has been found to be dominated by two carrier phases for 
metals, organic carbon and Fe (Lyvén et al., 2003; Dahlqvist et al., 2004; Andersson et 
al., 2006). By new improved fractionation techniques, it has been possible to determine 
that these two phases often are clearly separable, where the Fe rich colloids have a larger 
size (~ 3-50 nm or larger) while organic colloids are smaller (~0.5-5 nm) (Lyvén et al., 
2003; Stolpe, 2006). The Fe rich colloid phase is likely to consist of Fe oxyhydroxides, 
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and most likely the organic colloid is a hydrophilic fulvic acid. Most trace elements are 
associated to these two colloid phases, but have often a higher preference to one of them 
(Lyvén et al., 2003). When river water enter the ocean, a large fraction of the “dissolved” 
phase (<0.22µm) from river load is removed due to flocculation of colloids. Pioneer 
studies of Sholkowiz, Boyle, Eckart and co-workers have substantially increased the 
understanding of colloidal behaviour in estuaries (e.g. Sholkovitz, 1978). In these studies, 
it was concluded that the degree by which a trace element was removed depended on its 
association with the Fe/humic matter relative to its occurrence as soluble species. The 
colloidal distribution is thus changed by this flocculation process. In recent studies where 
Fe-rich and carbon-rich colloids were studied identified as two different carrier phases, it 
has been shown that the small organic colloid is less affected by these processes than the 
Fe-rich (Stolpe, 2006). This means that elements such as Ni, Cu and Zn, which has a 
higher preference to organic colloids, will be less affected in estuarine removal processes 
than those with high association to Fe-colloids such as Al and Pb. In coastal seawater, the 
Fe colloids are almost completely removed, and there are additional organic ones of 
probable biogenic origin (Lead & Wilkinson, 2006; Stolpe, 2006).  

The Baltic Sea 
The Baltic Sea is the largest brackish water area in the world, with surface salinities 
ranging from almost zero in inner parts of Bothnian bay and Gulf of Finland to that of sea 
water in the North Sea (Kullenberg, 1981). It can be regarded as a large scale mixing zone 
of fresh and sea water with physical and chemical properties partly similar to those of 
estuaries (Berner & Berner, 1987). Exchange to the open ocean is restricted, and the 
inflow from rivers is large, therefore the composition of the Baltic Sea water is strongly 
affected by terrestrial material. 

Trace metals enter the Baltic Sea from rivers and via atmospheric deposition. Once 
entering the Baltic, these elements are removed from surface waters in processes closely 
linked to biological production and the composition of suspended particulate matter 
(Brügmann, 1986). Due to the influence of river runoff, Baltic Sea water is characterized 
by relatively high concentrations of suspended matter and humic substances. This affects 
the speciation and the cycles of trace metals (Brügmann et al., 1997). High concentrations 
of particles provide adsorption sites for metals and their final sedimentation. Humic 
substances affect the speciation for several trace metals in estuaries (Muller, 1996; Wells 
et al., 2000). The biological production in the Baltic Sea has also an effect on the trace 
metal speciation, since trace metals are influenced by different planktonic species. 

Study areas 
Ekhagen bay (Figure 1) is situated in the inner part of the Stockholm archipelago, close to 
central Stockholm. This site is a low-salinity estuarine bay, which is to a high extent 
influenced by freshwater runoff. Levels of natural organic carbon (NOM), trace metals 
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and chlorophyll are higher than in the open Baltic Sea. Surface salinity during the 
sampling period was on average 3.3 ‰.

The Landsort deep (Figure 1) is located in the open Baltic Sea, about 40 km off the 
Swedish coast without influence from any major rivers. Investigations on hydrography, 
biology and geochemistry, both in monitoring purposes, and for specific research projects,  
has taken place her since the 1890s (Voipio, 1981; Gustafsson et al., 2000; Larsson et al., 
2001; Gustafsson et al., 2004; Sobek et al., 2004). On average, the surface salinity at the 
Landsort deep was 6.3 ‰ during this study. 

Landsort

Ekhagen

Stockholm

Luleå

B
a

l t
i c
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e

a

StockholmStockholmStockholm

Figure 1. Sampling sites, Ekhagen bay and the Landsort deep, Baltic Sea. 

Materials and methods 

Diffusive gradients in thins films (DGT) 
The DGT technique was developed by (Davison & Zhang, 1994) for sampling of labile 
substances. It has the potential to be a useful methodology in research and monitoring of 
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soils, sediments and waters. The basic principle is applicable to any substance for which a 
suitable film and binding phase can be found.  

The DGT technique has many advantages over other proposed methods for trace metal 
measurements: a) it is easy to use, b) it concentrates metals in situ, c) many trace metals 
can be measured simultaneously, and d) it yields time-averaged concentrations over the 
length of the deployment time. For many trace metals, the concentration of a species in 
true solution is very low, even below the detection limit of direct measurement. The DGT 
techniques provide an alternative due to its preconcentrating capabilities under these 
conditions.

DGT principle in water 
Principles of the DGT technique are shown in Figure 2.
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Figure 2. Schematic view of the DGT principle, showing the steady state concentrations 

gradient. C= bulk metal concentration, g= thickness of the diffusive gel, = thickness of the 

diffusive boundary layer (DBL).  

A flux of the target solution from the environment to a binding phase is measured during 
the deployment time. The film is a defined layer that serves to control the rate of mass 
transport. Measurements from DGT are considered to provide information relevant for the 
potential bioavailability and mobility of elements.

This method relies on a steady concentration gradient through a diffusive medium, with 
one side in contact with water, and the other in contact with a sorbent layer. The sorbent 
layer traps the free ions that are able to diffuse through the diffusive medium. Chelex®



8

100 resin embedded in hydrogel is a common choice as sorbent layer because of the 
irreversible binding of many metals which sets the concentration of free metals ions to 
zero at the interface to the diffusive medium. To describe the flux of ions, J, through the 
gel Fick’s first law of diffusion is used. D is the diffusion coefficient and dc/dx is the 
concentration gradient (eq 1). 

dx
dCDJ    (1) 

When applied in DGT probes, the equation 1 can be expressed as follows to describe the 
diffusive mass flux which transports the metal from the solution to the resin: 

g
C

DJ b
g    (2) 

Where Dg is the diffusion coefficient for the labile species in the hydrogel, Cb is the ion 
concentration in bulk solution and g the thickness of a uniformly behaving diffusive 
medium comprised by a hydrogel and a membrane filter. 

The flux can also be expressed as the mass of metal accumulated in the sorbent layer, M, 
the exposed area, Ag and the deployment time, t: 

tA
MJ

g

   (3) 

Equations 2 and 3 are combined to obtain an expression for the concentration in bulk 
solution:

tAD
gMC
gg

b    (4) 

Equation 4 above is the most commonly used in studies involving DGT in water. Because 
of formation of a diffusive boundary layer (DBL) of thickness  at the interface of the 
filter end the bulk solution, the Cb will not be exactly similar to the actual uptake in the 
gel Cg. The metal diffusion coefficients in the gel Dg are only slightly lower than the 
diffusion coefficients in water Dw (Scally et al., 2006) which implies that eq. 4 will be 
valid only if  g>> . Recent studies have found that this assumption is problematic since 
 often is 20 % or more of g. This may be evened out by the finding that the effective 

sampling area As is about 20 % larger than the area of the window facing the solution Ag

(Warnken et al., 2006). A more correct expression of eq. 4 with regard to effective 
sampling area and DBL is expressed in equation 5. 

gDADA
MtDDAA

C
Wggs

gwgs
b   (5)
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The diffusion coefficient Dg in the gel is dependent of the composition of the hydrogel and 
on temperature which in turn is linked to the viscosity of water. Hydrogels in a range of 
different pore sizes have been used in the DGT which will affect the diffusion coefficient. 
These coefficients are determined experimentally for each metal and gel type (Zhang & 
Davison, 1995). Temperature dependency can be corrected for by using Stoke-Einstein’s 
equation (Zhang & Davison, 1995). 

Using DGT in natural waters 
The metal uptake in DGT:s can be affected by the pH in solution which influence the 
binding efficiency to the Chelex® 100 resin and the properties of the hydrogel. Within the 
pH interval 5-9, properties of the hydrogel and Chelex resin seems to be rather constant 
(Zhang & Davison, 1995). 

The DGT technique has been found to perform well in seawater (Davison & Zhang, 1994; 
Zhang & Davison, 1995; Twiss & Moffett, 2002; Munksgaard & Parry, 2003), in 
estuarine waters (Dunn et al., 2003) and in most freshwaters. Problems have occurred 
during measurements in low-ionic strength waters (<1 milliequivalents/L) (Warnken et 
al., 2005). 

As mentioned above, the diffusive boundary layer (DBL) has an effect on the mass 
transport into the DGT.  Findings by (Gimpel et al., 2001) suggests that flow rates below 
1 cm/s generate high values of , but when the flow rate exceeds 2 cm/s the value is low. 
By deployment of several DGT samplers having different thickness of the diffusion layer 
( g) the  and Cb can be measured. 

Biofouling is a problem associated to long term deployment with DGT:s in water were the 
bioproductivity is high. This term refer to growth of organisms on the membrane filter, 
which may affect DGT performance for several reasons. Biofouling may change the 
diffusion length, and the area of the filter exposed to solution. Organisms might also 
affect the concentration gradient by sorbing metal ions. Davison et al. suggests that this 
sorbing mechanism may not affect the DGT measurement substantially, but the 
enlargement of the diffusion thickness would alter the measurement, if the biofilm is 
thicker than 100 µm (Davison et al., 2000). Several workers have found biofuoling during 
long term deployments in coastal areas (Dunn et al., 2003; Munksgaard & Parry, 2003). It 
has been suggested that the effect of biofuoling can be corrected for by using DGT:s with 
different g (as described for DBL correction), but this requires that the different 
samplers are affected to the same extent (Zhang et al., 1998). 

Metal speciation by DGT 
Davison et al. stated that three factors determine which species that are collected by the 
DGT method; the binding agent, the diffusion layer thickness and the pore size of the gel 
(Davison et al., 2000). Because of the strong binding capacity of the Chelex®100 resin, 
and the high concentrations of binding groups in the rein gel, most other ligands will be 
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displaced for metal ions there. Free metal ions are continuously removed from solution 
into the resin. The ligand bound metals will contribute to this flux, if they rapidly 
dissociate, but kinetically inert species will not. Dissociation time is equal to the time it 
takes for a metal-ligand complex to pass through the diffusion layer and the resin gel 
(Zhang & Davison, 1995). For example, this time is about 25-60 minutes for a fulvic-
metal complex trough 0.8 mm thick diffusion layer, depending on the diffusion 
coefficient. The fraction of the metal that is collected by the DGT sampler is thus defined 
by the dimensions of the sampler, the kinetic and thermodynamic properties of the ligands 
and their diffusivity in their hydrogel (Scally et al., 2003; Lehto et al., 2006). 

The capacity of the Chelex® 100 is about 0.40 meq/cm3 which is a figure that has been 
found to determine the maximum capacity of the DGT sampler (Zhang & Davison, 1995). 
A standard DGT unit comprises of about 0.03 cm3 of Chelex® 100 (Garmo et al., 2003), 
which gives a concentration of about 0.012 meq/cm3 in the resin part of the gel , which is 
in good agreement with experimental capacity measurements for Cd (Zhang & Davison, 
1995). The Chelex® 100 resin has been extensively used for preconcentration of metals 
from for example seawater due to its selectively binding of cationic trace metals (e.g. 
Florence & Batley, 1975). A recent developed dynamic model that consider the binding 
strength and concentration of the resin on the uptake of metals in DGT in presence of 
complexes of various stabilities (Lehto et al., 2006). From this model, predictions have 
been made that the binding sites in the resin gel is sufficient to provide consistent DGT 
measurements for most natural systems. 

The diffusive gel has the purpose to moderate liquid convection so that a well defined 
mass transport between bulk solution and the binding resin can take place. In most studies 
were DGT measurements are involved, hydrogels have been prepared by cross-linking an 
acrylamide monomer with an agarose derivate which are often referred to as APA gels 
(Zhang & Davison, 1999). These gels fulfil the requirements in most cases, but exceptions 
have been observed in low-ionic strength water (see above). The APA gels have relatively 
open pores and early reports stated that the diffusion coefficients of free metal ions were 
identical to those in water (Zhang & Davison, 1999; Zhang & Davison, 2000). Changes in 
the manufacturing process in 1998 resulted in APA gels with slightly smaller pore sizes, 
which reduced the diffusion coefficients for free metal ions in the currently used APA 
gels to about 85 % of those in water (Scally et al., 2006). Complexes with humic and 
fulvic substances have been shown to diffuse through the open- pore APA gels, but their 
diffusion coefficients are considerable less than those of free ions (about 10 and 25% 
respectively), which will cause a retardation in the resin layer of these species relative free 
ions (Zhang & Davison, 1999; Scally et al., 2004; Scally et al., 2006). Thus, if DGT with 
open-pore APA gel is used to fractionate metal species in a natural water where the 
concentration of organic ligands (such as humic and fulvic acids) are unknown, the 
contribution to of the complexed metals relative the free ions will not be adequately 
measured. A more restricted pore size of the diffusive gel can be achieved by varying the 
composition of the polyacrylamide gel, so that the diffusion coefficient is about 60% of 
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that in water and retardation of  humic and fulvic complexes higher than the standard 
open pore gel (Scally et al., 2006). If open-pore and restricted pore are used 
simultaneously, provided that the diffusion coefficients for the different gel types and 
species are known, information about the distribution of metal between small inorganic 
species and organic ligands can be obtained (Zhang & Davison, 2000; Zhang, 2004; 
Unsworth et al., 2005). Scally et al. (2004) suggested that the use of restricted DGT:s in 
waters containing high amounts of complexed ions will lead to an underestimation of the 
labile fraction. 

Using a cleaning protocol for the Chelex resin have shown to reduce blank levels for most 
of the trace metals (Olofsson et al., 2001) which is important so that blank levels clearly 
can be separated from measured values. By this operation and general high level of clean 
technique precautions, detection limits of the DGT method can be lowered (Garmo et al., 
2003).

Biological relevance 
DGT measured metal concentrations in soils have shown to be better predictors for plant 
bioavailability than free metal ions (Zhang et al., 2001; Nolan et al., 2005). In waters, 
relatively few studies on bioavailability correlation to DGT labile species been reported. It 
has been shown that in water containing Cu-EDTA complexes, DGT labile Cu could 
predict the toxicity to the aquatic crustacean species Daphnia magna, whereas Cu-NTA 
complexes were fully DGT-labile, but not toxic (Tusseau-Vuillemin et al., 2004).The 
binding of Cu and Al to fish gills have shown good correlation to DGT labile 
concentrations (Luider et al., 2004; Royset et al., 2005). 

Application in this study 
Of the factors affecting DGT performance (Effects of environmental conditions above), 
only the DBL and biofuoling should be of concern, since pH and ionic strength ranged 
within the interval where DGT has been found to function well. Considering the high-
energy marine environment in the Baltic Sea the diffusive boundary layer (DBL) was 
assumed to be negligible. 
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Figure 3. Design of the piston-type DGT unit A, and cross sections (B, C). 

Standard piston-type DGT units were used throughout the studies in ppI and ppII (Figure 
3). The units were prepared as described previously (Dahlqvist et al., 2002) with APA-gel 
(15% acrylamide, 0.3% patented agarose-derived cross-linker) as diffusive layer, Chelex®

100 resin (Na-form, 200-400 mesh) as binding agent and a 0.22 m cellulose nitrate 
membrane filter as protective outer layer. Diffusion coefficients provided by DGT 
Research Ltd. (DGT Research Ltd, 2006) were used for the average water temperatures 
calculated from in situ temperature measurements every second hour during the 
deployment periods. The hydrogel thicknesses were 0.75 mm at Ekhagen and 0.77 mm at 
Landsort. Membrane filter thickness was 0.13 mm for all DGT units and exposed 
diffusion area was 3.14 cm2.The elution factor was assumed to be 0.8 for all metals 
(Zhang & Davison, 1995). 

Ultrafiltration
Ultrafiltration is a technique that originally was developed for industrial and biochemical 
purposes, e.g. separation of proteins or viruses from solution, but has emerged as a 
successful tool for studies in aquatic research. In natural waters, this is a commonly used 
technique for determination of the size distribution of elements and for isolating colloidal 
material (Dai & Martin, 1995; Buesseler et al., 1996; Gustafsson et al., 1996; Dai et al., 
1998).

The term cross-flow filtration (CFF) is commonly used when ultrafiltration is discussed, 
and is often used synonymous with ultrafiltration, which is not fully correct. The term 
CFF is equal to tangential flow filtration (TFF) which refers to a process where the water 
is recirculated parallel (tangential) to the to the filter membrane at a high flow rate. Since 
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the term CFF is the most widely used, it will be used in the text. Ultrafiltration by it self is 
not fundamentally different from microfiltration (discussed below), except for the size of 
the molecules/particles that are retained, but when applied with the CFF technique (which 
is most common) the procedure is dissimilar.  
By using the CFF ultrafiltration process (Figure 4), colloids/particles will remain 
suspended in solution in contrast to ordinary membrane filtration were these will be 
retained on the surface of the filter. Due to the high hydrostatic pressure, components 
smaller than the membrane cut-off will permeate trough the filter and thus this fraction is 
denoted permeate. Constituents of the water sample larger than the membrane cut-off will 
be retained by the filter, and is denoted retentate. There are some additional terms and 
parameters that apply to CFF: 

-LMW: Low molecular weight, often the same as the permeate fraction, or, if several 
ultrafilters are used, the fraction of small colloids, e.g. 1-10 kDa. 

-HMW: High molecular weight, often the same as the retentate fraction, or if several 
ultrafilters are used, the fraction of large colloids, e.g. 10 kDa-0.22 µm. 

-CF: Concentration factor. The factor by which colloids and particles are concentrated in 
the retentate, calculated by following formula: 

volumeretentate
volumeretentatevolumepermeate

CF
)()(

  (6) 

-CFR: Cross-flow ratio, which is retentate flow divided by permeate flow. 

-Recovery: The concentration of a certain element in permeate and retentate as percent of 
the concentrations in the feed, which gives a figure in percent of how much of the element 
that is left in solution after the ultrafiltration process: 

Recovery 100
.

.)(.)(
x

concfeed
concretentateconcpermeate

 (7)
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Figure 4. The principle of Cross-flow filtration (CFF). 

The goal is to get a recovery as close to 100 % as possible, which means that a minimum 
of adsorption to the filter membrane and contamination takes place. To accomplish 
reliable ultrafiltration procedures, it is therefore important to apply correct operational 
parameters, which can be done by altering the cross-flow ratio (CFR) and the 
concentration factor (CF). A CRF >15 and CF>10 was suggested by (Larsson et al., 2002) 
to achieve high recoveries for organic carbon, Ca, Mo, Fe, Cu and Ni. Other workers 
suggest that a high CF (>40) is needed to reduce the effect of retention of LMW species 
(Guo et al., 2000), but this may on the other hand enhance breakthrough of HMW species 
(Dai et al., 1998; Wilding et al., 2004). 
One very important thing, when using a ultrafilter, is to be sure of the actual cut-off, since 
the manufacturer’s specified cut-off may differ from the actual (Gustafsson et al., 1996). 
Studies on a 1 kDa Millipore Pellicon ultrafilter membrane showed that it had an effective 
cut-off of 2.1 to 2.5 kDa (Larsson et al., 2002; Wilding et al., 2004). This filter membrane 
is similar to the 1kDa Prep/Scale filters used in the in ppI, but they differ in shape 

Application in this study 
During this study, the concentrations of the <1kDa permeate was of interest for the 
comparison to DGT measurements, the retentate fraction was only evaluated as a quality 
control for the filtration process. The CFF ultrafiltration modules used in ppI were 
Millipore Prep/Scale Spiral Wound TFF-6 with manufacturer-specified cutoffs of 1 and 
10 kDa. For both modules, the filter membrane area was 0.54 m2 and the filter material 
was regenerated cellulose. The filters were used in combination and with microfiltration 
(see below). Operational settings for the different procedures are presented in ppI. The 
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retentate volume was kept constant at ~3 l during the filtration process and was circulated 
for approximately 10 min, with the permeate line closed, at the end of the process. Pre-
filtered water was sampled prior to ultrafiltration and permeate and retentate were 
sampled integrated from the bulk solutions after completed filtration process. Before 
every new sampling occasion and after every filtration, the filters were rinsed with MilliQ 
water and solutions of NaOH and HCl, according to previous described procedure 
(Larsson et al., 2002) 

Membrane filtration 
In this study, 0.22 µm membrane filtration (using 142 mm diameter Millipore mixed 
cellulose esters) was performed as an on-site fractionation procedure preceding the 
ultrafiltration (pp1) and as a stand alone speciation procedure (pp2). The filters used were 
mounted in Geotech polycarbonate filter holders. The first filter was completely clogged 
at each sampling occasion; the filtrate volume was measured and then discarded. New 
filters were used for the actual sample, through which half the clogging volume passed 
trough the filter. The reason for this was to minimize the discrimination of colloids that is 
caused by clogging of filters (Morrison & Benoit, 2001). All filtrate was collected 
integrated in a 25L polyethylene bottle from which sub samples for analyses were taken. 
All tubing, filter holders and containers were acid-cleaned in 5% HCl with subsequent 
wash in MilliQ water (Millipore, >18.2 M ) prior and after sampling. The filters were 
washed in 5% acetic acid, as described by Ödman et al (1999).

Field work 
In Ekhagen, sampling was performed from a 40m-long wooden pier. Three replicate DGT 
devices were deployed for approximately 2 weeks in 6 deployment periods between April 
2 and June 2 2003. The units were suspended with plastic rope from a buoy to 4m depth. 
A StowAway TidbiT® temperature logger was connected to the DGT device to record 
temperatures every second hour during the deployment. On six occasions between March 
18 and June 2 2003, usually at the start and end of the DGT deployments, water was 
collected at the sampling site for membrane filtration and ultrafiltration in laboratory. 
Unfiltered water samples for direct analyse were also collected at the sampling point. At 
the Landsort deep, all sampling was conducted from the ship M/S Fyrbyggaren in 
cooperation with the Swedish EPA’s Marine Monitoring Program. DGT units were 
deployed in duplicate, at 10 occasions for 2 to 4 weeks, over the period March 10 to 
September 9, 2004. DGT units deployed at 0.5, 5, 10, 20, and 40 meters depth attached to 
a rope suspended from a buoy and stretched out with a plastic-covered weight. As in 
Ekhagen, temperature loggers were attached to the DGT devices. On 13 occasions 
between March 10 and September 9, 2004, water was collected at Landsort for filtration
and unprocessed samples. Filtration with 0.22 m membrane filter was performed 
onboard the ship, while 1 kDa ultrafiltration was conducted in laboratory within 24h after 
sampling.
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Chemical analyses 
DGT resin gels were eluted in 5 ml of 10% HNO3 (suprapur). DGT eluents, 0.22 m
filtrate and permeate and retentate from the ultrafiltration were analysed by Inductively 
Coupled Plasma – Sector Field Mass Spectrometry (ICP-SFMS) or Inductively Coupled 
Plasma – Atomic Emission Spectroscopy (ICP-AES). For analyses of particulate Cd, Co, 
Cu, Mn, Ni and Zn, the 0.22 m membrane filters were digested in a microwave oven 
with HNO3 and H2O2 in closed Teflon containers and analysed with ICP-SFMS. For 
particulate Fe and Al, the filters were placed in Pt crucibles, digested in a regular oven at 
1000°C and analysed with ICP-AES. The DOC samples were analysed by high-
temperature combustion using a Shimadzu TOC-5000. 

Findings
In Ekhagen bay and at Landsort deep (ppI), concentrations of Mn, Zn and Cd measured 
by DGT were similar to the concentrations measured in 1 kDa ultrafiltered samples. The 
generally good agreement between the two techniques can be explained by the rare 
occurrence of organic complexes for these metals. For Cu and Ni, the ultrafiltered 
concentrations clearly exceeded the DGT-labile concentrations. This indicates the 
existence of LMW Cu and Ni species, small enough to pass through the 1 kDa ultrafilter
but not labile enough to be retained in the DGT units. Organic complexation may also be 
responsible for the difference, since metal-ligand complexes will diffuse into the DGT at 
a slower rate than free ions. The comparison of DGT and ultrafiltration in the Baltic Sea 
shows that both methods have strengths and weaknesses. Fouling of the diffusive window 
is one of the drawbacks for DGT, especially during long-term exposures, and the effect 
has not yet been elucidated. DGT measures a time-integrated average concentration, while 
the ultrafiltrated concentrations are based on single grab samples. The ultrafiltered
concentrations may therefore not be representative for a longer period of time. On the 
other hand, if the results are supposed to be compared to unfiltered grab samples or 
membrane filtrates, the ultrafiltration might render a more direct comparison than DGT. A 
change in metal speciation between sampling and filtration is a problem of importance for 
ultrafiltration. This is not a problem with an in situ method like DGT. The time and 
money saving factor using DGT is important, especially when sampling is conducted over 
prolonged periods. In waters with very low metal concentrations, where concentrations of 
ultrafiltration permeate results in values below detection limits, DGT is useful because of 
the pre-concentration capability.

In ppII, DGT was used from 0.5 to 40 meters depth to evaluate the dynamics of labile 
fraction of the trace metals Cd, Co, Co, Mn, Ni and Zn at the Landsort Deep. One 
important objective of this study was to estimate the importance of plankton productivity 
to trace metal speciation. The scavenging of trace metals in Mn oxyhydroxides was also 
of interest. Trace metal content in unfiltered water samples were only correlated to Mn in 
the DGT labile fraction, labile Cd and Mn correlated to the filtered fraction, but no other 
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trace element has such correlation. Marked changes took place in the DGT-labile fraction 
for all studied elements during the period of sampling, but not for the total concentrations 
(except Mn), indicating a change in the speciation. Mn in end of sampling period 
comprised only 4% of the labile concentration in March, a decrease which was attributed 
to processes linked to primary production in March and April, and to bacterial oxidation 
during late April to September. A similar seasonal variation to that of P was observed for 
DGT labile Mn, an indication of common controlling pathways. Co and Cd seem to 
follow Mn except during the first measurements, which indicate that these elements are 
removed by scavenging in Mn oxyhydroxides. Labile Zn is probably also coupled to this, 
since it has similar temporal patterns as Cd. Labile Cu and Ni show different patterns than 
the other trace metals, but appear slightly connected to the peak in biomass during May. 
By using the DGT method, it was possible to measure the temporal and spatial variations 
of the selected trace metals in situ and with lower risks of contamination. To understand 
more on the trace metal dynamics, more data is needed, for instance measured fractions 
during cross-flow filtration and particulate matter collected in sediment traps. Studies of 
variations in P and Mn in a longer time perspective would also be of interest to evaluate 
the similar behaviour of these two elements, and connection to trace metal geochemistry. 
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Glossary

APA-gel: Acrylamide monomer cross-linked with a patented agarose derivative, the most 
commonly used diffusive gel in DGT measurements. Pore size is about 5nm. 
Chelex®  100: A binding resin that has selectively binding of cationic trace metals 
Cross Flow Filtration (CFF): A process where the feed stream flows parallel to the 
membrane face. Applied pressure causes one portion of the flow stream to pass through 
the membrane (filtrate) while the remainder (retentate) is recirculated back to the feed 
reservoir.
DBL: Diffusive boundary layer, see description in the chapter about the DGT technique. 
DGT: Diffusive gradient in thin films 
EDTA: Ethylenediaminetetraacetic acid, a chelating agent 
HMW: High molecular weight, a term often used when referring to large colloids 
(>10kDa)
In situ: Measurements performed without sampling, at exact location of interest (at depth 
in the water column, sediment of soil) 
kDa: Kilo Dalton, 1000Da, a size measure which corresponds to a molecular weight of 
1000 hydrogen atoms. 
LMW: Low molecular weight, a term often used when referring to small colloids (1-
10kDa) or solute fraction (<1kDa) 
NTA: Nitrilotriacetic acid, a chelating agent
On site: Performed immediately after sampling, close to location of interest 
Permeate: The filtrate that is produced from an ultrafilter 
Recovery: The concentration of a certain element in permeate and retentate as percent of 
the concentration in the feed 
Retentate: The fraction that is retained by an ultrafilter. 
Tangential Flow Filtration (TFF): equal to Cross flow Filtration 
Trace metal: Initially metals that were hardly detectable were classified as trace metals. 
Different classifications are described, but trace metals are often denoted metals in water 
except the major ones (Ca, Na, Mg and K). 
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Diffusive gradients in thin films (DGT) and ultrafiltration
were used to measure trace metal concentrations in the
Baltic Sea. The results provide the first comparison of these
two fundamentally different speciation methods for trace
metals. Cd, Cu, Mn, Ni, and Zn were measured at two sites
with different total trace metal concentrations. DGT units
prepared with APA-gel as diffusive layer and Chelex 100
resin as binding agent were used throughout the study. The
ultrafiltration was performed with Millipore Prep/Scale
modules with cutoffs of 1 and 10 kDa. Concentration levels
of Mn, Zn, and Cd measured by DGT agreed with the
concentrations measured in 1 kDa ultrafiltered samples.
For Cu and Ni the ultrafiltered concentrations exceeded the
DGT-labile concentrations. The ability of DGT to precon-
centrate metals was found to be an analytical advantage
compared with ultrafiltration. DGT appears to be a
good alternative to 1 kDa ultrafiltration for measurement
of truly dissolved Mn, Cd, and Zn in the Baltic Sea.

Introduction
Distribution, mobility, and toxicity of metals in natural waters
are strongly related to their aqueous speciation (1). The
biological response of an organism depends not simply on
total concentrations but on the activities of the metal ions
and their complexes, and on the concentration of labile metal
species in solution (2, 3). To understand the behavior of an
aqueous element and the transformation between chemical
forms there is a need for reliable methods that enable
measurements of specific fractions of metals.

Ultrafiltration has frequently been used to study speciation
of metals in natural waters (e.g., 4, 5). In a recent study, Ingri
et al. (6) used cross-flow ultrafiltration technique to determine
the size distribution of trace metals and organic carbon in
the Baltic Sea. Various evaluations of ultrafiltration techniques
have been performed (7, 8). Two cross-flow ultrafiltration

systems were optimized by Larsson et al. (9) for Baltic Sea
surface waters. Some disadvantages are, however, associated
with ultrafiltration. The procedure is complicated and
demands a rigorous handling protocol for satisfactory results.
The laboratory-based filtration process implies sampling and
storage of water, which may trigger aggregation and oxidation
of metals and result in a change in metal speciation (10, 11).
Laxen and Chandler (12) found a change in metal speciation
in water stored for more than 2 h between sampling and
filtration. Since ultrafiltration is based on grab samples,
extensive sampling is necessary if correct average concen-
trations or temporal variations are to be measured (13),
particularly in dynamic waters such as coastal or estuarine
waters where metal concentrations may fluctuate exten-
sively. If sampling frequency is low, the measurements
may represent a temporary increase or decrease in concen-
tration level instead of the average metal concentration.
Ultrafiltration is also an expensive and time-consuming
procedure.

A possible alternative or complement to ultrafiltration is
the emerging technique of diffusive gradients in thin films
(DGT) introduced by Davison and Zhang (14). DGT has been
used for trace metal speciation in natural waters (e.g., 15, 16)
and provides an in situ measurement of labile metal species,
which prevents problems with speciation changes associated
with sampling and storage. DGT accumulates metals in
proportion to time and produces a mean concentration over
the chosen deployment period. The pre-concentration ability
is an important quality in waters with extremely low dissolved
metal concentrations. DGT is also a cheap, time-saving, and
easy-to-use method. In several studies, DGT has been
compared to other speciation methods in different types of
natural waters. It has been used together with membrane
filtration in estuarine waters (13) and compared to competi-
tive ligand exchange followed by voltammetric measure-
ments for measurement of the speciation of Cu in coastal
marine waters (CLE-ACSV) (17), Cu and Zn in streamwater
(CLE-DPASV or CLE-DPCSV) (18), and speciation of Cu, Zn,
Ni, Cd, Pb, and Mn in eutrophic lake water (CLE-DPCSV)
(16). DGT has also been used in conjunction with dialysis to
study speciation of trace metals in lake water (19).

The aim of this study was to compare in situ DGT
measurements of trace metals with concentrations measured
in 1 kDa ultrafiltered water. Both techniques were simul-
taneously used in the Baltic Sea at two sampling points with
different salinity and total trace metal concentrations (Table
1). The first point, Ekhagen (59°23N, 18°04E), is a low-salinity
coastal bay in the vicinity of Stockholm, and the second point
is Landsort (58°35N, 18°14E), 40 km off the Swedish coast in
the open Baltic Sea. Sampling was performed in Ekhagen 6
times in 2003, and in Landsort 10 times in 2004. This study
provides the first comparison of these two fundamentally
different techniques for speciation of trace metals.

Materials and Methods
Diffusive Gradients in Thin Films (DGT). Standard piston-
type DGT units (20) were used throughout this study. The
units were prepared as described previously (21) with an
APA-gel (15% acrylamide, 0.3% patented agarose-derived
cross-linker) as a diffusive layer, a Chelex 100 resin (Na-
form, 200-400 mesh) as a binding agent, and a 0.22 μm
cellulose nitrate membrane filter as a protective outer layer.

Calculations were performed as explained elsewhere (20).
With Fick’s first law of diffusion and known diffusion
coefficient of metal ions within the diffusive gel, the
concentration of metal in the bulk waters can be determined
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from the measured mass of metal accumulated in the resin
according to eq 1.

C is the concentration of metal in solution, M is the mass of
metal accumulated in the resin, Δg is the thickness of hydrogel
and membrane filter, D is the diffusion coefficient of the
metal ion within the gel, A is the exposure area, and t is the
deployment time. Diffusion coefficients provided by DGT
Research Ltd. (22) were used for the average water temper-
atures calculated from in situ temperature measurements
every second hour during the deployment periods. The
hydrogel thicknesses were 0.75 ( 0.02 mm at Ekhagen and
0.77 ( 0.02 mm at Landsort. Membrane filter thickness was
0.13 mm for all DGT units and exposed diffusion area was
3.14 cm2. The elution factor was assumed to be 0.8 for all
metals in this study (20). Considering the turbulent marine
environment, the diffusive boundary layer (DBL) was as-
sumed to be negligible.

The DGT units were assembled under clean conditions
and stored in clean plastic bags at 4 °C. All equipment was
washed in 0.1 M HNO3 and rinsed in MilliQ water prior to
use. Powder-free disposable gloves were worn during all
handling.

In Ekhagen the mean amount and the standard deviations
of the blanks (n ) 5) for each element were (in ng per disc)
3.87 ( 1.46 for Zn, 1.17 ( 0.77 for Cu, 0.35 ( 0.22 for Mn,
and 0.12 ( 0.06 for Ni. The percentage masses of metal in
the blanks compared to the amount accumulated in the field
devices were 2% for Zn, 3% for Cu, and less than 1% for Mn
and Ni. Measured masses in blanks from Landsort (n ) 10)
were (in ng per disk) 4.65 ( 2.44 for Zn, 1.51 ( 0.71 for Cu,
0.73 ( 0.37 for Mn, 0.42 ( 0.30 for Ni, and 0.028 ( 0.028 for
Cd. The percentage masses of metal in the blanks compared
to the amount accumulated in the field devices were 10% for
Zn, 9% for Cu, 2% for Cd, and 1% for Mn and Ni. The masses
of trace metals in these control blanks were used to correct
the masses extracted from the devices deployed in the field.

Ultrafiltration. The ultrafiltration system used in this
study was a MilliPore Prep/Scale system. Two Prep/Scale
Spiral Wound TFF-6 modules were used with manufacturer-
specified cutoffs of 1 and 10 kDa. For both modules the filter
membrane area was 0.54 m2 and the filter material was
regenerated cellulose. A Watson Marlow peristaltic base-
plate pump was connected to the system.

The sampled water in Ekhagen was pre-filtered through
a 0.22 μm membrane filter before ultrafiltration, starting with
the 10 kDa filter. During the filtration, the permeate (<10
kDa) was collected in an acid-cleaned plastic container.
Colloidal material (>10 kDa) was retained in the retentate.
The collected permeate (<10 kDa) was filtered again, this
time through the 1 kDa filter. Material between 1 and 10 kDa
was retained in the retentate and the permeate was collected
in a new container. Samples were collected for analysis from
0.22 μm, 10 kDa, and 1 kDa permeate and from 10 kDa and
1 kDa retentate. At Landsort permeate from the 0.22 μm
membrane filter was directly filtered through the 1 kDa Prep/
Scale module. Samples were collected for analysis from 0.22
μm and 1 kDa permeate and from 1 kDa retentate.

Concentration factors (CF) in Ekhagen were between 16
and 24 for the 10 kDa filter, and between 11 and 14 for the
1 kDa filter. Cross-flow ratios (CFR) (retentate flow/permeate
flow) were >20 for the 10 kDa filter and >80 for the 1 kDa
filter. At Landsort, concentration factors were between 16
and 22 and cross-flow ratios were >60 for the 1 kDa filter.
CF and CFR were calculated as described previously (23).
Mean recoveries for each metal are presented in Table 2.
The recoveries for Cd in Ekhagen are left out of Table 2,
because almost all values for Cd in Ekhagen were below the
detection limit.

Before every new sampling occasion and after every fil-
tration the filters were rinsed with MilliQ water and solutions
of NaOH and HCl, according to a procedure described by
Ingri et al. (23).

Field Work. Ekhagen. The sampling was done from a
40-m-long wooden pier in the Ekhagen Bay. Three replicate
DGT devices were deployed for approximately 2 weeks in 6
deployment periods between April 2 and June 2, 2003. The
units were suspended with plastic rope from a buoy to 4 m
depth. A StowAway TidbiT temperature logger was connected
to the DGT device to record temperatures every second hour
during the deployment. The recovered DGT units were
thoroughly rinsed with MQ water on the deployment site
and then placed in clean, airtight plastic bags. On every
deployment occasion 1-3 DGT units were chosen as control
blanks. These devices were not deployed in the water column.

On 6 occasions between March 18 and June 2, 2003, usually
at the start and end of the DGT deployments, water was
collected at the sampling site for membrane filtration and
ultrafiltration in laboratory. An all plastic Flojet diaphragm
pump (ITT industries, flow rate ∼5 L/min) was used to collect
approximately 25 L of water from 4 m depth in an acid-
cleaned polyethene (PE) container. The water was im-
mediately transported to the laboratory where the filtering
process began within 2 h. Unfiltered water samples for direct
analysis were also collected at the sampling point.

Landsort. All sampling was conducted from the ship M/S
Fyrbyggaren. DGT units were deployed in duplicate, 10 times,
for 2 to 4 weeks, over the period March 10 to September 9,
2004. At 5 m depth, the DGT units were attached to a rope
suspended from a buoy and stretched out with a plastic-
covered weight. The buoy was connected to another rope
anchored at the bottom. As in Ekhagen, temperature loggers
were attached to the DGT devices. The recovered DGT units
were, as in Ekhagen, rinsed with MilliQ water and placed in
plastic bags. On every sampling occasion two DGT units were
assembled but not immersed in the water column. These
units were used as blanks.

On 13 occasions between March 10 and September 9,
2004 water was collected at Landsort for filtration and

TABLE 1. Mean Values of Salinity (‰) and Total Metal Concentrationsa at Ekhagen and Landsort during Sampling Periods, n ) 6
for Ekhagen, n ) 13 for Landsort

salinity Ca Mg K Na S Fe Cd Cu Mn Ni Zn

Ekhagen 3.3 1.28 4.53 0.857 39.0 2.48 589 0.223 33.2 224 32.9 52.1
Landsort 6.3 2.30 9.18 1.81 80.3 5.02 29.5 0.186 8.66 30.6 11.8 5.84

a Concentrations in mM for Ca, Mg, K, Na and S, and in nM for Fe, Cd, Cu, Mn, Ni and Zn.

TABLE 2. Mean Recoveries for Ultrafiltrationa

Mn Ni Cu Zn Cd

Ekhagen (10 kDa) 88 90 88 89
Ekhagen (1 kDa) 91 74 81 66
Landsort (1 kDa) 96 73 94 73 78
a Ekhagen (n ) 6), Landsort (n ) 13).

C ) M Δg
DAt

(1)
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unprocessed samples. Water was sampled from 5 m depth
in an acid-cleaned polyethene (PE) container using a
Masterflex peristaltic pump. The tubing used to collect water
was attached to a flagpole which was mounted to the bow
of the ship. The water was therefore sampled approximately
10 m in front of the ship during slow steaming to avoid
contamination derived from the hull. Filtration with 0.22 μm
membrane filter was performed on board the ship im-
mediately after sampling. The 1 kDa ultrafiltration was
conducted in the laboratory within 24 h after sampling.

Analysis. All analytical work was performed in Class 100
clean room conditions. After sampling and transport to the
laboratory, the DGT devices were disassembled and the resin
gels were eluted in 5 mL of 5 M HNO3 (suprapur). Concen-
trations of elements in DGT eluents, unfiltered samples, 0.22
μm membrane filtrate, and permeate and retentate from the
ultrafiltration were determined by ICP-SFMS using an
Element (ThermoFinnigan, Bremen, Germany). See Rodush-
kin and Ruth (24) for operating conditions and measurement
parameters. Prior to analysis, water samples were diluted
4-fold with 0.16 M HNO3 (suprapur) in MilliQ water. Matrix-
induced signal variations and signal instabilities were cor-
rected for using internal standards (25 ppb In and Tl) added
to samples, blanks, and standards. Quality control was
accomplished by regular analyses of in-house control
samples.

Results and Discussion
Measurement Definition. Before the results are presented
it is important to emphasize the basic differences between
the measurement techniques. DGT measures a flux which
is used to calculate an average concentration over the
deployment period, and the discrimination of metal species
in the gel is based on size and lability. A gel pore size of
approximately 5 nm permits free metal ions, inorganic metal
complexes, and small organic metal complexes to diffuse,
while particles and large colloids are excluded (20, 25). Since
the complexes must dissociate in the hydrogel to be
measured, only complexes with sufficient dissociation rate
will be retained in the resin (20). Kinetically inert species are
excluded.

The ultrafiltration is performed in the laboratory and based
on a grab sampling approach. The discrimination of metal

species by ultrafiltration is based on size. A pore size of 1 kDa
equals approximately 2 nm. It should be noted that the pores
of a filter with manufacturer-specified cutoff of 1 kDa range
between ∼0.7 and ∼1.3 kDa (7) and also that the cutoff, in
daltons, is a nominal value and that the real cutoff depends
on the structure and chemical composition of the metal
species present (9). Studies with CFF ultrafilters have shown
that a manufacturer-defined cutoff of 1 kDa corresponds to
a real cutoff of 2.1-2.5 kDa (7, 9). Since a major part of
seawater colloids are just above 1 kDa in size (26) it can be
expected that the 1 kDa CFF permeate, besides free metal
ions, will contain different forms of complexes and colloids.
The ultrafiltration will, unlike DGT, not discriminate inert
and immobile complexes.

The metal concentrations in 1 kDa ultrafiltered permeate
are compared with DGT-labile concentrations in the two
sampling points in Figures1 and 2. DGT results are presented
as lines reflecting the deployment period and the ultrafiltered
results are shown as points at the time of sampling. The
error bars represent the instrumental deviation for ultrafil-
tered results and the standard deviation of replicate devices,
simultaneously deployed, for DGT.

Mn, Zn, Cd. Concentrations of Mn, Zn, and Cd measured
by DGT were similar to the concentrations measured in 1
kDa ultrafiltered samples, especially for Mn (Figures 1 and
2). The generally good agreement between the two techniques
is likely due to the weak tendency of these metals to form
organic complexes. Mn seems to exist predominantly in
particulate fractions or in truly dissolved species in Ekhagen
(6). Munksgaard and Parry (15) found that almost 100% of
the dissolved Cd is labile in estuarine waters. The agreement
between the two techniques is not as evident for Zn as for
Mn and Cd. Studies have shown that Zn can be strongly
bound in small nonlabile complexes (16). The measured
concentrations of Zn in ultrafiltered water from Landsort
were close to the detection limit for some samples, which
must be taken into consideration.

Cu, Ni. For Cu and Ni the ultrafiltered concentrations
clearly exceeded the DGT-labile concentrations (Figures 1
and 2). This indicates the existence of low molecular weight
Cu and Ni species, small enough to pass through the 1 kDa
ultrafilter but not labile enough to be retained in the DGT
units. A substantial complexation by organic substances has

FIGURE 1. Concentrations of Mn, Zn, Cu, and Ni in Ekhagen measured by DGT and ultrafiltration.
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been found for Cu and Ni in seawater (17, 27-29). Ingri et
al. (6) found that 35% of the Ni <0.22 μm and 54% of the Cu
<0.22 μm in Ekhagen was in colloidal forms. The organic
complexes have diffusion coefficients substantially lower than
free metal ions (30). Since diffusion coefficients for free ions
are used in this study, the DGT-labile concentrations are
probably underestimated, contributing to the difference in
concentrations measured by the two methods.

Complexation by simple organic ligands such as nitrilo-
triacetic acid (NTA) or diglycolic acid (DGA) lowers the
diffusion coefficient of trace metals in the gel by ap-
proximately 25%, whereas fulvic acid (FA) species will
contribute to the mass of metal measured by DGT with
approximately 20% of the sensitivity of uncomplexed metal
(31, 32). If we use these reduced diffusion coefficents for Cu
and Ni and assume that 100% of the concentration measured
with DGT is complexed with simple organic ligands we do
not reach the concentration measured in the ultrafiltered
fraction. Assuming 100% complexation with FA gives con-
centrations in the DGT over the observed concentrations in
the ultrafiltered fraction. For Cu, a combination of 20% free
metal ions and 80% FA-species gives the same concentrations
in the DGT and ultrafiltered fractions in Landsort. The
combination for Ni is 70% free metal ions and 30% FA-species.
In Ekhagen the figures are 40% and 60% for Cu and 60% and
40% for Ni, respectively.

General Assessment. Both methods have strengths and
weaknesses. DGT measures a time-integrated average con-
centration, while the ultrafiltrated concentrations are
based on a single grab sample. The ultrafiltered concen-
trations can therefore be nonrepresentative for a period of
time. On the other hand, if the results are supposed to be

compared to unfiltered grab samples or membrane fil-
trates, the ultrafiltration might render a more direct com-
parison. A comparison with DGT demands a composite sam-
ple comprising several grab samples collected during the
DGT deployment period. This was addressed in a study by
Dunn et al. (13). The importance of speciation change during
transport and storage has been shown in earlier work (12,
19), and a change in metal speciation, during the time be-
tween sampling and filtration, cannot be ruled out for
water collected for ultrafiltration in this study. The time and
money saving factor using DGT is important, especially
when sampling is conducted over prolonged time periods.
In waters with very low metal concentrations, where analysis
of ultrafiltration permeate results in values below detection
limits, DGT is useful because of the pre-concentration
capability.
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(9) Larsson, J.; Gustafsson, Ö.; Ingri, J. Evaluation and Optimization
of Two Complementary Cross-Flow Ultrafiltration Systems
toward Isolation of Coastal Surface Water Colloids. Environ.
Sci. Technol. 2002, 36, 2236.

(10) Buffle, J.; Leppard, G. G. Characterization of Aquatic Colloids
and Macromolecules. 1. Structure and Behavior of Colloidal
Material. Environ. Sci. Technol. 1995, 29, 2169.

(11) Buffle, J.; Leppard, G. G. Characterization of Aquatic Colloids
and Macromolecules. 2. Key Role of Physical Structures on
Analytical Results. Environ. Sci. Technol. 1995, 29, 2176.

(12) Laxen, D. P. H.; Chandler, M. I. Comparison of filtration
techniques for size distribution in freshwaters. Anal. Chem. 1982,
54, 1350.

(13) Dunn, R. J. K.; Teasdale, P. R.; Warnken, J.; Schleich, R. R.
Evaluation of the Diffusive Gradient in a Thin Film Technique
for Monitoring Trace Metal Concentrations in Estuarine Waters.
Environ. Sci. Technol. 2003, 37, 2794.

(14) Davison, W.; Zhang, H. In situ speciation measurements of trace
components in natural waters using thin-film gels. Nature 1994,
367, 546.

(15) Munksgaard, N. C.; Parry, D. L. Monitoring of labile metals in
turbid coastal seawater using diffusive gradients in thin-films.
J. Environ. Monit. 2003, 5, 145.

(16) Odzak, N.; Kistler, D.; Xue, H.; Sigg, L. In situ trace metal
speciation in a eutrophic lake using the technique of diffusion
gradients in thin films (DGT). Aquat. Sci. 2002, 64, 292.

(17) Twiss, M. R.; Moffett, J. W. Comparison of Copper Speciation
in Coastal Marine Waters Measured Using Analytical Voltam-
metry and Diffusion Gradient in Thin-Film Techniques. Environ.
Sci. Technol. 2002, 36, 1061.

(18) Meylan, S.; Odsak, N.; Behra, R.; Sigg, L.Speciation of copper
and zinc in natural freshwater: comparison of voltammetric
measurements, diffusive gradients in thin films (DGT) and
chemical equilibrium models. Anal. Chim. Acta 2004, 510, 91.

(19) Gimpel, J.; Zhang, H.; Davison, W.; Edwards, A. C. In Situ Trace
Metal Speciation in Lake Surface Waters Using DGT, Dialysis,
and Filtration. Environ. Sci. Technol. 2003, 37, 138.

(20) Zhang, H.; Davison, W. Performance Characteristics of Diffusion
Gradients in Thin Films for the in Situ Measurement of Trace
Metals in Aqueous Solution. Anal. Chem. 1995, 67, 3391.

(21) Dahlqvist, R.; Zhang, H.; Ingri, J.; Davison, W. Performance of
the diffusive gradients in thin films technique for measuring Ca
and Mg in freshwater. Anal. Chim. Acta 2002, 460, 247.

(22) DGT Research Ltd. Practical Guide for Using DGT for Metals in
Waters; http://www.dgtresearch.com (accessed August 2005).

(23) Ingri, J.; Widerlund, A.; Land, M.; Gustafsson, Ö.; Andersson, P.;
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Abstract
We used diffusive gradients in thin films (DGT) to evaluate the dynamics of the labile fraction of the 
trace metals Cd, Co, Co, Mn, Ni and Zn at the Landsort Deep, Baltic Sea. Sampling was done from 
surface to 40 m depth and during March to September. One important objective of this study was to 
estimate the importance of plankton productivity to trace metal speciation. We also wanted to 
address scavenging of trace metals in Mn oxyhydroxides. Trace metal content in unfiltered water 
samples were only correlated to Mn in the DGT labile fraction, labile Cd and Mn correlate to the 
filtered fraction, but no other trace element. Marked changes took place in the DGT-labile fraction for 
all studied elements during the period of sampling, but not for the total concentrations (except Mn). 
This is indicating a change in the speciation. Mn in September comprised only 4% of the labile 
concentration in March, a decrease which was attributed to processes linked to primary production in 
March and April, and to bacterial oxidation during rest of season. A similar pattern to that of P is 
observed in the DGT labile Mn fraction, which is an indication of common controlling pathways. Co 
and Cd appear to follow Mn except for the first measurements, which indicate that these elements are 
removed by scavenging in Mn oxyhydroxides. Labile Zn is probably also coupled to this, since it has 
similar temporal patterns as Cd. Labile Cu and Ni show different patterns than the other trace metals, 
but appear slightly connected to the peak in biomass during May. 

Key words: Trace Metals, Manganese; Speciation; Plankton; DGT; Landsort Deep; Baltic Sea 
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Introduction
Trace metals enter the Baltic Sea from 
rivers and via atmospheric deposition. 
Once entering the Baltic, these 
elements are removed from surface 
waters in processes closely linked to 
biological production and the 
composition of suspended particulate 
matter (Brügmann, 1986). Due to the 
influence of river runoff, Baltic Sea 
water is characterized by relatively 
high concentrations of suspended 
matter and humic substances. This 
affects the speciation and the cycles of 
trace metals (Brügmann et al., 1997). 
High concentrations of particles 
provide adsorption sites for metals and 
their final sedimentation. Humic 
substances affect the speciation for 
several trace metals in estuaries 
(Muller, 1996; Wells et al., 2000). The 
biological production in the Baltic Sea 
has also an effect on the trace metal 
speciation, since trace metals are 
influenced by different planktonic 
species. Seasonal changes of strong 
copper binding ligands that was 
suggested to be produced by the 
cyanobacterium Synechococcus in the 
Gullmar fjord, adjacent to the Baltic 
Sea, was shown to have a clear impact 
in the Cu speciation (Croot, 2003). This 
is similar to previous findings where 
strong ligands was found to be 
produced by this species (Moffett et al., 
1990; Moffett, 1995). Bacteria may also 
sequester elements such as Fe and Mn, 
which was found in bacterial in cells 
coastal areas of Norway, Denmark and 
Finland (Heldal et al., 1996). One other 
impact of bioproduction to trace metals 
is attributed to the polysaccharide 

exudates that phytoplankton produces. 
These exudates form sticky gel-like 
particles, Transparent Polymeric 
Particles (TEP) which provides sites 
where metals can adsorb (Quigley et al., 
2002) and glues small particles together 
which enhances the sedimentation rate 
(Passow, 2002). 

The biogeochemical cycling of 
manganese is mainly controlled by the 
redox transformations between 
dissolved Mn (II) and insoluble oxidized 
forms (III, IV) in natural waters 
(Stumm & Morgan, 1996). Manganese 
oxides and oxyhydroxides (MnOx) have 
large surface areas and high efficiencies 
for scavenging trace metals (Murray, 
1975; Burdige, 1993; Tessier et al., 
1996). Suspended matter in the Baltic 
Sea is strongly enriched in Mn 
compared to the composition of the 
material in riverine input (Boström et 
al., 1981). These Mn-rich particles 
mainly originate from seasonally anoxic 
waters within the Baltic proper, which 
was shown during event of transition 
between oxic and anoxic bottom water 
conditions at the Landsort Deep (Ingri 
et al., 1991). This is also supported by 
Balzer (1982), who observed a 
significant flux of dissolved manganese 
form the bottom sediments in the Kiel 
Bight, Western Baltic Sea. In a recent 
study from the Gotland Deep, Baltic 
Sea during permanently anoxic lower 
parts of the water column, it was 
concluded that the upward flux of 
dissolved Mn from anoxic sediments 
and waters has little net effect on the 
dissolved concentrations at the surface 
(Neretin et al., 2003). In the suboxic 
zone
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below 90 meters depth, upward 
diffusing dissolved Mn was oxidized 
into MnOx particles, which were mostly 
sinking back to the sediment, and to a 
lower extent transferred to surface 
waters. Scavenging of trace metals by 
MnOx have to some extent been studied 
in the Baltic Sea but mostly in the 
lower part or water column or in the 
sediment (Brügmann et al., 1998; Pohl 
& Hennings, 1999) 

The geochemistry of trace metals in the 
Baltic Sea has been studied during the 
last decades (e.g. Brügmann, 1986; 
Brügmann et al., 1997; Kremling et al., 
1997; Kremling & Streu, 2000; 
Pempkowiak et al., 2000; Pohl et al., 
2004 and references above) but there is 
very little information on dynamics 
with high temporal resolution. In this 
paper we present high resolution 
temporal dynamics of the DGT-labile 
trace metal concentration in surface 
water of the open Baltic Sea. We have 
addressed the aspects of primary 
production and manganese scavenging 
in the interpretations of seasonal trace 
metal variations. By using the recent 
developed DGT-technique (Davison & 
Zhang, 1994) time-integrated in situ 
measurements of the labile phase of a 
metal have been measured. This labile 
metal fraction comprises of both free 
metal ions and complexes that are 
labile enough to diffuse into the gel. 
DGT measurements has been 
extensively used for speciation of 
metals in natural waters (e.g. Denney et 
al., 1999; Dunn et al., 2003). 

Material and methods 
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Figure 1. Baltic Sea with the sampling station 

BY31 marked. 

This study was performed at the 
Landsort Deep station (BY 31, 58º 
35´N, 18º14´E; 40 km off the Swedish 
coast, depth 459 m) in the open Baltic 
Sea (Figure 1). Monitoring regarding 
hydrographic, biological, and chemical 
parameters has taken place at this 
station since 1890s (Voipio, 1981), and 
since 1990 with higher frequency (22-25 
times per year). Also this site has been 
chosen for many specific research 
projects (e.g. Gustafsson et al., 2000; 
Larsson et al., 2001; Larsson et al., 
2002; Gustafsson et al., 2004; Sobek et 
al., 2004). 

DGT (diffusive gradients in 
thin films) 
Piston-type DGT units (Zhang & 
Davison, 1995) were used in this study. 
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Only open pore (APA2) gels were used 
labile fraction of trace metals. 
Preparation of the gels follow 
procedures described earlier (Zhang & 
Davison, 1999; Dahlqvist et al., 2002). 
The open pore gel (or APA2) comprised 
an acrylamide monomer cross-linked 
with a patented agarose derivative 
(DGT Research Ltd). It has been used 
for most previous DGT work (e.g. 
Davison & Zhang, 1994; Zhang & 
Davison, 1995; Denney et al., 1999; 
Sigg et al., 2006). The open pore gel has 
a pore size of about 5 nm and allows 
diffusion of free ions and small 
inorganic and organic complexes while 
lager colloids are excluded (Zhang & 
Davison, 1999). To be able to diffuse 
(and thus measured by the DGT 
method), the complexes must be able to 
dissociate in the DGT, thus only 
complexes having a sufficient 
dissociation rate will be retained in the 
Chelex® resin (Zhang & Davison, 
1995).The gels used in this study were 
equipped with a Chelex® 100 resin (200-
400 mesh, Na-form) where the labile 
metals are retained.

The labile metal concentrations from 
the accumulated amounts in the DGT:s 
were calculated according to (Zhang & 
Davison, 1995). In short, this operation 
is based on Fick’s law of diffusion. By 
using a known diffusion coefficient the 
concentrations of the metal in bulk 
water can be determined from the 
analysed mass of metal accumulated in 
the resin according to equation 1. 

DAt
gMC   (eq. 1) 

Where C is the concentration of metal 
in solution, M is the mass of metal 
accumulated in the resin, g is the 
thickness of hydrogel and membrane 
filter, D is the diffusion coefficient of 
the metal ion within the gel, A is the 
exposure area and t is the deployment 
time. Diffusion coefficients from DGT 
Research Ltd were used and corrected 
for average temperatures measured in 
situ every 5th hour during the 
deployment period. Hydrogel thickness 
was 0.77  0.02 mm, membrane filter 
thickness was 0.13 mm and exposed 
diffusion area was 3.14 cm2 for all DGT 
units used in this study. The elution 
efficiency was assumed to be 0.8 for all 
elements (Zhang & Davison, 1995). All 
DGT units were assembled in clean 
conditions and stored in clean plastic 
bags at 4°C before use. All equipment 
was acid cleaned and rinsed in MilliQ 
before use. Blanks (not deployed in 
water) from each batch of assembled 
DGT:s were measured and subtracted 
from the calculated labile metal 
concentrations derived from the 
deployed DGT:s. 

DGT deployment 
Of practical reasons, DGT:s were placed 
at 58º36’19’’ N, 018º 22’60’’E, about 8.5 
nm from the actual Landsort Deep 
position where sampling of water at 5 m 
depth and monitoring data were 
collected. DGT:s were deployed at 10 
occasions for 2-4 weeks from March 10th

to September 9th during year 2004 
(Forsberg et al., 2006).
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Figure 2. DGT deployment set-up. 

DGT units were deployed in duplicates 
at 0.5, 5, 10, 20 and 40 meters depth. 
These units were attached to a rope 
hanging from a buoy and stretched 
downward by a plastic covered weight 
(Figure 2). The buoy was connected to 
another rope, anchored to the bottom 
by a weight. An Onset StowAway 
TidbiT® temperature logger was 
attached to the rope at all the depths 
where DGT:s were used. The mean 
temperature from each logger was used 
to calculate the average diffusion 
coefficient for the studied elements 
during deployment time. When 
collected, the DGT units were rinsed in 

MilliQ water, placed in clean, airtight 
plastic bags and stored in fridge until 
analysis.

Water samples 
Water samples for subsequent filtration 
were taken at 5 m depth (the middle of 
the upper mixed layer) from M/S 
Fyrbyggaren at 13 occasions from 
March 10th to October 6th 2004 at the 
actual Landsort Deep position. To 
avoid trace metal contamination from 
the hull, tubing was attached to a 
flagpole that was pointing out 10m 
from the bow of the ship. Having this 
set-up during the ship slow steaming, 
the opening of the tubing was at least 
10m from the hull. Water was pumped 
through the tubing by a peristaltic 
pump (Masterflex, Colepalmer) into 
25L poly-ethylene (PE) containers. 
Immediately after collecting the 
unprocessed water, membrane filtration 
(0.22 μm pore size, 142 mm diameter, 
Millipore mixed cellulose esters) of the 
water sample was carried out. The first 
filter was completely clogged, the 
filtrate volume was measured and then 
discarded. New filters were used for the 
actual sample, through which half the 
clogging volume was let pass the filter. 
The reason for this was to decimate the 
discrimination of colloids that is caused 
by clogging of filters (Morrison & 
Benoit, 2001). All filtrate was collected 
integrated in a 25L polyethylene bottle 
from which sub samples for analysis 
were taken. All tubing and containers 
were acid-cleaned in 5% HCl with 
subsequent wash in MilliQ water 
(Millipore, >18.2 M ) prior and after 
sampling. The filters were washed in 
5% acetic acid, as described by 
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Ödman et al (1999). Unfiltered water 
samples were taken from all depths 
where DGT:s were deployed (at the 
position described above) using a water 
sampler from General Oceanics. 

TEP
TEP is known to be quantified by two 
different methods; by light microscope 
or by a spectrophotometric method. 
The later one has shown to be more 
accurate and less time consuming. In 
this study, the amount of TEP was 
determined by the spectrophoto-
metrical method described by (Passow 
& Alldredge, 1995). Briefly, 100-300 ml 
of water samples was vacuum filtered 
onto 0.4 μm pore size polycarbonate 
filters (Millipore) and stained with 
0.02% alcian blue in 0.06% acetic acid. 
Filters were eluted using 5 ml of 80% 
H2SO4 and  absorption at 787 nm was 
measured at a Hitachi U-3200 UV/vis 
system. The absorbance data was 
normalized to that of a standard curve 
of Gum Xanthan and thus reported as 
μg/L GXE. 

POC
For POC analysis, 4.5-6 litres of water 
were filtered onto precombusted 47 mm 
diameter GF/F filters (Whatman) kept 
in a stainless steel holder. Preparation 
follow previously described methods 
(Gustafsson et al., 2001). Quantification 
was performed on a Micromass Optima 
isotope ratio monitoring gas mass 
spectrometer.

Monitoring data 
During all cruises 2004, water samples 
were collected at Landsort Deep from 
surface down to maximum depth 

within the Swedish EPA’s Marine 
Monitoring Program. Dissolved oxygen 
was determined by Winkler titration 
and water samples were taken for 
analysis of nutrient (tot-P, tot-N, 
NO3/NO2 and PO4), chlorophyll and 
planktonic content. Enumeration of 
phytoplankton (>2 μm), was collected 
in depth-integrated samples (0-20 m) 
with a plastic hose (i.d. 25 mm) during 
all sampling occasions. A subsample of 
200 mL was then preserved with 0.8 
mL of acid Lugol’s solution and 
counted after sedimentation in a 
settling chamber (10-50 mL) using a 
Nikon inverted microscope with phase 
contrast and 100-400  magnification. 
Preservation, counting procedure, and 
cell volume calculation followed the 
recommendation of the Baltic 
Monitoring Programme (HELCOM, 
1988). Carbon values were estimated 
with the equations according to 
(Menden-Deuer & Lessard, 2000). 

Chemical analyses 
Analytical work for trace metal analysis 
of water and DGT samples was 
performed in class 100 clean room 
conditions. After sampling, DGT 
devices were disassembled in laboratory 
and the gels were eluted in 5ml of 5M 
HNO3 (suprapur). Concentrations of 
elements in DGT eluents, unfiltered 
samples, 0.22 μm membrane filtrate, 
were measured in ICP-SFMS, at 
Analytica AB in Luleå using an 
Element (ThermoFinnigan, Bremen, 
Germany). For details about the 
instrument operation, see Rodushkin & 
Ruth (1997). Prior to analysis, water 
samples were diluted 4-fold with 0.16 M 
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HNO3 (suprapur) in MilliQ water. 
Matrix induced signal variations and 
signal instabilities were corrected for 
using internal standards (25 ppb In and 
Tl) added to samples, blanks, and 
standards. Quality control was 
accomplished by regular analyses of in-
house control samples. 

The 0.22μm nitrocellulose filters were 
analyzed by Analytica AB in Luleå and 
prepared according to the procedure 
described by (Ödman et al., 1999). 
Dried filters with particulate material 
were wet-ashed with concentrated nitric 
acid in a platinum crucible at 50 C and 
the dry-ashed at 550 C. The residue was 
weighted, average ashed weight 
subtracted, giving the ash weight of 
suspended material. The sample was 
subsequently digested with an equal 
amount of dried lithiummetaborate at 
1045 C for 45 min, giving a bead which 
was dissolved in 5% HNO3.  Analysis 
was then performed by atomic emission 
spectroscopy with inductively coupled 
plasma as excitation source (ICP-AES) 
for major elements. 

Nitrogen and phosphorous were 
simultaneously oxidized using a 
modification of the method of 
(Koroleff, 1983). Standard flow 
injection analysis (QuickChem® 8000 
method 31-115-01-3-A, 31-107-06-1-A, 
Lachat Instruments) was used to 
measure dissolved inorganic 
phosphorous (DIP) and dissolved 
inorganic nitrogen (DIN; (NH4+ + NO2-

+ NO3-)).

The analytical protocols for TOC 
samples have been described in detail 

by Gustafsson et al. (2001). The TOC 
samples were acidified with 200 μL of 
1.2 M HCl to remove inorganic carbon 
and were quantified with a high-
temperature catalytic oxidation 
instrument (Shimadzu TOC 5000). 

Results

Ancillary parameters 
Salinity changed about one PSU unit 
from March to mid August, but was 
much more stable at 40 m depth 
(Figure 3a). Generally, the Baltic Sea 
has a relatively constant halocline at 
about 70 m depth (Kullenberg, 1981) 
which also was the case at the Landsort 
Deep during 2004. Temperature was 
rising steadily until August in surface 
waters (Figure 3b), but remained quite 
stable at 40m depth. A layering of the 
water column was established from late 
June to beginning of September, which 
is evident from the temperature and 
from potential density data (not 
shown). During this period, the upper 
10 meters had relatively little exchange 
with the underlying parts of the water 
column. Chlorophyll A had a peak in 
the upper 10 meters at the end of 
March, reflecting a spring 
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Fig 3. Variations of some major oceanographic variables at the Landsort Deep during 2004 at 0-10 

meters (          ) (integrated data), 20 meters (           ) and 40 meters (             ). pH was not measured 

at 40 meters depth (d) and POC was only measured at 5 m depth and total biomass  

(           )are integrated samples from 0-20 meters (f).

bloom (Figure 3c). This was followed by 
a peak during April and May and from 
late June to August, elevated Chl A 
indicate the presence of cyanobacteria. 
The levels and changes were very low at 
40 m with only one peak in early April 
which probably is remnants of the 
spring bloom close to surface. The data 
for Chlorophyll can be compared to the  

total biomass (Figure 3f), where 
maximum biomass is present in late 
April and early May and a relatively 
wide peak occurred during 
June-August which reflect occurrence 
of cyanobacteria. POC at 5 meters 
depth (Figure 3f) has a similar pattern 
as the total biomass, but the levels are 
much higher, which means that only a 
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fraction of the POC is within the 
biomass. But the POC/Chl A ratio 
never exceeded 125, values below 200 
indicate high contribution from the 
biomass (Zeitzschel, 1970). 

A difference in pH between 0-10 m 
and 20 m was observed during the 
summer, most likely an effect of high 
primary production that consumes 
CO2 in surface waters which in turn 
will increase the pH. As the layering 
of the water column was highest 
during summer, CO2 from degradation 
processes would not easily escape, 
which cold be an explanation to the 
dropping pH at 20 meters. During the 
whole sampling period the water 

column down to about 60 meters 
depth was oxygenated close to 
saturation (data not shown). 
Phosphate had similar concentrations 
from surface down to 40 m in Match, 
but then decreased drastically at 0-10 
meters during the spring (Figure 3e). 
Also at 20 meters a decrease was 
observed, but levels at 40 meters 
remained high throughout the year. 
Initial levels are high down to 40 
meters due to mixing with high 
phosphate containing underlying 
water masses during wintertime. 
When spring bloom starts in late 
March, a large amount of the 
phosphate is consumed by phyto-
plankton in the upper part of 

the water column and is then 
continuously utilized (and thus 
depleted) during rest of the season 
(Larsson, 2006). This pattern has been 
observed to be consistent 
interannually at the Landsort Deep, 
even though the absolute 
concentrations of PO4 differ (Larsson 
et al., 2001).

Fig 4. TEP, transparent polymeric particles at 

5 meters depth 2004.

TOC did not exhibit great variations 
during the season, concentrations 
ranged between 310 and 350 μM, with 
a trend of somewhat lower 

concentrations during June-August. 
The concentrations of TEP (Figure 4)
has a peak in early April, which 
corresponds to the spring bloom. The 
levels decreased to beginning of May, 
and starts to increase again. Two 
peaks are observed at June 30 and 
September 9. 

Trace metals 
Blanks from Cd, Co, Cu, Mn, Ni and 
Zn in DGT:s not immersed in water 
were on average 1.6 (  2.5)%, 22
(  21)% ,7.9 (  4.0)%, 0.40 (  0.25)%, 
0.76 (  0.66)%, and 7.9 (  5.8)% 
compared to the measured 
concentrations respectively. DGT-
labile concentrations will be denoted 
Melabile further on in the text. 
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Table 1. Unfiltered and DGT labile concentrations of Cd, Co, Cu, Mn, Ni and Zn 

     

Depth (m) Cdlabile (nM) Unfilt. Cd (nM) Colabile (nM) Unfilt. Co (nM) 

0.5 0.098 0.023 0.16 0.036 0.022 0.0072 0.23 0.025

5 0.091 0.023 0.17 0.031 0.018 0.0072 0.20 0.053

10 0.090 0.024 0.16 0.022 0.017 0.0068 0.23 0.043

20 0.101 0.011 0.14 0.017 0.017 0.0070 0.22 0.044

40 0.105 0.010 0.16 0.026 0.022 0.0010 0.21 0.039

     

Depth (m) Culabile (nM) Unfilt. Cu (nM) Mnlabile (nM) Unfilt. Mn (nM) 

0.5 2.06 0.69 12.0 1.98 15.3 15.4 20.5 5.82

5 1.68 0.39 10.8 2.74 13.8 14.9 20.6 6.27

10 1.63 0.35 10.1 2.80 15.3 17.3 20.7 5.94

20 1.52 0.32 10.1 2.80 19.7  18.7 23.9 8.37

40 1.47 0.30 8.52 1.46 42.7 27.8 43.9 16.6

     

Depth (m) Nilabile (nM) Unfilt. Ni (nM) Znlabile (nM)  

0.5 5.76 0.90 12.12 0.78 4.78 1.21

5 5.24 0.68 12.1   0.85 4.40 1.38

10 5.39 0.66 12.0   0.77 4.17 1.31

20 5.55 0.74 11.6   1.31 4.78 1.24

40 5.91 1.21 11.0   0.87 5.72 1.14

Temporal variations for Mnlabile are 
similar from surface to 20 meters, but 
the concentrations at 20 metes never 
gets as low as in the upper 10 meters of 
the water column (Figure 5). At 40 
meters the pattern is very different 
with high levels until mid July (40-85 
nM) and then a drop down to an 
average of about 7 nM during the last 
three measurements. This decrease at 
40 meters is also observed in unfiltered 
water samples, but levels never reach 
these low concentrations. Mn has a 
dramatic decrease during the spring 
bloom in late March,  

which also is reflected in the large 
standard deviations for both Mnlabile

and unfiltered measurements (Table 1). 
From an initial Mnlabile conc. in surface, 
5 and 10 m depth of about 50 nM in 
March, the levels drops to about 15 nM 
in May continues to drop to a minimum 
of about 2 nM during 
August/September. This is a decrease of 
96% over the whole season in 0.5-10 
meters and the decline at 20 and 40 
meters is about 85%. Mnlabile

concentrations are similar to dissolved 
Mn (<0.22μm) at 5 m depth (compare 
Figures 5 and 6) which is comparable 



0.
04

0.
03

0.
02

0.
01

C
o

 0
.5

m

nM

nM

C
o

 5
m

C
o

 1
0m

C
o

 2
0m

M
A

A

C
o

 4
0m

M
J

J

0.
00

0.
03

0.
02

0.
01

nM 0.
00

0.
03

0.
02

0.
01

nM 0.
00

0.
03

0.
02

0.
01

nM 0.
00

0.
03

0.
02

0.
01

nM 0.
00

4.
0

3.
0

2.
0

1.
0

C
u 

0.
5m

C
u 

5m

C
u 

10
m

C
u 

20
m

M
A

A

C
u 

40
m

M
J

J

0.
0

nM

3.
0

2.
0

1.
0

0.
0

nM

3.
0

2.
0

1.
0

0.
0

nM

3.
0

2.
0

1.
0

0.
0

nM

3.
0

2.
0

1.
0

0.
0

nM10 8 6 4 2

N
i 0

.5
m

N
i 5

m

N
i 1

0m

N
i 2

0m

M
A

A

N
i 4

0m

M
J

J

0

nM

8 6 4 2 0

nM

8 6 4 2 0

nM

8 6 4 2 0

nM

8 6 4 2 0

nM

nM

70 60 50 40 30

M
n 

0.
5m

M
n 

5m

M
n 

10
m

M
n 

20
m

M
A

A

M
n 

40
m

M
J

J

10 020 nM60 50 40 30 10 020 nM60 50 40 30 10 020 nM60 50 40 30 10 020 nM60 50 40 30 10 020

10 8 6 4 2

Z
n 

0.
5m

Z
n 

5m

Z
n 

10
m

Z
n 

20
m

M
A

A

Z
n 

40
m

M
J

J

0

nM

8 6 4 2 0

nM

8 6 4 2 0

nM

8 6 4 2 0

nM

8 6 4 2 0

0.
20

0.
16

0.
12

0.
08

0.
04

C
d

 0
.5

m

C
d

 5
m

C
d

 1
0m

C
d

 2
0m

M
A

A

C
d

 4
0m

M
J

J

0.
00

nM 0.
16

0.
12

0.
08

0.
04

0.
00

nM 0.
16

0.
12

0.
08

0.
04

0.
00

nM 0.
16

0.
12

0.
08

0.
04

0.
00

nM 0.
16

0.
12

0.
08

0.
04

0.
00

nM

F
ig

u
re

 5
. D

G
T 

la
bi

le
 c

on
ce

nt
ra

tio
ns

 o
f M

n,
 C

o,
 C

d,
 Z

n,
 C

u 
an

d 
N

i a
t d

ep
th

s 
du

rin
g 

20
04

. 

11



12

to the findings of Forsberg et al. (2006), 
that observed good agreement between 
Mnlabile and the truly dissolved fraction 
(<1kDa) at the Landsort Deep. 
Concordance between unprocessed 
water and DGT-labile concentrations at 
different depths is rather good for the 
temporal variations, but concentrations 
in unprocessed water are fairly higher. 
One other important note is the 
pulsating pattern of the particulate Mn 
(Figure 6) where 4 more or less 
apparent peaks are observed.

Fig 6. Temporal variations of dissolved Mn  

(         ) and particulate (          ) at 5 meters 

during 2004.

Cdlabile have quite similar behaviour at 
the surface, 5 m and 10 m depth. 
Concentrations at 20 and 40 meters are 
more stable (Figure 5). The amount of 
Cdlabile increases slightly during 
springtime in the upper 10 meters and 
was then decreasing to a minimum 
during late July-August. The decline 
from beginning of May to August was 
about 50% for 0.5-10 m depth samples. 
Compared to dissolved Cd at 5m depth, 
the agreement is good regarding the 
pattern, but Cdlabile are lower, about 20-
40% (Figure 7). This is also an 
indication that the different locations 

(DGT samples were taken 8.5 nm from 
the Landsort Deep where water for 
filtration was collected) are 
insignificant (see methods section). 
There is no correlation between Cdlabile

and Cd in unfiltered water samples at 
any depth. 

Fig 7. DGT-labile Cd (       ) and dissolved (   ) 

cadmium at 5 meters depth, Landsort Deep 

2004.

Concentrations of Colabile were low and 
the blanks relative the measured conc. 
are the highest of all trace metals 
discussed in this paper. Measurements 
for the first two periods and some from 
40 m depth are not included, due to the 
high Co blank level for these batches. 
The variations are, in spite the low 
levels and high blanks, indicating that 
the concentrations of Colabile are 
changing dramatically during May to 
September. From late May to 
September, the decrease is about 60% 
at surface and similar at 5 and 10 m 
depth (Figure 5). Also at 20 and 40 
meters a large decrease is observed. 
Colabile is lower than the concentration 
in unfiltered water by a factor of 10, 
which is unique among the studied 
elements.  
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Table 2. Dissolved (D) and particulate (P) metals at 5 m depth

The temporal concentration profiles 
from the Culabile fraction displays rather 
similar patterns for all depths during 
year 2004, but the fluctuations are 
smaller at higher depth. Average 
concentrations are also higher at 0.5 m, 
dropping from 2 nM to about 1.5 at 40 
m (Table 1, Figure 5). Culabile is at its 
minimum at the first measurement 
(March) down to 20 meters, and is then 
rising to reach a maximum during May. 
Values are fluctuating during June and 
July, and concentrations get low in 
August and September. On an average 
for all depths, the concentrations 
measured by DGT decreases 35% from 
May to early August. The correlations 
to dissolved and unfiltered water 
samples are low, but on average the 
Culabile fraction has the same trend as 
the unfiltered; higher concentrations at 
surface. DGT-labile Cu comprises less 
than 20% of the total concentrations. 

Similar to Culabile, Nilabile concentrations 
had fairly similar temporal variation 
for all depths, with a more distinct 
amplitude at surface and at 40 meters 
depth (Figure 5). Nilabile has initially a 
low concentration, about 5-5.5 nM, and 
like Culabile, the concentration rises to
a maximum during May. In late June 
and July, a decrease is observed, and in 
late summer the level is similar or 

slightly higher than the initial value in 
March at 0.5 -10 meters but 
significantly higher at 20 and 40m. The 
major change in concentrations takes 
place between May and late June, 
where the Nilabile drops about 32% on 
average for all depths. There is no clear 
correlation between Nilabile and filtered 
or unfiltered samples, temporally or 
spatially and Nilabile is about half of the 
total Ni on based on mean values 
(Table 1).

The amount of Znlabile attributed similar 
temporal patterns as Cdlabile for the 
upper 10 meters (Figure 5) with higher 
concentrations during the first 
measurements, and lower at the end. 
Due to suspected contamination, 5 
values of Zn measurements were 
excluded from Figure 5 and Table 1. Zn 
concentrations in unfiltered water 
samples are also excluded since assumed 
contamination were observed.

D Cu (n=13)  

(nM)

P Cu (n=12) 

(nM)

D Ni (n=14)  

(nM)

P Ni (n=9) 

(nM)

D Mn (n=14)  

(nM)

P Mn (n=14) 

(nM)

8.27 0.76 2.86  1.74 11.6 0.76 0.72  0.35 16.9 19.4 12.6  5.84 
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Discussion 
It is important to stress the differences 
in measurements using DGT and grab 
samples from filtered or unfiltered 
water. DGT measures a flux of labile 
metal species during the deployment 
time, and from this the average 
concentration is calculated. Grab water 
samples represent a measurement of a 
single occasion, not an integrated 
period of time. Filtration discriminate 
substances in water only on the basis of 
size properties.  

The total and dissolved concentrations 
of Cu and Ni (Table 1 and 2) agree with 
data from other parts of the Baltic 
(Kremling & Petersen, 1978; Kremling 
et al., 1997; Pempkowiak et al., 2000; 
Pohl et al., 2006). DGT measured 
concentrations are about 4 times lower 
than any number reported for dissolved 
samples from surface Baltic waters for 
Cu and about the half for Ni. Forsberg 
et al. (2006) suggested that the reason 
for a large dissimilarity in 
concentrations in the <1kDa fraction 
and the DGT fraction for these two 
elements at the Landsort Deep was due 
to high complexation which would 
make some of the Cu and Ni kinetically 
inert and not retained in the DGT. One 
possibility is that these complex bound 
metals will be retained by the DGT, but 
since the diffusion coefficient is 
substantially lower, the measured 
amount will be an underestimation of 
the actual labile fraction. Even though 
Cu and Ni are complexed and the actual 
concentrations are higher than in 
Figures 5 and 6, their labile 
concentrations are changing relatively 

much during the season whereas the 
unfiltered concentration is not, 
indicating changes in the speciation. 
Culabile has very weak correlations to the 
other elements or to other parameters 
measured, although the pattern has 
similarities to Nilabile. Both Nilabile and 
Culabile have rising concentrations 
during spring time, at the same time as 
the total biomass is increasing. One 
interpretation of this is that that 
presence of planktonic species makes 
these elements more labile or that this 
increasing pattern is a reflection of 
release of these elements during 
remineralization. Over the whole 
season, Culabile has a correlation to the 
occurrence of dinoflagellates, a group 
where some species are known to 
produce strong Cu chelating ligands 
(Croot et al., 2000). If these ligands are 
small enough to be retained in the 
DGT, this could be an explanation for 
the elevated DGT-labile concentrations 
in May. Cu seems to have primary 
sources from the surface, since 
concentrations are lower at depth. This 
generally decreasing concentration 
towards depth both in unfiltered 
samples and DGT labile fraction is only 
apparent for Cu, of the trace metals 
studied. Ni concentrations decease 
towards depth in the unfiltered 
fraction, but not in the Nilabile. Also 
Nilabile is correlated to Cdlabile from late 
April to late July, but not in the 
beginning and end of the sampling 
period. 
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The high levels of dissolved (and 
Mnlabile) in March 2004 represent not 
only a maximum for the year, but also 
a the greatest figure over the period 
between 1995 and 2005.   A peak of 
about 70 nM is reached in February 
2004 in unpublished data from the 
Landsort Deep (Pohl, 2006). 
Phosphorus shows a similar behaviour, 
but the increase during 1995-2004 is less 
prominent. 

Figure 8. Unfiltered P versus Mn at surface to 40 

m depth 2004 (a). and dissolved (<0.22μm) P 

versus Mn at 5 m depth 2004 (b). All values for 

phosphorus were integrated to represent the 

same dates as the mean dates for the DGT 

deployments. 

Manganese is clearly correlated to 
phosphorus in water samples, both 
filtered and unprocessed (see Figure 8)
during this study. This was the 
strongest observed correlation to any 
element for Mn. A correlation between 
integrated P concentrations to Mnlabile is 

also found, but not as high, R2= 0.78. 
Even tough the suspended P and Mn 
are not highly correlated; Figure 9 
shows the similarity of the temporal 
changes for these elements.  No other 
element in particulate phase had a 
better correlation to Mn than P. Since 
the geochemical cycle of phosphorus 
closely linked to iron in sediments 
(Gunnars & Blomqvist, 1997; 
Golterman, 2001; Lehtoranta & 
Heiskanen, 2003) it could be expected 
that this relation also would be the case 
in suspended material, but in this study 
the correlation of P to Fe was not as 
strong as the one to Mn.

Figure 9. Suspended P (           ) and  

Mn (           ) at 5 meters depth 2004. 

A clear relationship between suspended 
P and Mn was found at the Landsort 
Deep by Ingri et al (1991). In that 
study, the particulate concentration of 
Mn was higher than particulate P, in 
this study, the relation is opposite. 
Ingri et al. concluded that the positive 
relationship between P and Mn in their 
study was a result of changing
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redox conditions in the water column 
from partly anoxic to oxygenated 
water. Fe oxidized rapidly and was 
removed from the water column while 
Mn oxides formed more slowly and 
remained suspended.

This process is not a likely explanation 
for the relations between Mn and P in 
this study, since the suspended material 
was collected at 5 m depth where the 
water was well oxygenated. Below 50 
meters, oxygen levels were highly 
fluctuating and at 80 meters and below 
conditions were suboxic to anoxic 
throughout the year 2004. There was no 
major change in redox condition 
throughout the water column during 
the sampling period, or dramatically 
elevated concentrations in suspended 
Mn as observed by Ingri et al. In the 
hypoxic lower parts of the water 
column in the Baltic Sea, levels of 
dissolved redox elements such as Fe and 
Mn are high (Pohl et al., 2004). Levels 
of P are also high since it is released 
from sediments together with Fe 
(Golterman, 2001). These elements may 
diffuse upward in the water column and 
subsequently precipitate and sink back 
to the anoxic sediment. During the 
annual mixing of the water column at 
the Landsort Deep during wintertime, 
some of the water from below halocline 
is transferred to upper part. This is an 
important process that brings dissolved 
phosphorus to the surface layers 
(Larsson, 2006).

Three of the peaks in suspended 
particulate Mn and P (Figure 9) 
corresponds to the peaks of TEP 
observed in Figure 4. This suggest that 

the polysaccharide exudates from 
plankton may play a role in the 
formation of particulate matter at the 
Landsort Deep. When comparing TEP 
data to the DGT measured trace 
metals, there is a weak negative 
correlation Cd and Co, but relatively 
strong to Mn (R2= 0.6 for the upper 20 
meters).

Active uptake in plankton have been 
shown to be the mechanism that 
decreases the amount of phosphorus 
during March and April, but the decline 
during rest of season is not fully 
explained by biological uptake 
(Larsson, 2006). Since dissolved, total 
and particulate Mn has its strongest 
correlation to P; it is likely to believe 
that these elements are governed by 
similar processes. One suggestion is that 
during spring bloom in April and May, 
the high occurrence of plankton will 
provide many sites for Mn to adsorb to. 
The high removal of dissolved and 
Mnlabile in March-May is probably 
related to this; Mn is adsorbed to dead 
plankton which sinks down to deeper 
depths. We have no direct 
measurements than can confirm 
adsorption, but Mn is correlated to the 
occurrence of diatoms, which are the 
dominating species during the spring 
bloom (data not shown). DGT labile 
concentrations of the other elements 
seem to be unaffected by this process.  

Mn in the DGT fraction has a negative 
relationship to temperatures above 4 °C 
(Figure 10), which in this case means all 
dates except the first 
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two and 0-20 meters depth. The 
correlation between Mnlabile for these 
measurements, are R2(adj) = 0.74 
(P<0.001). One explanation of this 
would be the occurrence of manganese 
oxidizing bacteria that are promoted

Figure 10. DGT-labile Mn versus integrated 

temperature values. Encircled values indicate 

correlation between these parameters.  

by higher temperature, and thus 
consumes the dissolved and Mnlabile.
Microorganisms that oxidize dissolved 
Mn(II) to particulate Mn(III/IV) oxides 
are widespread in nature and greatly 
accelerate the rate of oxidation in many 
environments (Tebo et al., 2004). This 
temperature dependency is a typical 
bacterially mediated process, which has 
been found in lakes and estuaries (e.g. 
Tipping, 1984; Sunda & Huntsman, 
1987). This has also been linked to the 
oxidation of cobalt, which was 
suggested to have an common microbial 
pathway in Warquoit Bay (Moffett & 
Ho, 1996). Since Colabile is correlated to 
Mn from late April to September, this is 
a likely explanation (Figure 11). This 
suggests a cobalt fraction that is 
associated to Mn in the upper part of 
the water column. 

Figure 11. DGT-labile Mn vs. Co late April to 

September at 0.5-10 meters depth 

There are only 6 data points for the 
particulate Co fraction at 5 meters 
depth. A simple regression to Al-
normalized Mn gives R2 = 0.82 which is 
the strongest correlation to any 
element. From this it is likely to believe 
that Co and Mn are controlled by 
similar processes in the upper part of 
water column. 

Figure 12. DGT-labile Mn vs. Cd late April to 

September at 0.5-10 meters depth

Mn and Cd have a positive correlation 
in the DGT measured fraction from late 
April to September down to 20 meters 
(Figure 12), which is the same period of 
time as the Mnlabile is temperature 
dependent. As also dissolved (<0.22 μm) 
Cd and Mn at 5 meter depth correlates 
during late April to September it
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 appears that these two elements are co-
vary during this period. Particulate Cd 
was not measured and there were no 
obvious correlation between Mn and Cd 
in the unfiltered water samples. Cd also 
has a correlation to PO4 at 0.5-20 
meters depth, but not as strong as the 
correlation to Mnlabile. In the world 
ocean, there is a close relationship 
between Cd and PO4, (de Baar et al., 
1994) and Schneider & Pohl made some 
analogous findings in the south western 
Baltic Sea (Schneider & Pohl, 1996). It 
is difficult to rule out a common process 
between Cd and PO4, which also may 
play a role along with Mn scavenging. 
Znlabile and Cdlabile at all depths has a 
R2(adj) = 0.67 (p<0.001) during the 
whole sampling period, indicating a 
relatively high correlation. Zn and Mn 
are the only elements that have a 
significantly higher concentration at 40 
meters in the DGT labile fraction 
compared to the other depths (Table 1). 
This suggests that Zn also to some 
extent is coupled to the Mn scavenging 
process.

Active uptake in plankton could be an 
important scavenging mechanism for 
trace elements. We assumed a demand 
from plankton of 3.5μmol/mol C for Cu 
and Ni (Whitfield, 2001) and 20 
μmol/mol C for Mn (Roitz et al., 2002) 
and applied these figures on the total 
biomass measurements. At maximum 
biomass in late April the demand was 
calculated to 0.04 nM for Cu and Ni, 
and 0.2 nM for Mn, and during the 
decrease that was observed for these 
elements during the summer, the 
numbers were considerably lower. This 
means that the uptake by plankton is 

insignificant as controlling mechanism 
for the trace metal concentration in this 
study.

Concluding remarks 
Cdlabile has a good correlation to 
concentrations in dissolved samples, 
Mnlabile correlates both to dissolved and 
unfiltered, but none of the other studied 
elements exhibited this relationship. 
Mn has a strong correlation to P during 
the whole sampling period (March-
September). These two elements have 
probably a common source from 
upwelling deepwater, and seem to be 
depleted from the upper part of the 
water column to a similar rate during 
the sampling period. Direct uptake by 
phytoplankton is the major scavenging 
mechanism for P, but is not a likely 
explanation for Mn depletion. During 
late April to September, Mnlabile

concentrations decrease with increasing 
temperature, which could indicate 
oxidation of dissolved Mn by bacteria. 
We hypothesize that the high decrease 
in early spring is connected to 
adsorption onto sinking plankton and 
that the regulation of Mn rest of the 
period is controlled by microbial 
oxidation. Colabile follows Mnlabile from 
late April to September, which is the 
same period of time that Mn is 
temperature dependent, which couples 
Co to the assumed bacteria mediated 
oxidation. Also Cdlabile is connected to 
Mnlabile and Colabile during the same 
period of time, but has also a strong 
correlation to P. Znlabile is correlated to 
Cdlabile over the whole season, which
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makes it a member of the group of 
elements including Mn, Co, Cd and P.  

Cu and Ni have weak correlations to 
the other DGT-labile trace metals and 
are probably governed by different 
processes. Direct uptake by 
phytoplankton is not a significant 
process controlling the trace metal 
concentration, but total biomass is 
slightly correlated to Nilabile and Culabile,
and Culabile is also correlated to the 
presence of dinoflagellates.  

By using the DGT method, it was 
possible to measure the temporal and 
spatial variations of the selected trace 
metals in situ and with lower risks of 
contamination. To understand more on 
the trace metal dynamics, more data is 
needed, for instance measured fractions 
during cross-flow filtration and 
particulate matter collected in sediment 
traps. Studies of variations in P and Mn 
in a longer time perspective would also 
be of interest to evaluate the similar 
behaviour of these two elements, and 
connection to trace metal geochemistry. 
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