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Abstract
This study is concerned with speciation and fractionation of the rare earth elements (REE) and calcium (Ca) in aqueous

solutions. The aim is to investigate the chemical states and physical sizes in which these elements can be present. The REE

(including neodymium) and Ca have contrasting geochemical behavior in aqueous solutions. Ca is a major dissolved element,

while the REE are trace components and highly reactive with aquatic particles.

The major interests of the five papers included in this thesis are the following:

• Papers I and V deal with the behavior of neodymium (Nd) and its isotopes in the Kalix River and some marine waters.

• The diffusive gradients in thin-films (DGT) method is developed for measuring Ca and Mg in Paper II.

• Paper III presents a speciation and fractionation study of Ca in the Kalix and Amazonian rivers.

• The rare earth elements and their carrier phases are investigated in the Kalix river in Paper IV.

For most elements a detailed study of speciation and fractionation can not be performed using only one method. This is due to

the overall heterogeneity of the material, considering both size and chemical composition, which is present in aquatic

solutions. During this project the aquatic geochemistry of the REE and Ca has been studied using mainly three methods; cross-

flow filtration (CFF), field-flow fractionation (FFF) and diffusive gradients in thin-films (DGT).

Field work has to a large part been conducted in the Kalix River, in northern Sweden, which is one of the last pristine river

systems in Europe. Some field work has also been conducted in the Baltic Sea and the Arctic Ocean. Results from Amazonian

rivers are also presented.

These are the main conclusions from this work:

The DGT technique works equally well for measuring Ca and Mg in natural waters as previously reported for trace metal.

A significant colloidal phase for Ca could be detected in the Kalix River and in different Amazonian rivers. This was

concluded independently using both CFF and FFF.

Variations in REE signatures in the Kalix River suggests two different pathways for the REE during weathering and release

form soil profiles and transport in the river.

No significant variation in Nd-isotopic composition could be detected in the Kalix River although concentrations varied by a

factor of ~10. This suggests that there is one major source for Nd in the river although different pathways for the REE may

exist.

A study of Nd in the Kalix River, the Baltic Sea and the Arctic Ocean showed that the isotopic compositions in the diffusible

fractions were similar to water samples. However, the relative amount of diffusible Nd increased with salinity, probably

reflecting the lower concentration of colloidal and particulate material in marine waters.
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INTRODUCTION

The main purpose of this thesis has been to investigate the
fresh water geochemistry of the rare earth elements (REE)
and calcium. The thesis is about the development and
implementation of different methods used to examine how
these elements are distributed and transported.
A contrasting geochemical behavior can be observed
between the REE and Ca. While the REE are trace elements
with a particle reactive nature and a significant colloidal
component, Ca is a major dissolved element believed to
have no (or a very small) colloidal component (detrital
material excluded).
Several different physicochemical speciation and
fractionation methods have been applied to collected
samples, mainly from the Kalix River, but also from
different Amazonian rivers. These methods include
separation and isolation of material by size, ability for
diffusion, and other chemical or physical properties.
The major part of the project has been performed in the
Kalix River, which is unregulated and therefore can be used
for studying natural processes, and the speciation and
fractionation of the elements and their isotopes.
Material is continuously transported from the continents to
the oceans via surface waters. The elements are present in a
range of particle sizes and associated to different carrier
phases. The manner in which an element is present in a
water is called its chemical speciation and physical size
fractionation.
Most elements are associated to one or several carrier
phases. These phases are often distinctly different in
composition and/or in size, which makes them possible to
isolate by chemical and/or physical methods.

The terms speciation and fractionation are relatively new
concepts in aquatic chemistry. Although efforts to separate
particulate, colloidal and dissolved organic carbon was
performed as early as the 1930s (i.e. Krogh and Lange,
1931) most work before the 1960s was mostly concerned
with how to determine total concentrations of the trace
elements, and was focused on finding more sensitive
analysis techniques. The concept trace element derived from
the fact that many of these elements barely could be
detected, and thus were present only in trace amounts.
Therefore, only total concentrations were considered. But
during the 1960s, due to the development of more sensitive
analytical techniques, questions were raised about the
different forms in which trace elements could appear. New

analytical methodologies were subsequently developed, and
has continued to develop.
Although an extensive literature has been accumulated on
the speciation and fractionation of elements, it is often still
not possible to determine the concentrations of the different
chemical species that are present in a heterogeneous matrix.
It seems the more it is tried in detail to determine different
species, the more complex and diverse the subject becomes.
This leads to a number of questions, summarised by
Cornelis et al. (2003) that has to be considered:

1. What are the species we want to measure?
2. Which of them are of importance?
3. How do we sample and isolate the material without

changing its composition?
4. How should species which are not available as

commercial compounds be calibrated?

In order to prevent confusion in the matter, 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 of more individual chemical species in a sample.

• Speciation of and 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.

To make matters more complicated, the term fractionation is
also used during elemental and isotopic studies to denote a
process which changes relative elemental concentrations or
isotopic compositions in a system. It should then be called
elemental and isotopic fractionation.

The hydrological cycle is the major driving force behind the
transfer of material from the continents to the sea. Water is
constantly circulated between the ocean and the continents
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due to evaporation and precipitation. The cycle is powered
by the unequal distribution of energy in the earth's equatorial
and polar regions. Along its path, the water will both
interact and passively transport inorganic and organic matter
from the continents to the sea. All of these processes have
the potential to produce a range of elemental species, and to
fractionate the elements and their isotopes. This is the part
of the global geological cycle dealing with weathering,
erosion and transport of material (Fig. 1).

Conclusions which can be drawn from previous works, and
from results produced during this project, is that the subject
of speciation/fractionation of the elements in natural waters
is too complex to be fully investigated by single methods
alone. This is due to the overall heterogeneity of the
material. Aqueous solutions are not only water. Dispersed
and suspended in the solutions are molecules and particles in
a range of sizes from ~10-10 m to ~10-3 m. This is a huge
span. A similar task performed on celestial material would
include objects ranging in size from small asteroids (10 m)
to objects about the size of planet Saturn (Fig. 3).
Material which is dissolved and suspended in water is not
only heterogeneous in size, but also in chemical
composition. Inorganic and organic matter is transported,
precipitated, dissolved, and in constant interaction with each
other. Therefore, different methods that complement each
other are necessary. This way an entity can both be analyzed
directly and calculated indirectly. This multi
method/analysis approach will not only give information
about the subject at hand, but may also provide information
on the reliability of the different methods used.

The matter of speciation/fractionation is not straight
forward. Here is an example which can illustrate the
problem. Consider a plagioclase mineral particle with a size

of 1 mm produced by physical weathering of its granitic
bedrock material. The surface of the particle has little ability
for adsorption, but as the particle is transported in water it
becomes coated with a layer of organic material. This
organic layer, on the other hand, has potential to bind
cations in terms of complexation to functional groups. How
is such a particle supposed to be classified? A chemical
analysis of that single grain would suggest an inorganic
particle originating from rock material. But its behavior
suggests something else. It behaves more like organic
matter, with the functional groups that such material
possess. This would not be of any relevance for particles of
this size. The total surface area possessed is not significant.
However, by an accident of nature the 1 mm particle is
fragmented into 109 equally sized particles with a diameter
of 1 µm. It is still the same amount of particulate matter, but
the total surface area has now increased by a factor of 1000.
The total surface area has now become a significant player
in fractionation/speciation processes.
One interesting question is how a particle, as the one
described above, is supposed to be treated in a modelling
software. The amount and type of organic material is
included in most models. But in the example above, the total
surface area of organic material present in the water is
effectively decoupled from the actual transport of carbon.

Fractions and Species
Particles
The total concentration and composition of suspended
particulate matter in natural waters is traditionally
determined by size separation using membrane filtration,
and the particulate fraction has subsequently been defined
from the filters most commonly used. These pore sizes are
usually in the range between 0.2 – 1 µm. Goldberg et al.
(1952) introduced the distinction between particulate and
dissolved phases by filtering ocean waters with a 0.5 µm
cellulose acetate membrane filter.
Substances which pass through a 0.45 µm membrane filter
were considered to be dissolved, and material >0.45 µm
were called particles. But the development of "ultraclean"
sampling protocols in combination with more sensitive
analysis techniques, revealed unexpected variations in
dissolved concentrations. These variations, or filtration
artifacts, has been ascribed mainly to the presence of
colloidal material. Clogging of membrane surfaces will
gradually reduce the nominal pore size during filtration and
cause the concentration for some elements in the filtrate to
decrease. Such results were reported by Kennedy and
Zellweger (1974) for Ti Fe, and by Horowitz et al. (1996)
for Al, Fe, Ni, Cu, Zn and Pb. Some parameters that
influence the filtrate concentration are (1) filter type, (2)
filter diameter, (3) filtration method (vacuum/pressure), (4)
concentration of suspended material, (5) suspended grain
size distribution, (6) colloidal concentration, (7)
concentration of organic matter, and (8) filtered sample
volume. It was found that the use of large surface area
membranes reduced the artifact. Horowitz et al. (1996)
concluded that the term "dissolved", when referring to
filtered water, was misleading and should be abandoned,

Weathering

Erosion
Transport

Metamorphosis

Crystalization Melting

Diagenesis

Figure 1. The global geological cycle. This thesis
mainly deals with issues relevant for weathering,
erosion and transport.
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and that detailed descriptions of sampling and processing
procedures were necessary in each publication if data from
different studies were to be compared.
Membrane filtration is still the most commonly used method
for studying size fractionation in natural waters. It is a cheap
and uncomplicated method which can be easily applied in
the field. When applied correctly (large surface area and no
clogging), membrane filtration should provide reproducible
data. A range of membrane filters of different materials
(nitrocellulose, mixed esters, teflon, polysulfone, nylon,
glass fibre, etc.) and pore sizes (0.01-10 µm) are available
today from numerous manufacturers.

Colloidal material
Between the particulate matter and the truly dissolved
species in natural waters is the colloidal fraction. In the case
of both marine and fresh waters, colloids represent a
continuum of sizes from less than a few nm to greater than a
few µm. Because colloidal material normally possess a large
surface area and so exposes a large number of reactive
groups to an aqueous solution, colloidal material is capable
of sorbing significant amounts or trace elements and organic
pollutants. E.g., organic colloids have shown to increase the
transport of hydrophobic pollutants in groundwater
(Backhus and Gschwend, 1990) as well as playing a role in
the aggregation of settling particles (Honeyman and Santshi,
1989, Baskaran et al., 1992) and affect the bio-availability
of contaminants (Wang and Guo, 2000).
Colloids have a heterogeneous composition and are both
inorganic and organic in their nature.
In natural fresh waters the inorganic colloidal fraction
usually consists of clay minerals originating from
weathering. The organic fraction is dominated by
allochthonous humic substances, entering streams from the
surrounding terrestrial environment (Fiebig et al., 1990;
Dosskey and Bertsch, 1994). In large rivers, the importance

of autochthonous organic material produced by
phytoplankton increases.
In the world oceans the colloidal fraction is dominated by
organic material produced by cell exudation, microbial
degradation, "sloppy" feeding, and excretion by
zooplankton. The colloids are believed to be mostly in the
form of carbohydrates, proteins and lipids. It is estimated
that as much as 2.5 x 1014 g of carbon resides in the world
oceans. Associated with these are the biologically essential
metals Fe, Cu, Zn, Ni and Cd.
The significance of ocean colloids is still to a large extent
unknown. It has been shown that additions of both free and
complex bound Fe can enhance planktonic growth (Pearl et
al., 1994). Colloidal material may have ability to bind trace
metals by complexation in a similar fashion, and make them
more available for organisms. Such behavior could
potentially be of great importance for the global carbon
cycle.

The practical significance of colloidal material in aquatic
geochemistry is that colloidal matter can sorb significant
amounts of organic compounds and trace elements and act
as a transporting agent in environments where sedimentation
otherwise is the dominating process. This has consequences
for the fate, biogeochemistry, bioavailability and toxicity in
natural waters.

Solution phase
Of the parameters which are of interest for speciation studies
in natural waters, the determination of ions in true solution
has a well developed theory in descriptive inorganic
chemistry. At the same time, the determination of species in
solution is very difficult to perform in practice.
Elements will be present in natural waters in forms
controlled by both the inherent properties of the elements
themselves, and by the environmental conditions. The

Asteroid Ida, 58 km

Thesis author,
1.75 m

Diatom, ~100 µm

Organic molecule

Dissolved ion,
~100 pm

Suspended mineral
particle, ~5 µm

Colloids, 50 nm

Earth,  12 753 km

The Sun, 1 391 000 km

109106103110-310-610-910-12 1012

N
H

COOH

HOOC

Aquatic speciation and fractionation

Globe Arena
Stockholm, 85 m

Saturn, 120 536 km

(m)
Figure 2. The range of sizes studied during speciation and fractionation of elements in aquatic solutions
compared with macro sized objects.
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inherent chemical properties are mainly controlled by the
ionic radii and valence, and will cause ions to behave in
characteristic ways. Among the theories which describe
these behaviors is the concept of Lewis acids and bases, the
principle of hard and soft acids and bases, and the theory of
Pauling electronegativity.

The behavior of metal cations in water solutions depends
strongly upon their electronegativity. This is a concept
which is closely related to the atomic properties of
ionization potential and electron affinity. Important factors
controlling these properties are atomic radii and the number
of valence electrons. The electronegativity approximately
equals the ability of an atom to attract the electron pair
shared with another atom of a different element. Generally,
this reactivity increases with increasing charge and
decreasing radius.
In the case of an ion dispersed in an aqueous solution,
depending on the ionic charge, the ion will attract either the
negative (O) or positive (H) ends of several water
molecules. This causes the water molecules to co-ordinate
themselves around the ion (hydrolysis). If the
electronegativity of the element is strong, it may dissociate
one or several of the water molecules and release hydronium
ions into solution.

[M(H2O)6]
z+ + H2O ↔ [M(H2O)5(OH)](z-1)+ + H3O

+ (1)

This reaction readily occurs for Al. If many water molecules
are dissociated, an insoluble precipitate may form.

[M(H2O)z]
z+ + z H2O ↔ M(OH)z(s) + z H3O

+ (2)

If the electronegativity of the metal ion is strong enough the
reaction may go even further. The hydroxy groups of the
metal hydroxide may lose their remaining hydrogen ions,
forming an oxo anion.

M(OH)z + z H2O ↔ MOz
z- + z H3O

+ (3)

Among the most important environmental factors that
control solvation of elements in natural waters are pH and
redox-potential, and the inorganic speciation of an element
can be described in detail by a so called Pourbaix-diagram.
In this type of diagram stable areas for an element can be
calculated theoretically for a range of pH and redox
potentials. An example is presented in Figure 4 where the
stability of Fe has been calculated for a solution with the
concentration of 1 M. The inherent properties of an element,
discussed above, are of course of great importance for how
pH and redox potential will affect the speciation.

Methods
Here brief descriptions of the different methods used during
this project will be presented and discussed, including their
significance to this study, how they operate, and their
reliability in general. Many of the methods do not provide a
complete description of what is being studied, or are
associated with disadvantages. Some of them complement
each other, while others provide similar types of
information.
Therefore several different methods for sampling,
processing and analysis have to be combined in order to
present a more complete understanding. Mainly three
different methods for speciation and fractionation have been
used during this project.

• Cross-flow ultrafiltration
• Field flow fractionation
• Diffusive gradients in thin-films

Cross-flow filtration
Cross-flow filtration is a technique often used to study the
distribution of the elements in natural waters, and to isolate
and concentrate colloidal and/or particulate material (e.g.
Guo et al., 1994; Buesseler, 1996; Buesseler et al., 1996;
Eyrolle et al., 1996; Gustafsson et al., 1996; Dai et al.,
1998). The ultrafiltration method was originally developed
for industrial and biochemical purposes but has successfully
been adapted for aquatic research. CFF is a method by
which a solution containing colloids and/or particles is re-
circulated across (parallel) to a membrane filter surface (Fig.
4) at high pressure and flow rate. By doing so particles and
colloids will remain suspended in solution and the
membrane surface will not experience fouling. The carrier
solution and constituents smaller than the membrane pore
size can pass through the filter, while particles larger than
the cut-off are retained, re-circulated and consequently
concentrated as the volume of the original sample decreases.

During this project, CFF has been used to collect both
colloidal and particulate material in order to analyze the
concentration of major and trace metals, total organic carbon
and humic substances.
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The following definitions are used during CFF:

• Permeate. Solution and colloids which can pass through
the filter membrane.

• Retentate. The solution in which colloids larger than the
pore size are concentrated.

• c.f. Concentration factor. The factor by which particles
or colloids are concentrated.

• CFR. Cross-flow ratio. The retentate flow divided by
the permeate flow.

There are, however, large differences between industrial
solutions and natural occurring dilute suspensions of
colloids, and other considerations has to be accounted for
thereafter. Measures has to be taken in order to affirm the
integrity of the CFF systems being used. This means
systematic testing of their performance under various
circumstances and operational conditions (e.g. Benner,
1991; Dai et al., 1998; Guo et al., 2000; Guo et al., 2001).
Among the variables which has to be tested is the matter of
recovery and the possibility that low recoveries produce
artificial fractionation. Other parameters of interest is the
precise cut-off of the membranes used, and the total blank
levels introduced by the CFF system (Gustafsson et al.,
1996; Larsson et al., 2002).

Studies have drawn attention to the importance of using the
correct operational parameters when performing
ultrafiltrations (Guo et al., 2000; Larsson et al., 2002). The
parameters which can be manipulated are the cross-flow
ratio (retentate flow/permeate flow) and the concentration
factor.  Larsson et al. (2002) purposed the use of a cross-
flow ratio of at least 15. One important problem with CFF is
retention of low molecular weight material and solute ions
which should be present in the permeate (Viers et al., 1997;
Guo et al., 2001). This faulty retention causes an

overestimation of the colloidal concentration. The effect
seems to be more pronounced in fresh waters compared to
marine waters. It has been suggested that a concentration
factor >40 should be used to reduce the effect of the
retention of dissolved species (Guo et al., 2000).
A high concentration factor might, on the other hand,
increase the risk of aggregation of small colloids into larger
ones, and perhaps fragmentation of large colloids into
smaller constituents. In any case, a large concentration
factor automatically means a longer processing time for the
sample. And the longer a sample is being processed, the
larger is the risk of introducing artifacts.
Although the CFF technique may have disadvantages, such
as low recoveries, it is a helpful tool to collect and
determine the nature of colloidal material. If the suggestions
given in the literature for operational settings are followed,
and recoveries/mass-balances are monitored, CFF can
provide reliable data.

Field flow fractionation
A technique with good potential for size fractionation and
analysis of colloids and particles, where the pretreatment is
both mild and rapid, is field-flow fractionation (FFF).
Colloids and particles are separated according to their ability
for transport in a carrier flow while a field perpendicular to
the carrier flow is applied. The carrier flow is passed
through a thin channel (50-300 µm) and obtain a parabolic
flow profile (Fig. 5). Depending on the hydrodynamic
diameter of the components in the carrier flow, these will be
forced into different stream laminae by the perpendicular
force and finally gather close to the accumulation wall
(membrane). When an appropriate amount of material has
been processed, the accumulated colloids and particles are
eluted and analyzed. The material which has been least
affected by the perpendicular field will be eluted first.
The perpendicular field which is used to separate colloids
and particles can be generated in many different ways.
Among the techniques in the FFF family are for instance
sedimentation FFF, flow FFF, thermal FFF and electrical
FFF.
The most appropriate FFF technique for smaller colloids (1 -
50 nm) is flow FFF (FlFFF) where a cross-flow of a particle
free solution provides the perpendicular field in the
separation column (Beckett and Hart, 1993; Giddings,
1993). The smallest colloids have the fastest diffusion rates
and are eluted first (Beckett and Hart, 1993). In Paper III
and IV an FlFFF system was coupled on-line to three
analysis instruments in sequence; a UV-detector for

Membrane

Feed
Retentate

Permeate

Pump

Retentate

Permeate
15

High flow

Figure 4. The principle of cross-flow filtration. As
the total volume decreases due to the permeate flow,
the concentration of particles/colloids will increase
in the retentate.

Membrane

Carrier
flow

Cross flow

Channel
50-300 µm

Figure 5. Theory of the field-flow fractionation
technique
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qualitative carbon analysis, a flourometer for determination
of humic substances, and finally a high resolution ICP-MS.

Diffusive gradients in thin-films
To reduce arteficts during sampling and processing (Buffle
and Leppard, 1995) of aqueous solutions, the use of in situ
methods is preferable (Lead et al., 1997). However, in situ
measurements of trace elements in natural waters is a
difficult task. The few true equilibrium methods that exists,
e.g. dialysis and ion-selective electrodes, are troubled by
poor sensitivity and problems with selectivity. In order to
make quantitative calculations, the rate of mass transport
must be controlled or somehow determined. Anodic
stripping voltammetry provide this control, but due to
practical issues the use of this method for in situ
measurements is still very limited. Ion-exchange resins are
ideal for binding trace metals, and can easily be used in the
field. But the rate of mass transport can not be calculated if
the resin is directly exposed to the aqueous solution.

The method of diffusive gradients in thin-films (DGT) is a
true in situ method for diffusible species in waters based on
Fick's first law of diffusion. This means that the method
only samples the species which can actively diffuse through
a hydrogel layer of polyacrylamide, i.e. ions in solution and
possibly small complexes. Current researchers have
developed a model for metal uptake with DGT which takes
into account diffusion of such small complexes (Tusseau-
Vuillemin et al., 2003).
It has been suggested that DGT may be used as a probe for
measuring the bio-available fraction of metals in pore
solutions in soils (Song et al., 2003).

The method of diffusive gradients in thin-films is a
development of the dialysis sampling method combined
with an ion-exchange resin (Davison and Zhang, 1994;
Davison et al., 2000). Cations diffuse through a layer of
polyacrylamide of known thickness and are immobilised on
the surface of an ion-exchange resin. If the time of
deployment and water temperature are measured, the mass
accumulated by a DGT device can be calculated into a
concentration in the aqueous solution by using Fick's first
law of diffusion.

J = D dC / dx (4)

J (mg s-1 cm-2) is the flux of metal, D (cm2 s-1) is the
diffusion coefficient (specific for each element and
dependent upon temperature), and dC/dx is the
concentration gradient which drives the diffusion. Figure 6
shows how the DGT device is assembled.

This calculated concentration of diffusible cations can be
compared directly to total concentrations determined by
conventional methods like ICP-MS of ICP-AES. Practical
applications for this method in environmental research and
monitoring is obvious.
The method, however, has restrictions which present
problems as well as advantages. The most fundamental
difference between the DGT method and conventional
sampling of water is that the DGT method supply an
average concentration for the deployment time in question,
whereas conventional sampling gives a snapshot result.
Depending on which element is of interest and general
environmental conditions, sampling with DGT can take
from a few hours up to several weeks. Low concentrations
of diffusible species require longer deployment times.
Another factor controlling deployment time is temperature.
The diffusion coefficient (D) is directly related to water
viscosity, which in turn depend on temperature. Hence,
water temperature has to be monitored throughout DGT
deployments in order to get a correct value for D when
calculating the concentration.
The time scale has to be considered when using the DGT
method. For instance, it is not applicable to use the DGT
method for studying diurnal variations if a deployment time
of 5 days is required to collect enough metal to get a
satisfactory analysis. On the other hand, if short term
fluctuations are not interesting or even unwanted, the
possible dilemma about obtaining a sample that is not
representative can be ignored. Short termed variations are
automatically averaged out.
Another factor that limit the DGT method is pH. As pH
decreases the increasing concentration of hydrogen ions start
to compete with the metal ions for the sites on the ion-
exchange resin. The lower operational limit for the method
is about pH 4 – 5, depending on which element is being
studied. The upper pH-limit is about 10. At these values the
structure of the acrylamide hydrogel starts to change, thus
introducing uncertainties about diffusion rates.
A limitation for the DGT method is related to the ionic
strength of the water in which DGT is deployed. As the
ionic strength gets below ~10-4 M, DGT measurements

Piston

Membrane filter

Diffusive gel

Resin layer

Piston

∆ g

4 cm
Figure 6. (a) A cross-section through a DGT device
showing the different layers consisting of a
membrane filter, acrylamide hydrogel, and ion-
exchange resin. (b) The appearance of an
assembled DGT device ready for deployment.

a

b
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become irregular (Sangi et al., 2002). There are two theories
about this issue. Alfaro-De la Torre et al. (2000) suggested
that counter diffusion of Na-ions from the DGT device to
aqueous solution results in an enhancement of the diffusion
coefficient (D) for trace elements, and that the problem may
be resolved by changing the ion-exchange resin from
sodium-form to calcium-form. Results obtained by Peters et
al. (2003), on the other hand, are erratic without apparent
trends, no matter which form the ion-exchange resin has.
Here the results are explained as an interaction that occur
between the hydrogel and trace metals in the absence of
excess ions. The issue is not yet resolved.
Finally, a practical consideration which has to be addressed
when using DGT is to select appropriate deployment sites.
Water has to flow freely in front of the membrane.
Otherwise a diffusive boundary layer will form in front of
the membrane, causing the diffusion distance to increase.
During this work the DGT method has been used in
situations which has presented a wide range of natural
environmental conditions. DGT has been submitted to
waters ranging in salinity from 0 - 33 ‰. Results from a
DGT deployment in Lake Kutsasjärvi in northern Sweden
show that elevated concentrations are measured with DGT
in low ionic strength waters (Fig. 7). But the cause for this
can not be determined from these data.

Further, DGT has been deployed in waters ranging in
temperature from -1.78°C to 25°C. Variations in
temperature will not affect the concentration measured with
DGT. It will, however, influence the deployment time. An
increase in temperature from 5°C to 20°C will, on average,
increase the rate of diffusion by a factor of 1.6.

For many trace elements, the concentration of a species in
true solution is very low, and may be below the instrumental
detection limit after membrane filtration or ultrafiltration.
Under such conditions the DGT method can be used as an
alternative. Of course, low concentrations will demand
caution during preparation, sampling and analysis of DGT
devices. This is important so that the collected sample can
be distinguished from the blank level. Experiments have
shown that cleaning of the ion-exchange resin used with
DGT, following an ultraclean protocol, will result in greatly

reduced blank levels for most trace elements. In Figure 8 is
an example showing how the blank level for Mn in DGT
decreases as treatment of the ion-exchange resin and the use
of ultraclean chemicals is introduced.
During this work, the DGT method has provided
information about solute species which is otherwise
impossible do obtain using conventional filtration and
analysis. This in situ method is an ideal tool for speciation
studies; practical to use and relatively cheap. It is certainly
helpful for a more complete understanding of the speciation
of elements in natural waters.

SUMMARY OF PAPERS
Paper I
In this paper the temporal variation in Nd-isotopic
composition was investigated in water samples collected in
the Kalix River 1991-92.
The REE can be mobilized by weathering in both warm
(Balashow et al., 1964) and cold (Floss and Crozaz, 1991)
climates. Further investigations have shown that the REE
also are fractionated so that LREE are released to a higher
extent than HREE during selective weathering of minerals
in soil profiles (Öhlander et al., 1996; Land et al., 1999).
Because of this, the 147Sm/144Nd and 143Nd/144Nd ratios
change and causes the isotopic composition of released Nd
to be different than unweathered bulk soil (147Sm → 143Nd,
t1/2 = 1.06 x 1011y).
The results show that the isotopic signal in the river is
significantly off-set from the bulk bedrock, looking more
like results found in plant material in the area (Öhlander et
al., 2000).
Nd in the Kalix River is mainly transported in the colloidal
phase, and temporal variations in isotopic composition are
small (<2.3 εNd(0)).
It is concluded that the isotopic composition of Nd exported
from a medium sized boreal drainage basin does not
necessarily reflect that of the bedrock in the catchment.
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Figure 7. Enhanced DGT response compared with
Mn concentrations measured in an unfiltered sample,
and in 0.22 µm and 1 kDa ultrafiltered fractions.
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Figure 8. Decreasing blank levels for Mn in DGT as
a result of applying a cleaning protocol for the ion-
exchange resin and using ultraclean chemicals.
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Paper II
This paper presents a method development for the DGT
technique, aimed to measure Ca and Mg with the same type
of device and ion-exchange resin normally used for trace
metal sampling. It was concluded from laboratory tests,
using synthetic solutions as well as a natural fresh water,
that the DGT technique works equally well for Ca and Mg
as for trace metals.
However, compared to trace metal sampling, determination
of Ca and Mg with DGT includes some restrictions. Due to
a weaker binding to the ion-exchange resin, a shorter
deployment time must be applied for Ca and Mg than for
trace metals. Otherwise trace metals will eventually replace
Ca and Mg in the DGT.
Ca and Mg are also more easily exchanged by H+ than trace
metals. Therefore sampling of Ca and Mg with DGT can not
be performed in waters with pH <4.5.
A comparison between Mg concentrations determined with
the DGT technique, in unfiltered water, and in filtered
fractions (1 µm, 10 kDa and 1 kDa), showed that the
concentration determined with DGT was similar to the
concentration analyzed in the 1 kDa fraction.

Paper III
In this study the fractionation and speciation of Ca was
investigated in the Amazonian and Kalix rivers. The results
show that a significant amount of Ca may be associated to
colloidal material, and that much still remains to be
understood regarding the geochemistry of this major
element.
Samples from the Amazonian rivers were collected in
October 1996, and from the Kalix River (Kamlunge rapids)
during winter, spring and summer 2002. Samples from both
systems were processed and analyzed in similar ways with
CFF, ICP-AES and Ca ion-selective electrodes (ISE). The
use of FlFFF was also applied for characterisation of
colloidal material in the Kalix samples.
The presence of Ca bound to colloidal matter was confirmed
by the two independent methods; cross-flow filtration (CFF)
and Flow Field-flow fractionation (FlFFF). The novel
approach for analysis of ultrafiltration solutions with dual
analysis, using ICP-AES and an ISE, was performed in
order to distinguish retained colloids from retained ions,
thus eliminating the risk of overestimating the amount of Ca
bound to colloidal material.
The results obtained by using the different speciation and
fractionation tools have also been compared with data
generated by two different models; WHAM and NICA-
Donnan. These show that model data are comparable with
results obtained from the ultrafiltration experiments.

Paper IV
Water samples from the Kalix River (Kamlunge rapids)
were collected between January and June 2002 in order to
investigate temporal variations in speciation and
fractionation for the REE during a spring flood event. The
methods used were CFF, DGT and FlFFF.
REE concentrations determined with all methods were
normalized to concentrations in local unweathered till.

The normalized REE patterns in prefiltered water,
particulate matter isolated with CFF, colloids from FlFFF,
and DGT deployments have similar appearances with flat
patterns during winter and summer, and LREE enrichment
during spring flood.
Colloidal material isolated with CFF show similar changes
like the other fractions but are generally shifted towards
more HREE enriched patterns.
The change in normalized patterns during spring flood
suggests two different pathways for weathered REE. One
which reflects weathered LREE enriched material, and
another pathway similar to bulk soil. DGT deployments
were also performed in order to sample the diffusible
fraction of the REE.
It is also concluded that the REE mainly are transported
with particulate and colloidal material.

Paper V
Deep-sea deposits like ferromanganese crusts and nodules
are formed from precipitated dissolved species in sea water,
and are used as archives to study paleo-oceanic circulation
and variations in weathering and erosion. The Nd-isotopic
signature in these archives is believed to reflect the
composition of solute Nd species. However, the
concentration and isotopic composition of Nd in true
solution has so far not been determined.
The isotopic composition and concentration of Nd in the
diffusible fraction has been determined, using DGT, in
fresh, brackish and seawater, and compared with bulk water
samples. Determinations of isotopic composition and
concentration were performed using thermal ionsization
mass spectrometry (TIMS).
Data show that the relative amount of Nd in the diffusible
fraction increases with salinity, from being <10% in fresh
waters to >35% in high salinity water. This effect is most
likely caused by a lower concentration of colloidal material
in seawater.
Results also show that similar Nd-isotopic compositions are
found in diffusible fractions and bulk samples.

CONCLUSIONS

The major conclusions from this work are the following:

• Determination of Ca and Mg with the DGT method
works equally well as for trace elements. However,
restrictions of use include shorter deployment times and
higher pH in the sampled water for Ca and Mg
compared to trace metal sampling. Deployment of DGT
in a natural water combined with a CFF study suggest
that the concentration of diffusible Mg is similar to the
concentration found in a <1kDa filtered fraction.

• Released Nd from weathering in soil profiles in the
Kalix River catchment have a different isotopic
composition than bulk material, which can be observed
in the river. Absence of significant temporal variations
in Nd-isotopic composition could be observed, although
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Nd-concentrations increased ~10 times during a spring
flood event.

• Temporal variations in chemical speciation and physical
fraction of the REE in the Kalix River, suggests that the
pathway for the REE released during weathering change
during spring flood. Light REE enriched material from
the weathered soil profile could be observed during
peak flood, while a bulk soil composition was detected
during winter and summer.

• Although CFF recoveries for Ca were acceptable
(>80%), another artifact could be observed. Retention
of dissolved ions produced greatly enhanced levels of
colloidally bound Ca. The colloidal Ca concentration
was overestimated by 227% in one sample. However,
modified calculations and the use of additional analysis
with ion-selective electrodes eliminated this problem.

• A colloidal fraction for Ca could be detected in the
Kalix River and several Amazonian rivers. Two
independent methods (CFF and FlFFF) indicated the
presence of a significant amount of Ca bound to
colloidal carrier phases in the Kalix River. A study
using a similar CFF set-up performed in Amazonian
rivers were in agreement with the Kalix data. DGT
deployments in the Kalix River showed that not all Ca
was diffusible, thus indirectly confirming the presence
of a colloidal phase for Ca.

• A speciation study of Nd in fresh and marine waters
showed small differences in isotopic composition
between diffusible fractions and filtered waters. This
suggests that Nd isotopes in deep-sea sediments reflect
the composition of filtered seawater.

• The relative concentration of diffusible Nd increases in
water with increasing salinity. This shows that
association of Nd with particulate and colloidal matter
is less significant in marine waters than in fresh waters.
This may be due to a lower concentration of colloids
and particles in marine waters.
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The isotopic composition of Nd in a boreal river:
A reflection of selective weathering and colloidal transport
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Abstract—In this study the Nd concentrations (CNd) from 18 months of weekly sampling of filtered water
(,0.45mm) in the Kalix River, northern Sweden, are reported with«Nd(0) and147Sm/144Nd ratios determined
in samples representing major flow events as well as maxima and minima in CNd. The CNd varies by a factor
of ten, between 200 pmol/L to 2100 pmol/L, and there is a strong relation between high discharge and high
CNd. The Nd in the Kalix River is mainly transported on particles (.90%), dominated by a colloidal phase
primarily composed of organic C and Fe. The«Nd(0) and147Sm/144Nd only vary within a narrow range,227.1
to 224.8 and 0.103 to 0.110 respectively, with no obvious relationship to CNd and discharge. The«Nd(0) and
147Sm/144Nd in the river water is significantly lower than in the unweathered till and average bedrock in the
catchment and show a closer resemblance with the isotopic characteristics found in humic substances and plant
material. These data show that the isotopic composition of Nd exported from a large boreal drainage basin
does not directly reflect that of the bulk bedrock in the catchment. The isotopic composition is controlled by
selective weathering and the Nd transport is dominated by organic colloidal particles.Copyright © 2001
Elsevier Science Ltd

1. INTRODUCTION

The isotopic composition of Nd varies both between and
within ocean basins (Piepgras et al., 1979; Piepgras and Was-
serburg, 1982; 1987; Piepgras and Jacobsen, 1988; Bertram and
Elderfield, 1993). This heterogeneity is caused by a shorter
oceanic residence time for Nd than the mixing time of the
oceans. By analysing Nd in particles and water from the trop-
ical Atlantic, Tachikawa et al. (1999) estimated the Nd resi-
dence time,tNd, in sea water (200 years, tNd , 1000 yrs),
being somewhat shorter than the mixing time of the oceans
(;1500 years). There is a general correlation between the age
of the terranes that supply Nd to the oceans and the isotopic
composition of Nd in the water (Stordal and Wasserburg, 1986;
Goldstein and Jacobsen, 1987; Andersson et al., 1992). The
143Nd/144Nd ratio (represented by«Nd(0) as defined in Table 1)
changes through time due to the radioactive decay of147Sm
(t1/2 5 1.06 3 1011 years) to143Nd. The«Nd(0) in water will
thus reflect the age and Sm/Nd ratio of the source rocks.

River transport of eroded material from the continents,
through estuaries and continental seas is a pathway supplying
Nd to the oceans. Weathering is the most important factor
determining the Nd concentration and isotopic composition in
river water. Starting with the studies by Balashov et al. (1964)
a number of investigations have recognised that rare earth
elements (REE) are mobile during weathering (Fleet, 1984 and
references therein). Detailed studies of till profiles in northern
Sweden showed that besides REE mobilisation there is also a

fractionation between light REE (LREE) and heavy REE (HREE)
during till weathering (O¨ hlander et al., 1991; 1996; Land et al.,
1999). This suggests that the Sm/Nd ratio in a soil profile change
during weathering causing the isotopic composition of the released
Nd to be different from that of the bulk soil. Changes in Nd-
isotopic composition during till weathering was clearly demon-
strated in a recent study in northern Scandinavia (O¨ hlander et al.,
2000) and these results suggest that selective weathering of the
REEs might be an important factor governing the isotopic com-
position of aqueous transported Nd.

The aquatic geochemistry of REE in rivers and estuaries has
been summarised in Sholkovitz (1995). However, despite sev-
eral studies of river water REEs, there are few investigations on
the temporal variations in REE concentrations in river water. A
recent detailed study of river water transport of REE demon-
strated large seasonal variations for La with the concentration
varying by a factor of seven, and that the major fraction of the
REE transport is with colloidal particles rich in organic C and
Fe (Ingri et al., 2000). Although the relative proportions of
aeolian and river introduced Nd to the oceans are not fully
understood (Jeandel et al., 1995), rivers are an important path-
way for Nd. Therefore a detailed understanding of the river
transport is necessary to be able to understand how the Nd
isotopic signal is transformed between its continental sources
and final distribution in seawater and sediments.

The purpose of our study was to test the hypothesis that
selective weathering of REE is an important factor controlling
the isotopic composition of river transported Nd. This involved
studies of the temporal variation of Sm-Nd concentrations and
isotopic composition in a river as well as determination of
possible carrier phases.
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2. FIELD AREA

The Kalix River-Torne River system is the only unregulated
larger river system in western Europe (Dynesius and Nilsson,
1994). About 5% of the Kalix River basin is located within the
Caledonian mountains (Fig. 1). The Caledonian bedrock with
an age of;400 Ma is dominated by mica schist, quartzite and
amphibolite (Gee and Zachrisson, 1979). The major part of the
basin is within the Precambrian basement, with ages in the
range 1.8 to 2.1 Ga, and dominated by intermediate and basic
volcanic rocks and granitoids (Gaal and Gorbatschev, 1987),
with locally abundant areas of Archean granodiorites and to-
nalites (Öhlander et al., 1987). The latest Quaternary glacial ice
retreated from the area some 8700 years ago (Lundqvist, 1986)
and the Quaternary deposits consist primarily of till showing
well developed podzol profiles (Fromm, 1965). The bedrock
exposure is,1% and approximately 20% of the area is covered
by peatland. Goldschmidt (1954) proposed that the glacial ice
should be an effective natural mixing process and suggested
that glacial clay should be similar to continental crust in com-
position. Thus, analogous it seems reasonable to assume that
the till is a good representation of the “average bedrock” in the
Kalix River basin.

The Kalix River drainage basin is 23 846 km2 with a mean
annual discharge of 296 m3/s. During late November to April
the river is ice covered and the discharge almost constant at 85
m3/s. About 40 to 50% of the yearly precipitation is accumu-
lated as snow and during spring the snowmelt (April–June)
causes peak discharge (Fig. 2a). The Kalix River is distinctive
in having relatively low concentrations of suspended detrital
particles and high concentrations of non-detrital particles rich
in organic C, authigenic Fe and Mn (Ponte´r et al., 1992; Ingri
and Widerlund, 1994).

3. SAMPLING AND ANALYTICAL METHODS

To study the temporal variations of Sm-Nd isotopes in the Kalix
River, water samples were collected weekly during 1991 to 92 at
station Kamlunge about 30 km upstream from the mouth (Fig. 1). The
river water was filtered in the field by pumping through two 0.45mm
filters (142 mm diameter Milliporet membrane filters) mounted in
Geotecht polycarbonate filter holders. The filtered water was stored in
polyethylene bottles and acidified to pH; 1 using ultrapure HCl. All
bottles, tubing, filters and filter holders were acid-cleaned in 10%
HNO3 before use.

Discharge data were obtained from the Swedish Meteorological and

Hydrological Institute. The pH was measured in situ using a Hydrolab
Surveyor 2t water quality probe. Total organic C concentrations (TOC)
were determined using a Shimadzut TOC-5000 carbon analyser. The
filtered Fe concentrations were analysed using inductively coupled
plasma-atomic emission spectrometry (ICP-AES).

All filtered samples were analysed, without preconcentration, for Nd
concentration (CNd) using inductively coupled plasma–mass spectrom-
etry ICP-MS, in co-operation with SGAB Analys, Luleå, Sweden The
uncertainty for the CNd determined by ICP-MS is estimated to about
610%.

To test whether temporal variation in CNd is decoupled from«Nd(0),
five samples were selected to represent major flow events as well as
maxima and minima in CNd. Aliquots, between 600 to 1800 mL, were
taken from the acidified filtrate. The samples were spiked with150Nd
and147Sm and the REEs were concentrated by iron-hydroxide precip-
itation. The Sm-Nd were separated using ion exchange separation
techniques and analysed using thermal ionisation mass spectrometry
(TIMS). Detailed description of the separation technique is given in
(Piepgras and Wasserburg, 1980). Total analytical blank for Nd was
about 80 pg.

The samples, in total about 20 ng of Nd, were loaded onto single Re
filaments using silica gel and phosphoric acid (Thirwall, 1991). The
Nd-isotopic composition was measured as NdO1 using a five collector
Finnigan MAT261 in multidynamic mode. The samples were analysed
with a 144Nd16O1 of about 53 10212 A, which was maintained for
about one hour collecting some 100 ratios for each sample. Isotope
ratios were normalised to146Nd/144Nd 5 0.7219. Repeated analysis of
Caltech standard nNdb (Prinzhofer et al., 1992) yielded143Nd/144Nd 5
0.5118656 0.000038 (2s, n 5 18), which is equivalent to«Nd(0) 5
215.076 0.76 using143Nd/144NdCHUR 5 0.512638. Uncertainties in
TIMS determination of CNd and CSm are estimated to,1% and about
2% respectively.

The ICP-MS determination of CNd was carried out in 1993 shortly
after the sampling was completed, whereas the TIMS determination of
CNd and CSm using isotope dilution technique was done in 1999. For
comparison and to exclude that the storage did not significantly influ-
ence our results we report CNd data from both methods (Table 1). The
CNd between the two methods agree within better than 5% for two of
the samples (Table 1). For the other three samples there is a larger
variation from 11% lower to about 20% higher concentration with the
ICP-MS. There is no obvious explanation for this small discrepancy,
but some removal of Nd might have occurred from the water during
storage. Smaller flocs were observed in some samples, however, du-
plicates on these samples gave equal results for the CNd using TIMS
(Table 1). These differences, although larger than analytical errors in
CNd, are substantially smaller than the CNd variation reported for the
river water (Fig. 2c) and thus does not influence our interpretations.

4. RESULTS AND DISCUSSION

4.1. Sm-Nd in the River

The CNd in the filtered (,0.45 mm) water at station Kam-
lunge show large temporal variations and varies by a factor of

Table 1. The Sm-Nd concentrations and Nd isotopic composition in 0.45mm filtered water from Kalix River station Kamlunge.

Sample Date

aCNd

(pmol/L)

bCNd

(pmol/L)

bCSm

(pmol/L) 143Nd/144Nd 6 2sm c«Nd(0) 6 2sm 147Sm/144Nd

91-231 1 Oct. 1991 590 563 96 0.5113026 0.000018 226.16 0.4 0.107
92-2 10 Jan. 1992 700 580 — 0.5112476 0.000024 227.16 0.5 —
92-43 4 April 1992 350 395 69 0.5113056 0.000015 226.06 0.3 0.110
92-73 18 May 1992 1800 1460 238 0.5112836 0.000023 226.46 0.4 0.103
Duplicate 1460 — 0.5113246 0.000017 225.66 0.3 —
92-123 22 June 1992 390 391 68 0.5113676 0.000020 224.86 0.4 0.110
Duplicate 391 — 0.5113606 0.000029 224.96 0.6 —

a CNd determined by ICP-MS in 1993.
b CNd and CSm determined by isotope dilution TIMS in 1999.
c «Nd(0) 5 [(143Nd/144Nd)/(143Nd/144Nd)CHUR21] 3 104, CHUR; chondritic uniform reservoir having143Nd/144Nd 5 0.512638.
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ten, between 200 pmol/L to 2100 pmol/L (Fig. 2c). There is a
strong relation between discharge and CNd with high CNd

during spring and fall peak-flows (Fig. 2a). Although we do not
have a complete time series for CSm, the available data indicate
a similar variation as observed for CNd (Table 1). The discharge
at station Kamlunge varies by a factor of 20, with peak flow

during snowmelt in spring and autumn rainstorms and low flow
during winter (Fig. 2a). The temporal behaviour of CNd (Fig.
2c) and CSmare in strong contrast to reported concentrations of
the major elements (Ca, Na, Mg, K, Si and S), exemplified by
Ca (Fig. 2a), which during peak flow are 2 to 4 times lower
compared to those during winter due to dilution by meltwater

Fig. 1. Map of the Kalix River drainage basin. The Torne River watershed is also marked and the dashed line show the
area above the Ta¨rendöRiver bifurcation that is shared with the Kalix. Via the Ta¨rendöbifurcation 57% of the Torne River
(Area5 5717 km2) drains into the Kalix River (Area5 18 129 km2). The bedrock is Caledonian in the shaded areas and
Precambrian elsewhere. The river water sampling station at Kamlunge is shown by a black dot. The filled squares shows
were the soil profiles were taken for REE and Nd-isotope analyses reported in O¨ hlander et al. (2000) and shown in Figure 4.
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(Ingri, 1996). This clearly demonstrates that the Sm-Nd trans-
port in the Kalix River must be decoupled from the processes
controlling the major elements.

The increased TOC during high discharge is most likely due
to a surge of organic material from the topsoil and the extensive
peatlands in the drainage basin. About 93% of the TOC in the
Kalix River passes through a 0.7mm filter and is thus opera-
tionally defined as “dissolved” organic C (DOC). During peak
discharge there is also a peak in Fe concentration in the filtered
water (Fig. 2a). The major fraction of Fe (.90%) is carried in
colloidal particles,.3 kD, 3000 Da molecular weight (Ingri et
al., 2000; Gustafsson et al., 2000). Authigenic Fe is believed to
exist as a mixture of inorganic Fe-oxyhydroxides and/or Fe
bound to colloidal organic matter and it has been suggested that
the REEs are mainly being carried by these phases (Ingri et al.,
2000). Of the total Nd transport in the Kalix River about 65%
is being transported in the filtered fraction,,0.45mm (Fig. 3).
Ultrafiltration of Kalix River water from May 1997 (Ingri et al.,

2000) shows that colloidal particles dominate the transport of
filtered Nd, with ,5% of the filter-passing (,0.2 mm) Nd
found in the “truly dissolved”/colloid free fraction, 3 kD (Fig.
3). The similarity of the annual variations for TOC, Fe and CNd

reported in this study (Fig. 2b,c) with high concentrations for
both parameters during high discharge suggest that the Nd
transport is governed by Fe-organic-rich colloidal matter. Nd
transport is dominated by colloidal particles, which are derived
from the upper soil horizon and peatland areas during storm
events, and this explains why the Nd concentration in the Kalix
River is not diluted by surface water during high discharge (in
contrast to major elements (Ca) in Fig. 2a).

In the Kalix River, as well as in several other rivers, an
inverse correlation between pH and REE is commonly ob-
served (Ingri et al., 2000 and references therein). However,
Ingri et al. (2000) suggested that the apparent interdependence
between La and pH in the Kalix River is most likely related to
an indirect correlation between pH and DOC. Although the
solubility of the REE is strongly pH dependent the strong
interaction between colloidal particles and REE overshadows
the pH dependence during storm events. No large change in the
distribution between colloidal REE and dissolved REE (,3
kD) can be seen during lowered pH in the river (compared with
the factor of ten variation in CNd), indicating the dominant role
of colloidaly complexed REE. Hence, the increased concentra-
tions of filtered Nd during spring-flood and storm events are
related to increased concentrations of Fe-organic-rich colloidal
matter rather than to a lowered pH.

4.2. The«Nd(0) in the River

Throughout the different seasons the water in the Kalix River
originates from different sources with varying contact time
with the bedrock and soil. During winter (late November to
April) the discharge is low and almost constant and is mainly
derived from groundwater with long contact time with the
bedrock and soil. During the spring snowmelt with maximum
discharge, the river water is dominated by water with short

Fig. 2. Concentrations and isotopic composition in,0.45 mm fil-
tered water in the Kalix River at station Kamlunge during April 1991
to September 1992. (a). The discharge, and CCa and CFe, note that the
CFescale is multiplied by a factor 10. (b) The pH and TOC. (c) The CNd

and the«Nd(0).

Fig. 3. The abundance of different size fractions of Nd in Kalix River
water at station Kamlunge. Data from an ultrafiltration experiment in
spring 1997 (Ingri et al., 2000).
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contact time with soil and bedrock. The«Nd(0) are reported in
Table 1 and in Figure 2c. Duplicates of the 18 May and 22 June
samples agree within an error of about60.8 «-units, which is
within the reproducibility for our small sample standard runs.
Samples from station Kamlunge only vary with 2.3«-units,
with the lowest value from 10 January, 1992,«Nd(0) 5 227.1
and the highest reported in 22 June, 1992,«Nd(0) 5 224.8. The
147Sm/144Nd ratios in the filtered river water also show small
temporal variation, ranging from minimum values of 0.103
during peak discharge to 0.110 during low discharge (Table 1).
Despite a factor of 10 in temporal variation in CNd at station
Kamlunge, the«Nd(0) and Sm/Nd ratio varies only within
narrow ranges. This indicates that the Nd transported in the

Kalix River must be derived from a relatively homogeneous
source with almost constant«Nd(0).

The bedrock in the Kalix River watershed, mainly granitoids
between 1.9 to 1.8 Ga, has an«Nd(0) varying from about210
to 237 (Öhlander et al., 2000). The unweathered C-horizon of
the till is a mixture of the different rock types in the area, which
yields a granodioritic composition with typical«Nd(0) of about
222 to223 and147Sm/144Nd of about 0.12 (Fig. 4).The«Nd(0)

and147Sm/144Nd ratio in the river water are significantly lower
than reported for both unweathered and weathered soil (Fig. 4).
The river water«Nd(0) and 147Sm/144Nd fall within the same
range as the isotopic composition of the organic material
(«Nd(0) about 222 to 227 and147Sm/144Nd about 0.103 to

Fig. 4. (a) The«Nd(0) in the filtered river water at Kalix River station Kamlunge. Also marked are the ranges of«Nd(0)

in different soil horizons from two sites in the Kalix River basin with data from O¨ hlander et al. (2000). (b) Schematic
cartoon of a typical soil horizon in the Kalix River basin with the different layers marked. The till is considered relatively
unaffected by weathering processes at depths. 0.75 m (Land et al., 1999). (c) The«Nd(0) plotted vs.147Sm/144Nd. The data
for the different soil horizons are the same as in (a) and displayed using the same legend. The reference line corresponds
to an age of 1.9 Ga, which is the age of the dominating source rock to the till.
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0.115) in the uppermost layer of the soil, where also the«Nd(0)

and147Sm/144Nd of the plant material plot (Fig. 4).
It has been shown that the 8700 year of weathering since the

latest glaciation left the area has resulted in a strong depletion
of the REE in the E-horizon (see Fig. 4b for a cartoon of a
typical soil profile), with up to 85% of the La being lost
(Öhlander et al., 1996). The weathered till show a pronounced
depletion in REE compared to unweathered material with the
light REEs (LREE) more depleted than the heavy REEs
(HREE), which causes a change in the Sm/Nd ratio and an
accompanying fractionation of the Nd-isotopes. This is illus-
trated in Figure 4c with the most strongly weathered soil, in the
E-horizon plotting in the upper right corner in a«Nd(0) vs.
147Sm/144Nd plot. In this plot samples from the unweathered
and weathered soil as well as from the plants and humic
material spread around a reference line with a slope corre-
sponding to an age of 1.9 Ga, which is the age of the most
abundant source rock type for the till. The Nd released from the
soil during weathering has thus a lower147Sm/144Nd ratio and
a more negative«Nd(0) than in the C- and E- horizons (Fig. 4).
A part of this fraction of released Nd is taken up by plants and
incorporated into biota, which upon degradation results in a
build-up in the humic layer (A-horizon). The filtered river
water samples all plot around the 1.9 Ga reference line in the
lower left corner of the«Nd(0) vs. 147Sm/144Nd diagram (Fig.
4c). The Nd in the plant and A-horizon shows the lowest«Nd(0)

and 147Sm/144Nd ratios reported for the soil profiles and this
isotopic signal is the same as in the Kalix River which suggest
that organic colloids of this composition dominates the river
water transported Nd.

5. CONCLUSIONS

The Nd in the Kalix River is mainly transported in a colloidal
phase, dominated by organic C and Fe, with,5% of the Nd in
the,3 kD fraction, “truly dissolved.” The temporal variations
in the 147Sm/144Nd ratios and the«Nd(0) in filtered river water
are small (,2.3 «-units) showing no obvious relation with the
observed large variation in CNd. The«Nd(0) and147Sm/144Nd in
the river water are significantly lower than in the unweathered
till and average bedrock and show a closer resemblance with
the147Sm/144Nd and«Nd(0) found in humic and plant material.

Taken together these data show that the isotopic composition
of Nd exported from a large boreal drainage basin does not
directly reflect that of the bedrock in the catchment. The iso-
topic composition is controlled by selective weathering and the
Nd transport is dominated by organic colloidal particles.
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Abstract

Measurements of the major cations Ca and Mg by the technique of diffusive gradients in thin films (DGTs) were systemat-
ically evaluated. The concentration in solution was calculated using Fick’s first law of diffusion from the directly measured
flux to the DGT device. A selective cation exchange resin (Bio-Rad Chelex®100), which has been used extensively with
DGT for trace metals, such as Cd2+, Cu2+ and Ni2+, was used for this work.

Elution of Ca and Mg from the resin with 1 M HNO3 was very reproducible. Measurements of Ca and Mg concentrations in
synthetic solutions agreed well with the theoretical predictions. The negative response on uptake caused by lowered pH was
investigated. Uptake was found to decline below pH 5. The capacity of the DGT device for Ca and Mg was also investigated
to establish maximum deployment times for given concentrations.

Experiments with filtered and modified lake water show that DGT can be used to measure Ca and Mg when trace metals
are present in the solution. An in situ deployment of DGT combined with an ultrafiltration study suggest that the Mg
concentration measured by DGT is similar to the concentration found in the fraction<1 kDa. © 2002 Elsevier Science B.V.
All rights reserved.

Keywords:Calcium; Magnesium; Diffusion; Diffusive gradients in thin films; Ion exchange; pH

1. Introduction

Ultrafiltration studies in fresh water have shown
that a fraction of the major elements Ca and Mg is
retained by a 3 kDa filter [1–3]. This is claimed to be
caused by an ultrafiltration artefact [1]. Other work-
ers [4] suggest that the retention of major cations
is secondary and originally caused by the retention
of SO4

2−. This is due to electrostatic repulsion by

∗ Corresponding author. Tel.:+46-8-5195-4060;
fax: +46-8-5195-4031.
E-mail address:ralf.dahlqvist@nrm.se (R. Dahlqvist).

the negatively charged ultrafiltration membrane, and
retention of Ca and Mg is needed to maintain charge
balance. Other data [5,6], however, indicate that these
major elements are to some extent associated to a
colloidal fraction in fresh water.

To verify ultrafiltration data and clarify the colloidal
nature of Ca and Mg in fresh water, an in situ method
to measure the portion of Ca and Mg which can diffuse
actively is helpful. The technique of diffusive gradi-
ents in thin films (DGTs) has been used to measure the
trace metals in natural waters [7–9], to perform speci-
ation measurement in situ [10] and to measure fluxes
and concentrations in soils and sediments [11–13]. In

0003-2670/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S0003-2670(02)00248-9
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principle, the DGT technique should be an excellent
probe for studying the speciation of Ca and Mg in nat-
ural waters. The ions diffuse through a layer of poly-
acrylamide gel and accumulate in a backing layer of
Bio-Rad Chelex®100 resin embedded in a hydrogel.
The resin also binds the major element ions Ca2+ and
Mg2+, although with lower selectivity than for most
doubly charged trace metal ions. It is, therefore, pos-
sible that these two ions can be measured simultane-
ously with trace metals by the same DGT device. As
the Chelex®100 resin has low selectivity for Ca and
Mg, good performance by DGT for these two cations
could not be assumed prior to this work. Here, a sys-
tematic test of the DGT performance for Ca and Mg
is reported.

2. Theory

Within a DGT device, there is a layer of bind-
ing resin followed by a layer of hydrogel and then a
protective filter membrane that contacts the solution
(Fig. 1). When it is deployed in solution, the flux of
ions through the hydrogel is controlled by Fick’s first
law of diffusion:

J = D
dC

dx
(1)

whereJ is the mass flux of ions per unit time and area,
D the diffusion coefficient and dC/dx the concentration
gradient in the hydrogel. Cations that pass through the
diffusive layer are rapidly immobilised in the resin.

Fig. 1. Cross-section through the DGT device and hydrogel layers.

The concentration of cations in the resin/diffusive
layer interface can, therefore, be expected to be effec-
tively zero provided the resin has not reached its point
of saturation. With this assumption dC can be taken
to be equal to the dissolved concentration for the
cation in the bulk solution (dC = C). In a sufficiently
stirred solution where the diffusive boundary layer
in the solution is negligibly small, the total thickness
of the diffusive layer (dx) is the sum of the thickness
of the hydrogel and membrane filter�g (Fig. 1).
Eq. (1) can, thus, be simplified and rearranged to:

C = J�g

D
(2)

The flux of ions can be described asJ = M/At, where
M is the mass of a cation accumulated by the resin,A
the exposed area of the diffusive layer andt the time
of exposure to the solution. So, Eq. (2) becomes:

C = M�g

DAt
(3)

In this study, Ca and Mg on the resin were eluted in
1 ml of 1 M HNO3. Their concentrations in the eluted
acid (Celu) were measured and the masses accumu-
lated by the resin were calculated using Eq. (4):

M = Celu(Vgel + Vacid)

fe
(4)

whereVgel is the volume of the resin gel,Vacid the
volume of added acid andfe the elution efficiency.

When sampling a natural water these equations can
only be used for Ca and Mg if the DGT-unit has not
reached its point of saturation which occurs when all
sites on the resin have been occupied by Ca and Mg.
After saturation has been reached Ca and Mg will
gradually be replaced by ions which are more strongly
bound to the Chelex®100, e.g. Cu2+ and Fe2+. Fur-
ther deployment will, therefore, reduce the accumu-
lated amount of Ca and Mg, resulting in a non-linear
uptake. The calculation of concentration relies on a
continuous linear uptake according to Eq. (3) which
will only occur prior to saturation by Ca2+ and Mg2+.
A maximum deployment time should be estimated
from a knowledge of resin capacity before sampling
in situ in a natural water.
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3. Experimental

3.1. Gel preparation

Preparation and making of polyacylamide hydrogels
for the diffusive gel layer and the resin gel layer fol-
lowed the procedure used by Zhang et al. [14]. The fol-
lowing chemicals and ion-exchange resin were used:

• acrylamide water solution 40% (BDH);
• a patented agarose derived cross-linker 2% (DGT

Research Ltd., UK);
• ammonium peroxodisulphate (BDH) initiator for

making a 10% water solution;
• N,N,N′,N′-tetramethylethylemediamine (TEMED)

catalyst 99% (BDH);
• Bio-Rad analytical grade Chelex®100 resin (Na-

form), 200–400 mesh, 0.4 meq ml−1, 0.6 ml g−1.

Initiator (10% solution of peroxodisulphate) and
catalyst (TEMED) were added to a mixed gel solution
(15% acrylamide and 0.3% cross-linker). The solution
was immediately cast, using a pipette with an acid
cleaned tip, between a pair of glass plates separated
by a plastic spacer of known thickness and then main-
tained at 42–46◦C ca. 1 h until the gel was completely
set (no remaining liquid). The gel was hydrated in ul-
trapure (MQ) water for at least 24 h. During this time,
the water was replaced with fresh MQ water several
times. During hydration, the gel thickness increased
about 60%. The gel was then stored in 0.01 M NaNO3
until used.

A gel with a binding layer of Chelex®100 resin
was also prepared by adding 3–4 g of resin to 10 ml
of mixed gel solution before adding the initiator and
catalyst. The mixture was cast between glass plates as
described above. The resin beads were settled on one
side of the gel by laying the plates horizontally. The gel
was heated as described above and then hydrated and
stored in MQ. For laboratory and field testing, a plas-
tic DGT-holder supplied by DGT Research Ltd. was
used. The holder was disposable and had two parts that
were pressed together, a base part with a piston and a
cap with a 3.14 cm2 window. Circular discs (2.5 cm di-
ameter) of diffusive and resin gel were placed together
with a 0.2�m cellulose nitrate membrane filter on top
of the piston. The cap and piston were then pressed
together tightly forming an assembly ready for use
(Fig. 1).

3.2. Uptake and elution of Ca and Mg

In this experiment, strips of resin gel were used
without diffusive gel, membrane filter or plastic
holder. Exact deployment times and temperatures are
unsignificant. Only the total uptake and elution by
the resin gel is important. To evaluate the uptake effi-
ciency of Ca and Mg on Chelex®100 resin and their
fe from the resin, gel strips (10 cm2) impregnated with
resin were first loaded with known amounts of either
Ca or Mg. To achieve this, a gel strip was placed
in 10 ml of test solution for at least 5 h, until all Ca
or Mg was bound to the resin. The gels were then
eluted with 5 ml of 1 M HNO3 for at least 10 h. The
concentration of Ca and Mg in the test solution was
measured before and after the test in order to calculate
the uptake efficiency. The mass in the elution acid was
analysed to calculate thefe. Analysis was conducted
with a Zeeman flame atomic absorption spectrometer
(flame-AAS). To establish if the efficiency of uptake
and elution was independent of initial mass loading,
several experiments with different concentrations in
the test solutions were made. For Ca, the concentra-
tions ranged from 1.3 to 14 mg l−1 and, for Mg, from
0.35 to 3.5 mg l−1.

3.3. DGT performance in synthetic solutions

To investigate the reliability of this method for
Ca and Mg, the main part of the experiments were
performed with synthetic solutions in a laboratory
environment. The testing of the DGT was performed
in plastic containers filled with 3 l of well stirred
solutions containing Ca and/or Mg at constant tem-
perature (∼20◦C). Three series of different tests were
performed.

1. Time series test for Mg: the DGT-units were im-
mersed in four separate tests for different periods
of time. Five duplicate devices were used each
time. The Mg concentration in the solution was
2.0 mg l−1 in each test. An increase in the expo-
sure time by a factor of 2 would then, according
to Eq. (3), double the metal uptake. The exposure
times were 2, 4, 15 and 20 h.

2. Capacity test for Ca: six separate tests were made,
where the concentration in the solution between
tests was gradually increased to a point where the
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DGT devices were saturated with Ca. The exposure
time for each test was the same, 2.5 h. In each test,
three–five duplicate DGT devices were used. The
Ca concentration in the test solutions ranged from
8.04 to 243 mg l−1.

3. pH test for Ca and Mg: both exposure time and
concentrations were the same in four tests using
a mixed Ca/Mg solution. Three–five replicate de-
vices were used in each test. The pH was gradu-
ally lowered between tests from 6.68 to 3.13. The
Ca and Mg concentrations were constant at 8.0 and
4.0 mg l−1, respectively. The exposure time was
2.5 h. A decrease in metal uptake was expected,
due to proton competition, as the pH dropped.

During these three experiments, DGT-units as
described in Fig. 1 were used. Three–five parallel
devices were used in each test. Temperature, pH
and a direct measurement of the concentration in
the test solution was determined in each individual
experiment. Flame-AAS was used for concentration
analysis in experiments 2 and 3. For the first experi-
ment an inductively coupled plasma atomic emission
spectrometer (ICP-AES) by Pectro was used.

3.4. DGT performance in a natural matrix

The purpose of this test was to see if the uptake of
Ca and Mg by the DGT would be restricted to a lower
efficiency in a natural matrix where other ions, which
bind more strongly to the Chelex®100, are present.
A natural fresh water was collected from lake Kutsas-
jarvi in northern Sweden on 8 February 2000 from a
depth of 21.3 m. A peristaltic pump and acid cleaned
polyamide plastic tubing was used to obtain an unfil-
tered 25 l sample in an acid cleaned polyethylene plas-
tic container. The lake is 3.1 km2 and classified as an
oligotrophic clear-water lake. At the time of sampling,
the surface was completely ice-covered. The concen-
tration of total organic carbon (TOC) in the collected
sample was 2.0 mg l−1. The specific conductivity of
the water was determined in situ with a calibrated
Hydrolab®DataSonde®4a to be 14.7�S cm−1. The
water was stored for a few days at 4◦C in the container
before being filtered using a MilliPore Pellicon®2 cas-
sette filtering system and a peristaltic pump. The ini-
tial total concentrations of Ca and Mg in the unfiltered
water were 1.15 and 0.37 mg l−1, respectively. In the

fraction <3 kDa, which was collected and used for
laboratory testing, the Ca and Mg concentrations were
0.66 and 0.22 mg l−1, respectively. As unexpected and
unwelcome effects may arise when using DGT in such
a low ionic strength solution [15] as this one, small
amounts of Ca, Mg and Na were added to the<3 kDa
permeate to increase the ionic strength to ca. 0.001 M.
The concentrations of Ca and Mg afterwards were 2.21
and 1.07 mg l−1, respectively. It is reasonable to as-
sume that Ca and Mg in this solution was in a form
that could be sampled by DGT.

Four experiments, similar to the time series test
described in Section 3.3, were performed in a plastic
container filled with 3 l of the well stirred solution
at constant temperature. The DGT devices were de-
ployed for 3–6 h. Three–four replicate DGT-units were
used in each experiment. The concentrations in the
test solutions and the uptake by the DGT-units were
determined with respect to Ca and Mg by ICP-AES.

3.5. DGT and cross-flow filtration field study of Mg

Finally, a field test was performed on 12 February
2002 near the Kamlunge rapids of the Kalix River
in northern Sweden. The purpose of this test was to
compare the Mg concentration measured in situ by
DGT with an independent cross-flow filtration study.

Three replicate DGT devices were deployed for 48 h
near the rapids. This location was chosen to ensure
a sufficient movement of the water-mass to prevent a
possible build-up of a diffusive boundary layer at the
surface of the DGT-units. The recovered units were
immersed and thoroughly rinsed with MQ water on
the deployment site to effectively end the uptake of
cations and then placed in a clean and airtight plastic
container. The container was opened in a clean room
(M3.5 US Federal Standard 209 E) and the resin gels
were placed in three test tubes with 3.2 ml of 1 M
HNO3 for elution. The elution acids were analysed
with a Finningan inductively coupled plasma mass
spectrometer (ICP-MS).

During the DGT deployment about 26 l of water
was collected from the site in an acid cleaned plastic
container. The water was stored for 24 h at 5◦C before
being filtered using a MilliPore Pellicon®2 cassette
filtering system with a 10 kDa filter (0.5 m2 filter area).
No other pre-filtering to separate particles from the
sample was performed before ultrafiltration.
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During filtration the permeate (<10 kDa) was col-
lected in a new clean container. Particles and >10 kDa
colloidal material was retained in the retentate. When
the filtration was completed the retentate volume was
1.79 l and the permeate 23.7 l. This gives a concentra-
tion factor of about 14.3 for particles and colloids >10
kDa. Permeate and retentate flows were kept constant
throughout the filtration. The permeate flow was 0.3l
min−1 and the retentate flow 5.5 l min−1, thus, creat-
ing at cross-flow ratio (retentate:permeate) of ca. 18. A
high cross-flow ratio is essential for a good recovery.

The collected permeate (<10 kDa) was ultrafiltered
again, now using a 1 kDa filter. Colloidal material be-
tween 1 and 10 kDa was collected in the retentate
(1.71 l) and the permeate (18.5 l) was collected in a
new container. The permeate and retentate flows were
0.1 and 3 2 l min−1, respectively. Samples of the un-
filtered water and permeate and retentate from both
ultrafiltrations were analysed by ICP-AES.

4. Results and discussion

4.1. Precision and standard deviation of DGT
measurements

The concentration measured by DGT is usually
a mean compiled from at least three parallel DGT

Fig. 2. The grey shaded area represents a direct measurement of the test solution using ICP-AES: the data points are derived from DGT
deployments in the same solution.

devices deployed at the same time. The standard de-
viation of a measurement is then dependent on how
many devices (n) are being used.

Fig. 2 illustrates an example where four experi-
ments were performed with the same test solution.
The Ca concentration in the solution was directly
measured by ICP-AES and is represented by the grey
shaded area. This area could be referred to as the
‘true’ concentration of the solution. Each data point
is an average result from 3 to 4 DGT-units. The av-
erage standard deviation of a single experiment is ca.
2.0% The relative difference between the true con-
centration and the mean DGT response from the four
experiments is 1.8%. The true concentration is also
within the error limit for the DGT response.

Confidence levels of 95% and error limits of 1 stan-
dard deviation are used throughout this article.

4.2. Metal uptake and elution efficiency

As shown in the theory section, quantitative mea-
surement by DGT requires reproducible elution of
metal ions from the resin, independent of concentra-
tions in the bulk solution. Thefe was defined as the
mass of ions extracted from the resin gel expressed
as a percentage of the initial mass loaded on the resin
gel. More than 96% of the total Ca and Mg in solu-
tion was taken up by the resin gel for the experimental
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Table 1
The fe test for Ca

Concentration in
10 ml test
solution (mg l−1)

Uptake (�g) Elution (�g) fe

1.34 0.0129 0.0128 0.99
1.37 0.0132 0.0142 1.07
6.95 0.0688 0.0652 0.95
6.72 0.0668 0.0619 0.93

13.90 0.1296 0.1266 0.98

concentrations, demonstrating that the resin efficiently
binds Ca and Mg within its capacity. Thefe for Ca and
Mg was 0.983± 0.056 and 0.954± 0.065 (Table 1)
and independent of the initial mass loading. The er-
ror limits represent 1 standard deviation obtained from
three replicate determinations.

4.3. DGT performance in synthetic solutions

The time series test for Mg (Fig. 3, Table 2) shows
that the mass accumulated by the DGT devices is linear
for Mg with respect to deployment time. The slope in
Fig. 3 is not a regression line based on the data points,
but calculated (using Eq. (3)) from the Mg concen-
tration (2.0 mg l−1) in the test solution. The slope is,
therefore, an independent prediction of the Ca uptake.
The excellent fit of the data points to this theoretical

Fig. 3. Test of linear uptake: Mg uptake increases with deployment time; Mg concentration in the test solution 2.0 mg l−1; mean values
and error limits of three–five replicate devices are given.

line confirms that the DGT procedure can predict the
concentration in this synthetic solution.

The capacity test for Ca (Fig. 4, Table 2) shows that
uptake is also linear with respect to increased concen-
tration. The slope in Fig. 4 is again independent of
the data points. A saturation point of about 180�g of
Ca is reached. This gives a total of about 9.0 × 10−6

equivalents per DGT-unit. From this value the maxi-
mum advisable deployment time can be calculated in
waters with known total concentrations of the major
cations. If Ca and Mg are to be measured simultane-
ously with trace elements the deployment time is criti-
cal, and will depend on the concentrations of the major
cations in the solution. We assume that as long as sat-
uration has not been reached competition between Ca
and Mg and trace elements is unsignificant. The initial
Na ions will be exchanged first. However, beyond the
point of saturation the calculated concentration for Ca
and Mg will be incorrect. Longer deployment times are
possible in soft waters and shorter deployment times
in waters with higher concentrations of Ca and Mg.
Theoretical maximum deployment times were calcu-
lated for solutions with a range of Ca and Mg con-
centrations (Fig. 5). This show that a deployment in a
fresh water representing the world average (15 mg l−1

Ca, 4 mg l−1 Mg) should be limited to<15–20 h. For
soft waters deployments can go on for several days.
Note that the limitation in deployment time does not
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Table 2
Results from tests with synthetic solutions

Capacity testa Time testb pH testc

Concentration (mg l−1) Ca uptake (�g) Time (h:min) Mg uptake (�g) pH Ca uptake (�g) Mg uptake (�g)

8.04 12.2 2:00 2.54 3.13 7.84 3.86
40.6 66.5 3:58 4.51 4.00 10.1 5.30
75.7 115 15:13 17.38 5.43 12.2 6.16
120 175 20:00 23.4 6.68 12.8 –
162 166
243 143

a Deployment time 2.5 h.
b Mg concentration 2.0 mg l−1.
c Ca and Mg concentrations are 8.0 and 4.0 mg l−1, respectively; deployment time: 2.5 h.

apply to most trace metals as they bind more selec-
tively than Ca and Mg and can replace these cations
from the binding sites on the resin.

Measurements at different pH values show that
DGT performance declines at pH< 5 (Fig. 6, Table 2).
This is due to H+ competing with the cations for the
sites on the resin. Ca and Mg, being fairly weakly
bound to Chelex®100, are exchanged before other
doubly charged cations. The dashed horizontal lines
are independent theoretical predictions (Eq. (3)) based
on directly determined concentrations in the test solu-
tion. The uptake at pH 3.13 was only ca. 61% of the
maximum theoretical uptake for Ca and about 80%

Fig. 4. Capacity test of DGT device: uptake of Ca is linear with increasing concentration until the saturation point is reached; deployment
time is fixed at 2.5 h; mean values and error limits of three–five replicate devices are given.

for Mg. At pH 4.00, the uptake is about 80% of the
total possible uptake for Ca and close to 100% for
Mg. The resin should bind Ca and Mg effectively in
neutral and slightly alkaline solutions.

4.4. DGT performance in a natural matrix solution

The time series tests for the 3 kDa filtered and mod-
ified freshwater sample (Fig. 7, Table 3) show that
the method works equally well in a solution with a
natural matrix and low concentrations of Ca and Mg.
The uptake of both Ca and Mg is linear with time
and the presence of other metals in the solution does
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Fig. 5. Calculated maximum deployment times as a function of different Ca and Mg concentrations at 10◦C, using a diffusive gel thickness
of 0.8 mm.

not seem to have any effect on the uptake. Again, the
two slopes in Fig. 7 are not regression lines based
on the data points but independent predictions calcu-
lated from direct measurements of the solution con-
centrations. These results suggest that all Ca and Mg
in this modified natural solution is present in a form
that freely diffuses into the DGT device.

In an unfiltered natural water where Ca and Mg
may be present as small colloids, which could have

Fig. 6. pH test: dashed horizontal lines shows the maximum theoretical uptake of Ca and Mg by DGT for a 2.5-h deployment time in 8
and 4 mg l−1 dissolved concentrations of Ca and Mg, respectively, at 20◦C and natural pH; mean values and error limits for three–five
replicate devices are given.

Table 3
Results from test with modified freshwater

Time
(h:min)

Mg uptake
(�g)

Ca uptake
(�g)

Calculated
concentration
(mg l−1)

3:05 2.00 4.69 2.27
4:09 2.68 6.33 2.36
4:54 3.26 7.67 2.21
5:59 4.31 9.97 2.15



R. Dahlqvist et al. / Analytica Chimica Acta 460 (2002) 247–256 255

Fig. 7. Test of linear uptake of Ca and Mg by DGT in a modified fresh water: dissolved concentrations 2.2 mg l−1 Ca and 1.1 mg l−1 Mg;
mean values and error limits of three–four replicate devices are given.

passed through the diffusive gel, their diffusion co-
efficients would have been lower than those of the
free cations. In that case, the measured DGT uptake
would have been lower than the total concentration
[10].

4.5. In situ DGT deployment and cross-flow
filtration study of Mg

There was no major loss of Mg during the two
ultrafiltration processes. The recoveries of Mg in the
retentate and permeate for the two filtrations were 0.98
for the 10 kDa filter and 0.97 for the 1 kDa filter.

The results from the ultrafiltration and DGT study
show that the concentration of Mg is notably lower in
the 1 kDa permeate (1.02 mg l−1) than the total con-
centration (1.30 mg l−1) (Fig. 8) and that the concen-
tration measured by DGT (1.05 mg l−1) also is very
close to the concentration in the 1 kDa permeate. There
is, in fact, a statistically significant difference between
the total and<1 kDa concentrations when perform-
ing aZ-test. A slight difference between the total and
<10 kDa concentrations can also be observed. This
difference, however, is not significant.

The excellent correlation between the in situ DGT
and the<1 kDa permeate could imply that there is
no charge balanced retention of dissolved Mg due to
repulsion of SO42− by the filtration membranes as

Fig. 8. Results from DGT deployment and CFF field study:
mean value and error limits of three replicate DGT devices are
given.

previously suggested [4]. Instead, it is reasonable to
assume that the Mg in the 1 kDa permeate is in a form
that freely diffuses into the DGT and that the amount
of Mg retained by the filters may be in the form of
particles and colloidal material.

5. Conclusions

This study has shown that DGT measures accu-
rately Ca and Mg concentration in synthetic solutions,
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where no trace metals are present, using Bio-Rad
Chelex®100 as a binding agent.

Conventional analysis results for Ca and Mg in
<3 kDa filtered and modified lake water (where trace
metals are present) were in excellent agreement with
DGT measurements in the same solution.

Uptake of Ca and Mg on the resin is restricted at
low pH and starts to decline between pH 4 and 5. Ca
seems to be more sensitive to lower pH than Mg.

Finally, a combined ultrafiltration/DGT field study
showed that the concentration measured by DGT
matched the concentration in a permeate solution
produced by an 1 kDa ultrafilter.

Maximum deployment times in fresh waters close
to the world average should typically be restricted to
15–20 h to avoid saturation of the binding sites on the
resin.
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ABSTRACT
A considerable amount of colloidally bound Ca has been detected in water samples from Amazonian rivers and

the Kalix River, a sub-arctic boreal river. Fractionation experiments using several analytical techniques and
processing tools were conducted in order to elucidate the matter. Results show that on average 84% of the total Ca
concentration is present as free Ca. Particulate, colloidal and complexed Ca constitute the remaining 16%, of which
the colloidal fraction is significant.

In both the Amazonian and the Kalix rivers the technique of cross-flow ultrafiltration was used to isolate
particles and colloids. The difference in concentration measured with ICP-AES and a Ca ion-selective electrode in
identical samples was used to define the free Ca concentration and thus indirectly the magnitude of the particulate,
colloidal and complexed fractions. Results from the Kalix and Amazonian rivers are in excellent agreement.
Furthermore, the results show that the colloidal concentrations of Ca can be greatly overestimated (up to 227%)
when conventional analysis and calculation of ultrafiltration data is used due to retention of free Ca ions during the
ultrafiltration process. Calculation methods for colloidal matter are presented in this work, using complementary
data from ISE analysis.

In the Kalix River temporal changes in the fractionation of Ca were studied prior to, during and after a spring-
flood event. Changes in the size distribution of colloidal Ca was studied using FlFFF (Flow Field-Flow
Fractionation) coupled on-line to a HR ICP-MS. The FlFFF – HR ICP-MS fractograms clearly show the colloidal
component of Ca, supporting the ultrafiltration findings of colloidal Ca. During winter conditions the size
distribution of colloidal Ca has a concentration maximum at approximately 5-10 nm in diameter, shifting to smaller
sizes (<5 nm) during and after the spring flood. This shift in size distribution follows a change in the river during
this period from ironoxyhydroxy colloids being the most important colloidal carrier phase to humic substances
during and after the spring flood.

WHAM and NICA-Donnan models were used to calculate the amount of colloidal Ca. The results similar for
both models, show that on average 16% of the Ca may be colloidal, which is in broad agreement with the
measurements.

1. INTRODUCTION
Speciation, bio-availability and mobility of major

and trace elements and organic compounds can be
strongly influenced by colloidal material (Wells and
Goldberg, 1991; Tipping and Hurley, 1992; Benedetti
et al., 1996). The major focus has traditionally been to
study trace elements and their adsorption to organic
and inorganic surfaces present in the water. Our
studies in Amazonian rivers and a sub-arctic boreal
river show that much remains to be understood
concerning the dissolved and colloidal speciation of
the major element Ca and its carrier phases in natural
fresh waters.

Colloidal material is often collected using CFF to
study the distribution of trace elements and organic
matter in natural waters (Guo et al., 1994; Eyrolle et
al., 1996). So far, CFF has mainly been used to collect
marine colloids and there are several evaluations of the
performance of different filtration systems used with
high-salinity waters (Gustafsson et al., 1996;

Greenamoyer and Moran, 1996; 1996; Dai et al.,
1998). Ultrafiltration of fresh waters seems to be more
demanding, and systematic CFF experiments for fresh
waters are sparse (Buffle et al., 1978; Guo et al., 2001;
Larsson et al., 2002). Metal adsorption to a neutral
membrane during ultrafiltration of lake water was
reported by Salbu et al. (1985). This could result in
low recoveries as one potential problem and possibly
question CFF as a method for separating particulate
and colloidal material in natural fresh waters. Another
problem recently proposed about CFF is the retention
of free major ions (Ca, Mg, SO4) (Guo et al., 2001).
This causes a serious problem when handling natural
samples, as no distinction can be made between
retention of free ions and colloids/particles with
conventional analysis. Analysis by e.g. Inductively
Coupled Plasma – Atomic Emission Spectroscopy
(ICP-AES) or ICP - Mass Spectrometry (ICP-MS) is
insufficient to make this distinction, since it only
provides the total concentration for each fraction.
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Thus, the amount of colloidal material in a retentate
solution will be overestimated if significant retention
of free ions occurs.

A technique with good potential for size
fractionation and analysis of colloidal material, where
the pretreatment is both mild and rapid, is Field-Flow
Fractionation (FFF). Colloids are separated according
to their ability to diffuse against a field perpendicular
to the carrier flow. The most appropriate FFF
technique for smaller colloids (1 - 50 nm) is Flow FFF
(FlFFF) where a cross flow provides the perpendicular
field in the separation column (Beckett and Hart, 1993;
Giddings, 1993) and the smallest colloids have the
fastest diffusion rates and are eluted first (Beckett and
Hart, 1993).

A recent study using Flow Field-Flow Fractionation
(FlFFF) to characterize colloidal matter in a creek in
Sweden (Lyvén et al., 2003), showed that a significant
amount of Ca, associated with C-rich material, was
present in the colloidal phase. A clear distinction could
also be made between C-rich and Fe-rich colloids in
the creek water.

When compared to ultrafiltration, FFF has the
ability to describe the nature of colloidal material in
more detail since quantitative determinations for the
continuous size fractionations are possible. CFF, on
the other hand, is restricted to filter membranes with
fixed pore sizes.

In order to determine whether free ions are retained
during ultrafiltration of natural samples, the
concentration of free ions needs to be determined in
the different CFF-fractions (feed, permeate and
retentate). To enable compensation for this artifact,
parallel to using ICP-AES measurements, a Ca ISE
was used to determine the concentration of free Ca
ions in each CFF-fraction during the studies in the
Kalix and Amazonian rivers.

The Amazonian and Kalix rivers are very different
regarding climate, geology, drainage area size,
discharge, topography and many other parameters. By
partly using the same analysis and
fractionation/speciation tools, a comparison between
the two river systems gives an idea of what to expect
on a global scale. Data presented here partly indicate
the same behavior in Ca speciation and fractionation in
the Kalix and Amazonian rivers. A significant amount
of colloidally bound Ca could for instance be detected
in both river systems. In colloidal material Ca may be
adsorbed to negatively charged surfaces of colloids or
bound by fibrillar polysaccharides extracted by algae
and bacteria. A summary on the subject and a
discussion about different types of aquatic colloids and
their behavior is presented in Buffle et al. (1998).

Together the Kalix and Torne rivers form the
largest pristine river system in Europe. During the

winter period the area is covered with snow and ice,
and the spring flood gives rise to a dramatic increase in
water runoff in the river, often by a factor of 20-25 in
volumetric flow over a few days. These are large
variations compared to the two-fold increase of runoff
observed in the Amazon River (Gibbs, 1972). The
origin of the water in the Kalix River also changes
drastically during this period, from consisting mostly
of ground water during winter, to having a large
contribution of meltwater from the snow cover in the
woodland area during peak flood, and finally water
from the mountainous region later during the spring
flood.

This study on calcium fractionation is part of the
'Kalix 2002' project in which we have studied temporal
changes in the geochemistry of colloids in the Kalix
River from winter conditions, through the spring flood
event and into summer conditions. An overview of the
major colloidal carrier phases, major elements and
some of the trace elements associated with the
colloids, as well as background data on discharge and
other significant parameters will be presented in a
separate publication. There will also be papers on the
colloidal geochemistry of the rare earth elements;
carbon speciation in the Kalix River; as well as a
comparison of using the two different techniques CFF
and FlFFF for studies of colloids.

2. METHODS
2.1. Definitions
The many different methods and techniques for
processing, analysis and calculation described in this
article call for short descriptions of the terminology
used and the different fractions handled during sample
treatment.

2.1.1. Methods and units
CFF: Cross-flow filtration. An ultrafiltration method

by which colloidal or particulate material can be
collected and concentrated in a solution. Also
termed tangential flow filtration by some
authors.

FFF: Field-flow fractionation. A membrane-based
chromatography-like technique by which the
continuous size distribution of colloidal material
can be quantitatively determined.

FlFFF: Flow FFF. During the 'Kalix 2002' project the
method of flow FFF (FlFFF) was used. See sect.
2.2.3. for a description of this method.

ISE: Ion-selective electrode. An analysis technique by
which the concentration of free ions is
determined. Theoretically similar to the glass
electrode technique used to measure pH.

Da: Dalton (Da) is a unit equal to the unified atomic
mass unit (u), and is widely used in
biochemistry. Its use is accepted and supported
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although it has not been approved by the Comité
international des poids et mesures (CIPM).

2.1.2. Fractions
Prefiltered: Water passing a 100 µm nylon mesh.
Permeate: The solution which passes through the

membrane during an ultrafiltration. Also termed
filtrate by some authors.

Retentate: The solution collected during an
ultrafiltration in which material larger than the
pore size of the membrane is collected and
concentrated. This material can include both
particles and colloids depending on the pore size
of the filter.

c.f.: Concentration factor (c.f.). This is the ratio
between the initial total volume of a sample and
the volume of the retentate (c.f. = Vtot / Vret). The
number is used to calculate the colloidal or
particulate concentration from the retentate
solution. See section 2.1.3. for methods to
calculate the colloidal concentration.

CFR: The cross-flow ratio (CFR) is calculated by
dividing the retentate flow with the permeate
flow. A CFR >15 has been recommended to
avoid loss of material and low recoveries
(Larsson et al., 2002).

Particles: Material in the size fraction >0.22 µm.
Particles are collected in the retentate fraction
during ultrafiltration using the 0.22 µm filter.

Colloids: Defined here as material between 1 kDa -
0.22 µm for the Kalix project and between 5
kDa - 0.22 µm for the Amazon project. The
colloids are collected in the retentate fraction
during ultrafiltration using the 1 kDa and 5 kDa
filters.

Colloidal carrier phase: Used in this article and
previous work (Lyvén et al., 2003) to distinguish
between different types of colloids, not only by
size fractionation but also by chemical nature,
and to signify how different elements are
associated to these colloids.

Complexed: This fraction is defined here as the
amount of Ca in the 1 kDa (Kalix) and 5 kDa
(Amazon) permeates which can not be detected
by ISE analysis.

Free Ca. This is the concentration of free Ca ions as
measured by ISE.

2.1.3. Calculation methods for the colloidal fraction
Ultrafiltration is used to collect and enrich colloids

in a retentate solution in a controlled fashion for
analysis. The technique is based on the assumption that
only colloids larger than the pore size of the used filter
are enriched and that the matrix of permeable species
remain unaltered, but previous work (e.g. Viers et al.,
1997; Guo et al., 2001) and data presented here

suggest retention of free Ca. Appropriate measures
have to be taken to correct for this artifact.

The normal method to calculate the concentration
of the colloidal fraction is to use measurements by
ICP-AES, or other techniques measuring totals metal
concentrations.

[coll.] = ( [1kDa ret]ICP – [1kDa perm]ICP ) / c.f. (1)

where c.f. is the concentration factor.

c.f. = (retentate vol. + permeate vol.) / retentate vol. (2)

Alternatively, the colloidal concentration can be
calculated using ICP-AES results from the 0.22 µm
permeate and the 1 kDa permeate solutions.

[coll.]1kDa-0.22µm = [<0.22µm] ICP – [<1kDa]ICP (3)

The first two methods have only used results from
ICP-AES analysis to calculate the concentration of
colloidal calcium. In Equation 4, results from both
ICP-AES and ISE analyses in the same <0.22 µm
fraction are used.

[coll.]<0.22µm = [<0.22µm] ICP – [<0.22µm] ISE (4)

Note that this method also includes colloidal and
complexed Ca <1kDa.

Finally, the colloidal concentration can also be
calculated by using ICP and ISE results from the 1kDa
retentate solution.

[coll.]1kDa-0.22µm = ([1kDa ret]ICP – [1kDa ret]ISE) / c.f. (5)

Comparisons between these different methods for
water samples collected in the Kalix and Amazonian
Rivers are presented in Section 3.2. The significance of
the methods will be addressed and recommendations
suggested.

2.2. The 'Kalix 2002' project
The Kalix River in northern Sweden (Fig. 1) is part

of a large pristine river system (Dynesius and Nilsson,
1994) and is classified as a river of medium size in the
boreal zone. The Kalix River is unregulated - no man-
made dams or other constructions influence the water
discharge. The mean annual discharge is 296 m3 s-1

with low flows below 100 m3 s-1 during winter, and
high flows up to 1600 m3 s-1 during spring flood. The
drainage area is 2.4 104 km2 (approximately 5% of
Sweden's land surface area) and stretches from the
river mouth located by the Gulf of Bothnia to the
Scandinavian part of the Caledonian mountain range in
the north-west. About 60% of the water in the nearby
Torne River drains via a bifurcation into the Kalix
River, and together these two rivers constitute the
largest unregulated river system in northern Europe. In
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earlier studies of the Kalix River by ultrafiltration,
indications of two dominant colloidal phases were
found; an organic-rich phase, probably consisting of
humic material, and an Fe-rich (Fe-oxyhydroxides)
inorganic phase (Ingri et al., 2000).

The basement in the catchment can be divided into
two different areas. The Caledonides in the north-west
cover about 5% of the basement and are mainly mica
schist, quartzite and amphibolite (Gee and Zachrisson,
1979). The rest of the basement is Precambrian
bedrock of granitic composition with features of
acidic, intermediate and basic volcanic rocks along
with sedimentary rocks, more or less affected by
metamorphism (Gaal and Gorbatschev, 1987). The
quaternary cover is dominated by till deposited during
the last glacial period which ended ~8,700 years ago in
the area. The till now has a well-developed podzol
profile (Fromm, 1965). Peatland covers about 20% of
the catchment. Some post-glacial sediments are
deposited close to the river and its contributors.
Coniferous forests of spruce and pine cover 55-65% of
the area. The average annual temperature and
precipitation are ~0.2 °C and ~500 mm, respectively.

2.2.1. Sampling
Sampling was performed in the Kamlunge rapids,

close to the river mouth, on 10 occasions from
February to June 2002. Water samples (50 L) were
prefiltered in the field with a 100 µm nylon mesh filter
mounted in a 142 mm Geotech polycarbonate filter
holder, and collected in two 25 L polyethene (PE)
containers. The two exceptions to this are the sample
collected in February when no prefiltration was
performed, and the March sample when a 25 µm
membrane filter cartridge was used for prefiltration.
River water was flushed through the sampling system
for a few minutes in order to condition it and to and
remove possible contaminating particles before any
sample was collected. The containers were thereafter
immediately transported to the laboratory for
ultrafiltration and FlFFF processing. All equipment,
i.e. filter holder, nylon mesh, tubing and containers,
was acid-cleaned in 5% HNO3 for at least 48 hours and
rinsed in ultrapure MilliQ-water (>18 MΩ cm) prior to
use.

Water temperature, pH and conductivity were
monitored in the field during sampling with either with
a Hydrolab® MiniSonde®3 or a DataSonde®4a. The
instruments were carefully calibrated prior to each
sampling, and data was collected for at least 30
minutes.

Prefiltered samples were also collected and
analyzed for total organic carbon (TOC) and
fluorescence (humic substances measured as µg L -1 of
quinine sulphate) at excitation/emission wavelengths
of 350/450 nm (Jasco FP – 777 Spectrofluorometer).

TOC and fluorescence were measured in all permeate
and retentate fractions from ultrafiltrations.

2.2.2. Ultrafiltration
Figure 2a shows the sampling and ultrafiltration

setup used during this study. No samples were drawn
from the permeate or retentate lines during the
ultrafiltration. Instead, bulk samples of permeate and
retentate were collected after completed ultrafiltration.
A Millipore Pellicon®2 acrylic filter holder and a high
performance peristaltic Watson Marlow pump was
used. Three types of Millipore Cassette filters (0.46
m2) were used; 0.22 µm and 1 kDa. On one occasion a
1 MDa filter was used as substitute for the 0.22 µm
filter. The membrane material for the 0.22 µm filter
was polyvinylidene fluoride (PVDF). The 1 kDa and 1
MDa filters were made of regenerated cellulose.

All filters were first rinsed with large amounts of
ultrapure water to remove the organic storage solution.
A complete cleaning cycle was then performed with
base and acid solutions according to the specifications
given by the manufacturer. These solutions were
prepared from ultrapure water, p.a. NaOH and p.a.
HCl. The filters were thoroughly rinsed with ultrapure
water between the base and acid solutions and after the
acid solution. All together, each filter was rinsed with
about 100 L of ultrapure solution before being used.
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Figure 1. The Kalix River catchment in northern Sweden.
Most is situated north of Arctic Circle but no part is within
the permafrost region. One quarter of the area is covered
by wetlands. The sampling station for the 'Kalix 2002'
project, marked by X, is close to the river mouth.
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Each filter was also preconditioned with about 2 L of
sample solution before starting the actual
ultrafiltration. A new cleaning cycle using NaOH and
HCl was then performed before the processing of each
new sample. The filters were stored in air tight plastic
bags in the dark at ~5°C between ultrafiltrations.

The collected water samples (50 L) were
immediately ultrafiltered with the 0.22 µm filter upon
arrival to the laboratory. The retentate solution was
reduced to about 3 L before closing the permeate line.
The 0.22 µm ultrafiltration usually lasted for about 3
hours. The permeate fraction was collected in clean 25
L PE containers.

Roughly 25 L of the 0.22 µm permeate was then
filtered with the 1 kDa filter, (Fig. 2a), and a fraction
of the 0.22 µm permeate was analyzed by FlFFF – HR
ICP-MS. The volume of the retentate solution from the
1 kDa filtration was reduced to about 1.5 L. All
retentate and permeate solutions were sampled for
analysis with ICP-AES and with an ion-selective
electrode for free Ca. The ultrafiltrations described
above of a sample (0.22 µm and 1 kDa) were
completed within 14 hours after collection.

During all ultrafiltrations, the retentate volume was
kept constant at about 4 L until the end of each
filtration when the volume was reduced. This was
achieved by continuously transferring feed solution
from the 25 L container to a 5 L retentate-flask at the
same rate as the permeate flow. This technique makes

the concentration factor increase at a linear rate until
the supply of feed solution runs out after which the
concentration factor increases exponentially.

The settings used during ultrafiltration, including
membrane material, retentate and permeate flow and
mean recoveries for Ca are presented in Table 1. At the
end of each filtration, the retentate solution was
allowed to circulate through the system with the
permeate line closed for 10 minutes to obtain better
recoveries (Benner, 1991). All fractions from the
ultrafiltrations were analyzed for total Ca-
concentration with a ICP-AES (ARL 3560) according
to EPA-method 200.7, and with Ca ISE.

2.2.3. FlFFF-ICPMS
The FlFFF-ICPMS system setup and operating
procedure has previously been described in detail in a
separate publication (Hassellöv et al., 1999). During
the Kalix 2002 project three detectors were used in
series after the FlFFF; a flow-through UV detector
(Jasco UV-975), a flow-through fluorescence detector
(Jasco-FP 920) and finally a high resolution ICP-MS
(ELEMENT, Thermo Finnigan), allowing
determination of elemental composition as a function
of colloid size within 100 minutes. A quantitative on-
channel pre-concentration procedure was used to
enable the injection of an FlFFF sample volume of 45
mL (Lyvén et al., 1997). The FFF channel comprises
an accumulation-wall membrane and a thin mylar
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100µm prefiltration
with nylon mesh

retentate

Field Laboratory

permeate

Sample

Sample

• ICP-AES
• Ion-selective electrode

• ICP-AES
• Ion-selective electrode

Sample       analysis for Ca:

Sample

Sample

Sample

HR ICP-MS

1 kDa

UV FluoFlFFF

KALIX 2002

River
water 0.22 µm

retentate

permeate

Sample

Sample

AMAZONAS 1996

100 kDa

permeate

5 kDa

Sample

permeate
Sample

retentate

Sample

retentate

Sample

Sample

a

b

Figure 2. Schematic set up for the ultrafiltrationsand FlFFF proceessing used during the
‘Kalix 2002’ project (a) and the ‘Rio Purús Cruise’ (b).
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spacer clamped between two PMMA blocks. The
accumulation-wall consists of an ultrafilter membrane
(1 kDa MWCO, Omega, PALL-Filtron).

The entire system has been made virually metal-
free and trace-metal clean techniques have been
employed to avoid metal contamination. The FlFFF
carrier (15 mM NH4NO3, pH 7.0) has been optimized
to resemble the natural chemical environment and to
be compatible with the demands of both the FlFFF
separation and the ICP-MS with respect to ionic
strength and pH. Using NH4NO3 as buffer, instead of
borate/NaCl which was used in Lyvén et al. (1997),
has the advantage of avoiding salt deposits on the ICP-
MS cones, thus minimizing the drop in sensitivity
during a FlFFF-ICP-MS run.

At the FlFFF-ICPMS interface the FlFFF outflow is
acidified and an indium standard is added, by which
the FlFFF outflow is diluted 1:1. The operating
conditions for the FlFFF and ICP-MS are listed in
Table 2. The detection limit for Ca was 2.7 nM (0.11
µg L-1) and for Fe 0.6 nM (0.025 µg L-1).

The Ca and Fe signals obtained from the ICP-MS
were converted to concentration using blanks and
standards prepared in the same matrix as the sample,
7.5 mM NH4NO3 and 1% (v/v) nitric acid. The
concentration versus retention time curve was
integrated to give the total peak area. The area was
then converted to the amount of metal by multiplying
by the flow rate and the dilution factor in the FFF-ICP-
MS interface. The amount of metal found in the
fractionated peaks was then compared with the total
amount of metal injected (sample volume multiplied
by filtered total sample concentration). The total
filtered sample concentration was determined by
measuring an acidified filtered sample. UV absorbance
at 270 nm, Fluorescence at 350/450 nm
(excitation/emission) were used to obtain size
distributions of colloidal C, but the C fractograms were
not quantified.

The raw fractograms (UV, Fluorescence and
elemental concentration as a function of the retention
time) were converted into frequency distributions
against size or molecular weight. Size was estimated as
the hydrodynamic diameter distribution from FlFFF
theory (Giddings et al., 1976; Beckett et al. 1987).

All FlFFF carrier solution reagents used were of
analytical grade dissolved in Milli-Q water. Metal
standards were prepared by dilution of 10 mg L –1

mixed standards (SPEX CertiPrep, Glen Specra
Reference Materials, Stanmore, England) and spikes
from dilution of 1000 mg L-1 stock standard solutions
(Merck). High purity acid was prepared in a clean
laboratory by sub-boiling point quartz distillation of
analytical grade HNO3 (Merck).

2.2.4. Ca ISE measurements
The concentration of free Ca ions was measured

using a liquid membrane (PVC) Ca ion-selective
electrode (WTW, Germany), and a double junction pH
sensor (Polilyte Bridge Lab by Hamilton, UK) as a
reference electrode. The two electrodes were
connected to a digital multimeter which measured the
DC potential (mV) with an accuracy of two decimal
points (±0.01 mV). The multimeter was in turn
connected to a laptop PC equipped with software able
to continuously record data and graphically display the
DC potential. This setup facilitated observation of the
potential readings during measurements. The
temperature of all standard solutions and samples was
allowed to stabilize (~20°C) before any measurements
were started. Samples were collected in acid-washed
250 mL PE plastic bottles with wide necks to allow
both sampling and measurement in the same bottle. All
measurements were performed while stirring with a
teflon coated magnet. The data recording software was
set to register the potential every two seconds and was
started as the electrodes were lowered into the
solution. When a stable potential was observed
(usually after 3-4 min), a minimum of 30 data points
were collected for each standard or sample . An
average concentration and standard deviation were
calculated from these data. Figure 3 shows typical
calibration curves for the ISE. Solid Ca(NO3)2 (p.a.)
and ultrapure water was used to make 5 standard
solutions ranging from 20 to 875 µM. The average
standard deviation (1σ) of a sample measurement was
~3%.
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2.2.5. Modelling of Ca in the Kalix river
Calcium speciation in the Kalix river samples was

modelled using the Windermere Humic Acid Model
(WHAM), version 6.0.6 (Centre for Ecology and
Hydrology, NERC, UK). This software uses Tipping's
Model VI for humic substances (Tipping, 1998)
together with the SCAMP model for adsorption on
colloidal and particulate oxides (Lofts and Tipping,
1998).

The modelling included all elements whose total
concentrations exceeded 1 µM in any sample taken:
Al, C, Ca, Fe, K, Mg, Na, S (although Si
concentrations also exceeded 1 µM, its calculated
particulate and colloidal concentrations were found to
be indistinguishable from zero, and WHAM does not
include dissolved Si species). For humic substances,
we assume the <1 kDa-fraction to be fulvic acid and
all other humic substances (i.e. >1 kDa) to be humic
acid. As an initial assumption, we followed Tipping's
recommendation (Tipping, 1996) that 50% of the
measured organic carbon comprises humic substances,
and that these humic substances contain 50% by
weight carbon. However, it is clear from our
measurements that the proportion of total organic
carbon, as estimated by fluorometry, is considerably
smaller in the fulvic (<1 kDa) fraction (Fig. 4). We
have therefore carried out a second set of calculations
where humic substances (as humic acid) are assumed
to constitute 75% of the organic carbon >1 kDa, while
humic substances (as fulvic acid) constitute 50% of the
organic carbon <1 kDa. This is consistent with the
values shown in Figure 4, and also with Tipping's
recent suggestion that 70% humic substances may be a
more appropriate number for fresh water organic
carbon (Tipping, personal communication). The in situ
pH-values measured when the samples were taken
were corrected to laboratory temperature (20°C)
assuming that both the river when sampled and the

solutions measured in the laboratory were in
equilibrium with atmospheric CO2 (360 µatm). This
resulted in small positive corrections to the pH
(maximum 0.1 pH unit for the coldest sample). The
concentrations of particulate and colloidal aluminum
and iron oxides were converted from molar to weight
units using the formula weights, 61 g mol-1 (Al) and 90
g mol-1 (Fe), which are given in the WHAM manual.

Free calcium concentrations were measured in three
filtered fractions: prefiltered (<100 µm), 0.22 µm
permeate, and 1 kDa permeate. Each of these three
fractions was modelled using WHAM. From the
concentrations measured in each of the above three
fractions, two further quantities can be calculated by
difference:
• Particulate = [prefiltered] – [0.22 µm permeate]
• Colloidal = [0.22 µm permeate] – [1 kDa

permeate]

Table 3 shows how the input concentrations for
each WHAM calculation have been defined from these
quantities.

2.3. Purús/Amazonas – 1996
The Amazon River ranks first among the world

rivers due to its drainage area of 6 106 km2 and its
yearly discharge of 5.5 109 m3yr-1. It represents about
20% of the world fresh water flux from land to ocean
(Molinier et al., 1997). Dissolved and particulate
fluxes carried by the Amazon River are therefore of
utmost importance in biogeochemical cycling between
land and ocean.

The largest tributaries contribute with 90% of the
Amazon discharge or actual drainage area. Tributaries
of the Amazon River exhibit a range of chemical
characteristics. They have long been classified into
three types on the basis of their appearance as "white
waters", "clear waters" and "black waters" (Gibbs,
1972). The Rio Solimões and Rio Negro combine at
Manaus to form the Amazon River. The "black waters"
from the Rio Negro are relatively acid (pH < 5), low in
total cations and rich in dissolved organic carbon. The
"white waters" from the Rio Madeira, Rio Purús and
the Rio Solimões show a near neutral pH and are
relatively rich in total cations and in suspended
particulate matter. In the Rio Solimões, the clay
minerals of the river suspensions consist of smectites,
illite and a minor amount of kaolinite, which are also
present in the floodplain sediments, together with
quartz and Na- or Ca-plagioclases, and in the Rio
Negro kaolinite dominates the clay fraction of the
suspension.

2.3.1 Sampling
Samples were taken during the 'Rio Purús Cruise'

from the HiBAm project in October 1996. This cruise
took place during a falling stage with low discharges in
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the Rio Purús and the Amazonian rivers (Fig. 5).
Samples were taken along the Rio Purús (D2, D3 and
D8) until the confluence with the Rio Solimões.
Samples were taken in the Rio Solimões (D11) at the
Manacapurù station, Rio Negro (D12) at Paricatuba
station, Rio Madeira (D15), Rio Trombetas (D18) at
Oriximina and for the mixed sample on the Amazon
(D19) at the Òbidos station. The Tapajos River (D20)
was sampled at Alter do Chão and the Amazon 50 km
downstream from this station at Taperinha (D21) (Fig.
5). Discharges at the sampling locations were
measured with an Acoustic Doppler Current Profiler
(ADCP, with a 10% reproducibility) (Guyot et al.,
1998).

2.3.2. Ultrafiltration
Surface water samples (0 - 0.5 m) were taken and

treated on board with sequential CFF (Ultrasart from
Sartorius). For each sample: 50 L of water were
filtered using clean ultrafiltration membranes with
molecular cut-offs of 0.22 µm, 100 kDa and 5 kDa
(Fig. 2b). All membranes were cleaned in the lab with
50 L of Milli-Q ultra pure water (Millepore®). The
first 5 L of sampled water were systematically
discarded to prevent sample contamination during the
filtration. Calculations for Ca indicate good recoveries.
Detailed descriptions of mass balance calculations can
be found in Hoffman et al. (1981). Organic carbon
(OC) and Ca concentrations were measured in: (1)
bulk untreated water, (2) in each retentate fraction and
(3) in all successive permeates. Ca was determined by
ICP-AES with a detection limit of 5 µM. TOC and
dissolved organic carbon (DOC) concentrations were
measured with a Dorhman DC analyzer as described
by Patel et al. (1999).

2.3.3. Ca ISE measurements
Once samples were collected or ultrafiltered, the

free Ca ions were measured on board using a Ca ion-
selective electrode (Orion, 93-20), and a Metrohm
reference electrode (6.0733.100). The two electrodes
were connected to a digital pH meter (WTW, pH 196)
reading in mV with an accuracy ±0.1 mV. The ion-
selective electrode was calibrated every day (Fig. 3).
The temperature of all standard solutions and samples
was allowed to stabilize (~25°C) before any
measurements were started. Samples were collected in
acid washed 50 mL HDPE plastic bottles with wide
necks, and all measurements were performed while
stirring with a teflon coated magnet. For each standard
or sample, when a stable potential was observed
(usually after 5 min) the reading was taken. An
average concentration and standard deviation was
calculated from these data. Figure 3 shows all
calibration curves for the ISE. Solid Ca(NO3)2 (p.a.)
and ultrapure water were used to make three standard
solutions: 0.1, 1 and 10 mM Ca.

2.3.4. Modelling Ca in the Amazonian rivers
DOC concentrations converted into amount of

fulvic acid expressed in kg/L as well as the free
calcium concentration measured by the ISE in the 5
kDa permeate (<5 kDa) were used as input to the
model. It was assumed, that only 70% of the total
amount of fulvic acid was reactive. Competition
between Fe, Al and Ca was taken into account as well
as the effect of Al and Fe on the over all charge of the
organic matter and thus their effect on the non specific
binding of Ca (i.e. electrostatic) to the organic matter.
The total amount of Fe and Al in the fraction below
0.22 µm was used as input values for the model
calculations (data in Benedetti et al., 2003). 50% of the
total Fe and Al concentrations in the bulk samples
were used when calculations were made for samples
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D12 and D18. This choice is based on the distribution
data of both elements previously discussed in Allard et
al. (2002). They showed that for those rivers 50% of
the Fe and Al in the particulate fraction are probably
associated to organics. A Donnan model was used to
account for the electrostatic effects during the binding
of Ca (Benedetti et al., 1996, Kinniburgh et al., 1999)
in combination with the NICA isotherm for the
specific binding to carboxylic and phenolic type
groups (Kinniburgh et al., 1999). The recently
published databases (Milne et al., 2001 and 2003) and
the associated parameters for the NICA-Donnan model
were used for the speciation calculation except for Al.
For the later, parameters from Pinheiro et al. (2000)
were used.

3. RESULTS AND DISCUSSION
3.1. ICP-AES and ISE concentrations in bulk water
from the Kalix and Amazonian Rivers

Analyses with ICP-AES and ISE in unfiltered and
prefiltered water from the Kalix and Amazonian (Tab.
4 and 5) rivers first of all show that the two analysis
techniques render different results. About 16% of the
total Ca can not be accounted for by the ISE analysis.
Secondly, the results from the Amazonian and Kalix
rivers show a significant correlation with one another
(Fig. 6). All data from both river systems (with one
exception from the Kalix River) show that on average
84% of the total calcium is present as free Ca (r2 =
0.97).

Further investigations using other methods are
necessary in order to determine how this non-free
calcium is transported. Cross-flow ultrafiltration (CFF)
is the most commonly used method to collect and
quantify colloidal material. However, for Ca it has
been shown that free ions are retained during
ultrafiltration (Guo et al., 2001). This makes the
distinction between free Ca ions and colloidal Ca
impossible without using ISE analysis (see discussion

in introduction). A thorough investigation of how Ca
behaves during ultrafiltration, and how retention of
free Ca ions should be corrected for during calculation
of colloidal concentrations are therefore also presented
in this paper. FlFFF has been used as independent
method to establish whether the non-free Ca is of
colloidal nature in the Kalix River samples, and the
results from the CFF and FlFFF measurements are
discussed in Section 3.3.3.

3.2. A calculation exercise for colloidal Ca, and
results from the Kalix and Amazonian Rivers

Figure 7 shows results from two ultrafiltrations
performed on Kalix River water on May 21 2002. As
can be seen in the retentate fractions, far from all
enriched Ca is larger than the pore size used. A
considerable amount of free Ca is also enriched in both
retentates.

If the colloidal concentration is calculated with
Equation 1 using only results obtained from the ICP-
AES analysis, the result will be an overestimation of
colloidal Ca. To illustrate the problem, the four
different calculation methods for colloidal Ca (Sect.
2.1.3.) are performed below with data from the sample
collected on May 21.

First, Equation 1 is used to make a conventional
calculation of colloidal material between 1 kDa and
0.22 µm (ICP-AES results from the 1 kDa
ultrafiltration, Fig. 7). The concentration factor for this
particular filtration was 9.25.

[colloidal]1kDa-0.22µm = ( 232 – 35 ) / 9.25 = 21 µM
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With Equation 3 the colloidal concentration is
calculated as the difference in concentration between
the 0.22 µm and 1 kDa permeates.

[colloidal]1kDa-0.22µm = 44 – 35 = 9 µM

However, this calculation is uncertain since the two
concentrations used for the determination are not
statistically different (within standard deviations of
each other). This approach is therefore not
recommended in this particular case.

Equation 4 uses the difference in concentration
measured with ICP-AES and ISE in the 0.22 µm
permeate. This calculation of colloidal Ca also
includes complexed Ca in the 1 kDa permeate.

[colloidal]<0.22µm = 44 – 38 = 6 µM

As with Equation 3, this calculation is also uncertain.
The two numbers used are close and not statistically
different.

The last method (Eqn. 5) Uses the difference in
concentration measured with ICP-AES and ISE in the
1 kDa retentate, divided by the concentration factor.

[colloidal]1kDa-0.22µm = ( 232 – 99 ) / 9.25 = 14 µM

In the case of May 21, the result of the conventional
calculation (Eqn. 1) is 133%, 250% and 50% higher
than the results obtained using Equations 3, 4 and 5,
respectively.

The colloidal concentrations of calcium in the Kalix
and Amazonian rivers have been calculated using the
four different equations defined in section 2.1.3 and
demonstrated above. The colloidal fraction in the
Amazonian rivers is defined as material between 5 kDa
- 0.22 µm, instead of 1 kDa - 0.22 µm as for the Kalix
data. The results displayed in Figure 8 show that with
Equations 1 and 3, and to some extent Equation 4, the
Ca associated with the colloidal phase is overestimated
compared to results obtained with Equation 5, which
should be the most robust and reliable method. This is
true both for temporal variations (Kalix River, Fig. 8a)
and for geographical variations (Purús/Amazonian
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equations defined in Section 2.1.3.
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rivers, Fig. 8b). The results presented in Figure 8
emphasize the necessity to correct for retention of free
Ca ions during ultrafiltration when calculating the
colloidal concentration.

It is important to perform a calculation of recovery
or mass-balance in order to verify the integrity of the
calculated results. Average ultrafiltration recoveries for
Ca from the Kalix River are listed in Table 1, and from
the Amazonian rivers in Table 4.

3.3. Kalix River
3.3.1. Geochemical variations during the spring-
flood event

The Ca concentration and water discharge during
winter flow is mainly governed by the inflow of
groundwater. In late April and early May the snow
melts in the woodland area and maximum spring flood
usually occurs in mid-May. In 2002 the water
discharge increased from a minimum value of 71 m3 s-1

in mid-April to maximum flow of 1640 m3 s-1 in early
May (Fig. 9). The total Ca concentration decreased
from 156 µM (April 9, Table 5) to 56 µM on May 6,
due to the dilution of base flow water with melt water
percolating through the upper soil layers. At the same
time, the TOC concentration increased from about 0.20
to 0.75 mM. This means that the TOC-flux increased
more than 80 times from ~15 Mg day-1 to ~1.3 Gg day-

1. The pH-value is closely correlated to the TOC
concentration and drops about 1 unit during maximum
spring flood, due to the presence of acid organic
material.

3.3.2. Retention of free Ca during ultrafiltration
Figure 10 shows Ca concentrations measured with

ICP-AES and ISE in prefiltered water and <1kDa
permeate during the sampled period. The ICP-AES
analysis of the <1kDa permeate is generally lower than
the ISE result from the prefiltered sample, which
indicates that free Ca ions are retained during
ultrafiltration.

Results from the mid-winter sample in February
indicate that no measurable amount of colloidal Ca is
present. Since no colloidal material seems to be
present (identical ISE and ICP-AES results for the
prefiltered water and <1 kDa permeate, Fig. 10), the
difference in concentration between the prefiltered
water and the <1 kDa permeate (∆ Conc. ~ 27 µM) is
an artifact from the ultrafiltration, where free Ca is
enriched in the retentate, and hence lost from the
permeate. ICP-AES and ISE analyses of the 1kDa
retentate solution support this theory since no
significant colloidal material can be found in this
fraction either. Approximately 20% of the free Ca was
retained during this particular ultrafiltration, where the
concentration factor was 11.80 and the filtration
settings as described in Table 1.

The concentration in the a permeate solution can at any
time be predicted using Equation 6,

ln Cp = ln ( Pc x Cf
0 ) + ln( c.f. ) x ( 1 – Pc ) (6)

Figure 9. Changes in major parameters during winter flow, spring flood and summer flow in the Kalix
River.
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where Pc is the permeation coefficient ( Cp / Cf ), Cp

and Cf are the concentrations in the permeate and feed
solutions, Cf

0 is the initial concentration of permeable
species in the feed solution and c.f. the concentration
factor (Logan and Jiang, 1990; Kilduff and Weber,
1992; Logan, 1999).

The ratio between [Ca2+] measured with ISE in
permeate and retentate solutions (Cp / Cr) after a
completed ultrafiltration can be considered as an
average Cp / Cf ratio. The permeation coefficient of
0.85 reported for Trinity River water in Guo et al.
(2001) is close to the Cp / Cr ratios 0.81, 0.74 and 0.83
measured in this study during winter flow from
February to early April when concentrations of organic
carbon were low (Fig. 9).

The Ca2+/Catot ratio decreases from close to 1.0
during February and March to between 0.6-0.8 during
the spring flood. The permeation coefficient of free Ca
also decreases from about 0.8 to between 0.2-0.6 with
the lowest value during maximum discharge when the
TOC concentration reaches its peak. When the spring
flood starts, the fractionation of Ca changes and ISE
results from prefiltered samples are significantly lower
than ICP-AES measurements. This indicates that there
is a colloidal fraction of Ca present.

3.3.3. FlFFF results
The CFF results showing a colloidal fraction of Ca

(Section 3.2) were verified by FlFFF – HR ICP-MS
measurements. Figure 11 shows FlFFF – HR ICP-MS
fractograms for Ca, C and Fe in samples from April 9
(winter conditions in the Kalix River), May 1 (spring
flood event) and May 21 (after the spring flood event).

The geochemical changes in the river during the
transition from winter to summer conditions are clearly
seen when looking at the fractograms of the colloidal
carrier phases, and the fractionation of Ca and other
elements associated with the colloids show
corresponding shifts in size distribution (Fig. 11). The
indications of two separate colloidal carrier phases, Fe

(iron oxyhydroxides) and C (humic substances), in the
Kalix River has been discussed previously (Ingri et al.
2000). Organic (humics) and inorganic (Fe-rich)
colloidal carrier phases have also been identified in
other freshwaters along the Swedish west coast. The
association of trace elements with these carrier phases
has been investigated in more detail in Lyvén et al.
(2003). The fractionation of Ca and other elements
associated with the colloids show corresponding shifts
in size distribution. Organic (humics) and inorganic
(Fe-rich) colloidal carrier phases have also been
identified in other freshwaters along the Swedish west
coast. The association of trace elements with these
carrier phases has been investigated in more detail in
Lyvén et al. (2003).

The FlFFF – HR ICP-MS results support the CFF
findings that there is a colloidal fraction of Ca (Fig.
11). During winter conditions the size distribution of
colloidal Ca is quite broad and correlates poorly with
humic substances. However, during and after the
spring flood event the size distribution of colloidal Ca
follows that of C (shown by the UV-signal). The
colloidal concentration of C peaks at maximum flow
during the spring flood and the same can be seen for
Ca, although the colloidal Ca concentration does not
decrease as much after the spring flood compared to C.
Evidence of colloidal Ca, associated more strongly
with C than with Fe, was also found in the study by
Lyvén et al. (2003).

It is important, however, to interpret correlations
between CFF and FlFFF estimates of colloidal
concentrations with some caution. Ca can be
associated with humic colloids through two different
mechanisms: specific binding to humic ligand groups,
and non-specific accumulation of Ca, as a charge-
balancing ion, in the diffuse layer surrounding the
humic colloid. Both the WHAM and NICA-Donnan
models distinguish explicitly between these two
association mechanisms, although the terminology is
somewhat different. CFF, which works in a largely
constant ionic medium, should retain both classes of
colloid-associated calcium in the retentate. FlFFF, in
contrast, involves exchange of the sample’s ionic
medium for ammonium nitrate during the equilibration
and elution stages. There is therefore a possibility that
non-specifically bound Ca in the colloids’ diffuse layer
can be replaced with ammonium during these stages,
with the result that FlFFF data would indicate lower
colloidal Ca concentrations than CFF. Replacement of
specifically bound Ca with ammonium is assumed to
be unlikely over the relatively short time scale
involved.

3.3.4. Ca fractionation
Calculations of the Ca-fractionation in 10 water

samples are presented in Figure 12 and Table 5. These
calculations are derived from direct analysis (with
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ICP-AES and ISE) combined with results from
calculations defined in section 2.1.3. The concentration
of free Ca (light grey) is measured with ISE in
prefiltered samples. Complexed Ca (medium grey) is
defined as the difference between ICP-AES and ISE in
the 1 kDa permeate. The colloidal fraction between 1
kDa - 0.22 µm (dark grey) is the difference between
ICP-AES and ISE in the 1 kDa retentate divided by the
concentration factor (Eqn. 5). The particulate
concentration (black) is the difference between the
concentration measured with ICP-AES in the
prefiltered sample and the 0.22 µm permeate, and
adjusted for retention of free Ca in the 0.22 µm
retentate. According to these calculations, free Ca is
the dominant species during base flow in winter before
the spring flood. However, a significant difference can
be observed between the ICP-AES and the ISE
analyses in the prefiltered water collected on April 9
(Fig. 10). This is clearly before the spring flood and
discharge has not yet started to increase and results
similar to the ones from February and March were
expected. The break-up of the ice cover in early April
is a possible explanation for the particulate and/or

colloidal fraction detected on April 9, since large ice
floes have the ability to create turbulence and stir up
material from the river bed. A distinct peak in
complexed Ca (light grey) is seen just before the
spring flood starts. During the spring flood, the
dominance of free Ca decreases and the presence of
both colloids and complexed Ca is apparent.

The particulate Ca concentration (0.22 - 100 µm) is
fairly constant (~5 µM) throughout the period and
always below 10% of the total concentration.

A dramatic change in fractionation can be observed
in the sample collected in June. The [Ca2+]free/[Ca]tot

ratio, which is close to 1.0 during winter, drops sharply
from 0.70 on May 29 to 0.23 on June 25 (Fig. 10, Tab.
5). Thus the free Ca species would no longer be the
dominant fraction of the total concentration. It should
be noted, however, that recoveries for Ca were only
85% on June 25. Therefore great caution should be
used when interpreting this data point.
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3.4. Modelling
3.4.1. Modelling of Ca in the Kalix River

Modelling of the prefiltered samples showed that
WHAM seriously underestimated the concentrations of
particulate Ca, which is interpreted to mean that
particulate Ca is present in forms other than adsorbed
onto to particulate humics and aluminium and iron
oxides. Since ISE measurements show very similar
free Ca concentrations in the prefiltered samples and
the 0.22 µm permeates, the nature of the particulate Ca
was not felt to be relevant to this study and was not
pursued further.

Modelling of the 0.22 µm permeate (Fig. 13a)
shows reasonable agreement between the WHAM
calculations of free Ca and the ISE measurements,
with the notable exception of June 25, where only a
low proportion of the total Ca was measurable by ISE.
The result is little changed by assuming 75% rather
than 50% humic acid in the >1 kDa TOC. A similar
pattern emerges from the 1 kD permeate (Fig. 13b),
except that there is now also a significant difference
between WHAM calculations and ISE measurements
on April 24.

These results indicate that the free Ca
concentrations measured with the ISE are broadly
comparable with thermodynamic speciation
calculations with the WHAM model, with the notable
exception of June 25.

3.4.2. Modelling of Ca in the Amazonian rivers
The accuracy of the colloidal Ca concentrations in

the different Amazonian rivers (Fig. 5) has been
controlled by modelling the Ca speciation in the
different river water samples. Here, the free calcium is
used as input value to calculate the total amount of Ca
in the fraction below 0.22 µm, and to estimate the
amount of colloidal Ca in this fractions. The later can
then be compared to the measured colloidal Ca. The
results of the calculations are shown in Figure 14, and
the calculated values are in very good agreement with
total calcium concentrations measured by ICP in the
fraction below 0.22 µm (Fig. 14a). This validates the
modelling approach used here and the hypothesis made
for the calculations. The calculated calcium
fractionation is very similar for the different
Amazonian water samples. Free calcium represents 80
to 96 % of the total Ca in the bulk water and the rest
corresponds to calcium diffusely bound (i.e. in the
Donnan phase) to the organic matter. Calcium specific
binding to carboxylic and phenolic type groups always
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represents less than 0.13% of the total calcium
concentration in the fraction below 0.22 µm. This
result is similar to the findings of Dupré et al. (1999)
who showed with Sr isotopic measurements that below
0.22 µm Sr was totally present in an exchangeable
form. The calculations show that the complexed
fraction is probably negligible in most cases. The
amount of colloidal Ca calculated with the model is
also in very good agreement with the amount of
colloidal Ca calculated earlier with Equation 5 (Fig.
14b). This result shows that this calculation method is
robust and that the other methods will overestimate the
amount of Ca because they probably take into account
Ca that is artificially concentrated by the ultrafiltration
process (Guo et al., 2001). The conclusion drawn from
the model calculations, that Ca is mainly bound into

the Donnan phase (i.e. electrostatic binding), is also
supported by the fact that the amount of colloidal Ca
decreases as the conductivity increases (Fig. 14b). It
was shown by Kinniburgh et al. (1999) that when the
ionic strength increases, the screening potential of the
solution increases and the electrostatic contribution to
the over all binding decreases. Moreover, as ionic
strength increases the organic matter may undergo
aggregation as shown for polymer gels (Chin et al.,
1998) and proposed by Benedetti et al. (1996). It
reduces the amount of Ca in the Donnan gel and
therefore in the colloidal phase as shown in Figure 14b
for measured colloidal Ca.

We state here that significant quantities of colloidal
Ca in organic rich rivers (10 to 25%) can be detected.
This colloidal calcium may promote the aggregation of
the dissolved organic matter, as reported for marine
aggregates by Chin et al. (1998). This is especially
important for dissolved organic carbon budget of the
Amazon in the mixing zone (between sample D11 and
D19) where low conductivity, organic rich water (D12)
meets high conductivity, calcium rich water (D11). It
was shown that during this mixing process 1.9 Tg of
DOC was lost per year (Aucour et al., 2003) part of it
may have been promoted by the colloidal Ca evidence
here.

3.4.3. Comparison of modelling in the Kalix and
Amazonian rivers

Since different speciation models have been used in
connection with the Kalix and Amazon data, we have
compared the results of these modelling approaches on
individual samples from each area (not given here).
We find that the two models are in excellent agreement
in respect of the calculated fraction of free Ca,
although there are differences in the calculated
distributions of Ca between different mechanisms of
binding to humic substances.

4. CONCLUSIONS
Analysis of unfiltered and prefiltered samples from

the Amazonian and Kalix rivers using ISE and ICP-
AES were in excellent agreement, and show that a
significant amount of Ca, besides free Ca and
particulate Ca, is present. Further analysis with ISE
and ICP-AES of solutions from ultrafiltrations reveal
that colloidally bound Ca actually is retained and
detected. In agreement with previous studies, a
significant amount of free Ca is also retained together
with the colloidal material. Results with a correlation
coefficient of r2=0.97 suggest that on average 84% of
the total Ca is free Ca.

Both the CFF and FlFFF methods independently
show that colloidal Ca is present in the Kalix River.
FlFFF measurements show that Ca associates more
strongly with carbon-rich colloids than with iron-rich
colloids.
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The properties of colloidal material in fresh waters
are still largely unexplored. While it is known that
organic matter is an important carrier phase for metals,
quantitative descriptions are hampered by the lack of
information on the nature of the organic colloidal
material. Here, for instance, it has been shown that the
character of DOC in the Kalix River varies with size,
material with low molecular weight having a
significantly lower fluorescence response per mole of
carbon than organic matter passing a 0.2 µm filter.
This indicates a significant difference in composition
and structure, which can be expected to result in a
different capacity for binding metals.

It has been shown previously that for a purified
fraction of organic matter (humic substances), the two
modelling approaches give similar results (Christensen
et al., 1998). Here, we show that for natural dissolved
organic matter the two models also predict the same
amount of colloidal Ca although different assumptions
are used for each model. This confirms the robustness
of the two models and validates their use to obtain
information on the speciation of chemical elements in
complex geochemical environments.

The approach of using an ion-selective electrode in
combination with conventional ICP-AES analysis adds
a new dimension to the interpretation of ultrafiltration
data. For Ca it has now been shown that dissolved ions
as well as colloidal material can be enriched in the
retentate fraction during ultrafiltration. By using the
conventional method to determine the colloidal
concentration, it is assumed that only species larger
than the membrane pore size are affected by retention.
This is not the case. Without appropriate corrections,
based on ISE information (or equivalent), the amount
of colloidal Ca can be greatly overestimated.

Assessment of how other elements behave during
ultrafiltration requires reliable data of the free ion
concentrations. The use of ISE might be a step in the
right direction, but it is still too early to conclude
whether the retention of free ions during ultrafiltration
is restricted to Ca or if a general problem exists.
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APPENDIX. TABLES

Table 2.

Fractionation conditions and ICP-MS instrument operating parameters
for flow FFF ICP-MS.
Flow FFF conditions:

Channel dimensions (cm) 27.0 x 2.0 x 0.0185
Channel volume (mL) 1.0
Channel flow rate (mL/min) 0.5 ± 0.01
Cross flow rate (mL/min) 3.0 ± 0.1
Relaxation time (s) 60
UV wavelength (nm) 270
Fluorescence wavelengths (nm) 350 / 450

ICP-MS (Thermo Finnigan ELEMENT 1) instrument settings

and operation parameters:

RF generator frequency (MHz) 27
RF power (W) 1500 (variable)

Cool gas flow rate (L/min) 15 (variable)
Auxillary gas flow rate (L/min) 1.0 (variable)
Sample gas flow rate (L/min) 1.2 (variable)

Ion lens settings Adjusted for maximum signal intensity
Torch Fassel torch
Nebulizer Burgener mira mist
Spray chamber Scott type
Sample cone Nickel, 1 mm orifice diameter
Skimmer cone Nickel, 0.7 mm orifice diameter

Sample takeup rate (mL/min) 1.0

Table 1

Ultrafiltration settings during the 'Kalix 2002' project.

Filter type Material Retentate
flow

Permeate
flow

CFR Average
c.f.

Average Ca
recovery

Double 0.22 µm PVDF 7.8 L/min 250 mL/min 31 16.1 0.95 (n=7)

Double 1 kDa Regenerated
cellulose

4.0 L/min 75 mL/min 53 9.6 0.82 (n=10)

Single 1 MDa*
Regenerated
cellulose 4.8 L/min 250 mL/min 19 16.9 0.93 (n=1)

*Used once on May 6 as replacement for 0.22µm filter.
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Table 5

Fractionation results from ultrafiltrations the Kalix 2002 project. Conc. in µM.

Free Ca Complexed Colloids Particles Sum [Ca]Tot Sum / [Ca]Tot

12 feb 141 (98)1 n.d. 1 (0.9)2 1 (0.9)2 144 144 100 %

11 mar 145 (90) 11 (7.0) 4 (2.8)3 n.d. 161 144 112 %

9 apr 126 (82) 10 (6.8) 3 (2.3) 13 (8.5) 153 156 98 %

24 apr 97 (69) 41 (29) 3 (2.5) n.d. 141 141 100 %

1 may 49 (90) n.d. n.d. 5 (10) 54 62 87 %

6 may 45 (68) 9 (13) 8 (13)4 4 (5.7)4 65 56 116 %

15 may 50 (74) 5 (7.3) 9 (13) 4 (5.8) 68 68 101 %

21 may 43 (58) 13 (17) 14 (19) 4 (5.7) 74 73 102 %

29 may 64 (59) 27 (25) 14 (13) 4 (3.9) 110 91 120 %

25 june 21 (26) 37 (45) 18 (23) 4 (5.5) 81 95 85 %

n.d.=no detection.   1. (xx) Percentage of sum.   2. 1µm filter used instead of 0.22µm.
3. 25µm filter used instead of 0.22µm.   4. 1MDa filter used instead of 0.22µm.
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ABSTRACT
The speciation and fractionation of the rare earth elements (REE) have been investigated in a sub-Arctic

boreal river during a spring flood event using prefiltered (<100 µm) samples, cross-flow (ultra)filtration
(CFF), flow field-flow fractionation (FlFFF), and diffusive gradients in thin-films (DGT). Results indicate that
the REE mainly are transported in the particulate phase, defined as >0.22 µm. For La an average of 82% of
the total amount was retained in the fraction >0.22 µm while ~2% could be detected in the fraction <1 kDa,
suggesting a colloidal fraction(1 kDa - 0.22 µm) of ~16%.
Both particles and colloidal material from CFF processing show a significant increase in concentration
during spring-flood, whereas the permeate fractions <10 kDa and <1 kDa only show small variations in
concentration. Colloidal material determined with FlFFF also show a significant increase during spring flood,
and that different carrier phases exists for the REE on a temporal scale.
REE concentrations in prefiltered water samples, CFF fractions, DGT samples, and from FlFFF experiments
were normalized to a local unweathered till composition. All normalized REE patterns show a shift towards
light REE (LREE) enrichment at peak spring flood, but relatively flat patterns during winter and summer.
The findings presented here suggest that there are two sources of REE associated to particulate and colloidal
material in the river; one type dominate during winter and summer, and the other during spring flood.
FlFFF results indicate that the REE are associated with Fe-oxyhydoxides during winter when REE patterns
are flat, and that organic material dominates during spring flood when a shift towards LREE enrichment is
observed.
A comparison between results from DGT deployments and CFF experiments performed in this and earlier
studies suggests that the REE might be fractionated during ultrafiltration, creating a HREE enriched pattern
in permeate fractions.

1. INTRODUCTION
The dominant source for the REE in seawater is continental,
and river transport of REE is thus important for
understanding the geochemical cycle of the REE. River
transport and composition of REE have been studied by e.g.
Goldstein and Jacobsen (1987, 1988), Elderfield et al.
(1990), Sholkovitz (1995) Ingri et al. (2000), and Tang and
Johannesson (2003).
There is a significant fractionation of the REE entering the
ocean relative to continental crust sources, caused by a
number low temperature geochemical processes during
weathering and transport of the REE (Öhlander et al., 1996;
Viers et al., 1997; Land et al., 1999; Ingri et al., 2000;
Andersson et al. 2001). Studies of weathering in different
climates (Balashov et al., 1964; Floss and Crozaz, 1991)
have shown that the REE are mobile. It has also been
demonstrated that the REE are fractionated during
mobilisation in soil profiles in temperate regions (Öhlander
et al., 1996), so that the light REE (LREE) are released to a
higher extent than heavy REE (HREE). This elemental
fractionation is suggested to be caused by selective
weathering of minerals in the upper part of soil profiles, and
is reflected in the river transport of the REE (Ingri et al.,
2000; Andersson et al., 2001). Besides selective weathering,
fractionation may also occur during aqueous transport,
where the REE may be distributed and fractionated within
the population of aquatic particles, which are present in a
wide physical size range. Aquatic particles usually show
chemical heterogeneity, and exchange of REE may occur in

a manner so that a specific carrier phase will have a different
REE composition in relation to the others and to the bulk
water and/or bedrock material. Hence, the concentration and
composition of the REE in river water, seawater and
sediments may differ significantly from the source material,
depending on alteration processes during release and
transport.
Particulate and colloidal matter is important for the aqueous
transport of the REE, and chemical exchange processes
between different particle phases may have potential to
continuously modify the REE during transport. Due to its
size range (generally <0.5 µm) colloidal material normally
possess a large surface area and so exposes a large number
of functional groups with the ability to bind ions by
complexation. The importance of dissolved organic material
for the REE concentration in rivers has been recognised by
several authors (Tanizaki et al., 1992; Viers et al., 1997;
Ingri et al., 2000). A previous study (Ingri et al., 2000) on
the river investigated here (the Kalix River in northern
Sweden) suggests that two major carrier phases for the REE
may be present. These are Fe-oxyhydroxides and organic
material with associated Al and Fe.

This study presents river REE-data from analyses of
different fractions, ranging in size from diffusible ions to
particles <100 µm, with two major aims; to verify the two
purposed carrier phases for REE in the Kalix River, and to
establish the normalised REE patterns in the colloidal and
diffusible ("truly dissolved") fractions. This has been
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accomplished by using a combination of different
processing and sampling techniques. Cross-flow
(ultra)filtration (CFF) and flow field-flow fractionation
(FlFFF) separate particles by size (although somewhat
differently), while the diffusive gradients in thin-films
(DGT) method collects elemental species which are able to
diffuse through a layer of acrylamide hydrogel.
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2. METHODS
2.1. The Kalix River catchment

The Kalix River in northern Sweden (Fig. 1) is part of a
pristine river system (Dynesius and Nilsson, 1994) and is
classified as a river of medium size in the subarctic boreal
zone. No man made dams or other constructions influence
the water discharge. The mean annual discharge is 296 m3 s-1

with low flows below 100 m3 s-1 during winter, and high
flows up to 1600 m3 s-1 during spring flood. The drainage
area is ~ 2.4 x 104 km2 and stretches from the river mouth
located by the Gulf of Bothnia to the Scandinavian part of
the Caledonian mountain range in the north-west. About
60% of the water in the nearby Torne River drains via a
bifurcation into the Kalix River, and together these two
rivers constitute the largest unregulated river system in
northern Europe. The basement in the catchment can be
divided into two different areas. The Caledonides in the
north-west cover about 5% of the basement and is mainly
mica schist, quartzite and amphibolite (Gee and Zachrisson,

1979). The remaining part of the basement is Precambrian
bedrock of granitic composition with features of acidic,
intermediate and basic volcanic rocks along with
sedimentary rocks, more or less effected by metamorphism
(Gaal and Gorbatschev, 1987). The quaternary cover is
dominated by till deposited during the last glacial period
which ended ~8,700 years ago in the area. The till now has
well-developed podzol profiles (Fromm, 1965). Peatland
cover about 20% of the catchment. Some post-glacial
sediments are deposited close to the river and its
contributors. Coniferous forests of spruce and pine cover 55-
65% of the area. Mean annual temperature and precipitation
are ~0.2°C and ~500 mm respectively.

2.2. Sampling
Sampling was performed in the Kamlunge rapids on 12

occasions from January to June 2002. The sampling station
is located about 30 km upstream from the estuary. River
water entering the Gulf of Bothnia should be identical to the
composition at the sampling station as no major tributary
merge with the main stream below this point. Water samples
(50 L) were prefiltered in the field with a 100 µm nylon
mesh filter mounted in a 142 mm Geotech® polycarbonate
filter holder, and collected in two 25 L polyethene (PE)
containers. The three exceptions to this are the samples
collected in January (25 L sample) and February, when no
prefiltration was performed, and March when a 25 µm
membrane filter cartridge was used for prefiltration. River
water was flushed through the system for a few minutes
before any sample was collected. The containers were
thereafter transported to the laboratory where CFF and
FlFFF processing commenced. The processing of a collected
sample was always completed within 14 hours after
collection. All equipment, i.e. filter holder, nylon mesh,
tubing and containers, were acid-cleaned in 5% HNO3 for at
least 48 hours and rinsed in ultra-pure MilliQ-water (>18
MΩ cm) prior to use.

Water temperature, pH and conductivity were monitored
in the field during sampling with either with a Hydrolab®

MiniSonde®3 or a DataSonde®4a. The instruments were
calibrated prior to each sampling, and data was collected for
at least 30 minutes.

Prefiltered samples were also collected and analyzed for
total organic carbon (TOC) and fluorescence (humic
substances measured as µg L -1 of quinine sulphate) at
excitation/emission wavelengths of 350/450 nm (Jasco FP –
777 Spectrofluorometer). TOC and fluorescence were
measured in all permeate and retentate fractions from the
ultrafiltrations.

2.3. CFF
Figure 2 shows the sampling and ultrafiltration setup

used during this study. No samples were drawn from the
permeate or retentate lines during progress of ultrafiltration.
Instead, integrated samples of permeate and retentate were
collected after completed ultrafiltration. A Millipore®

Pellicon®2 acrylic filter holder and a high performance
peristaltic Watson Marlow® pump were used. Four types of
Millipore® Cassette® filters (0.46 m2) were used: 0.22 µm,
10 kDa and 1 kDa. On one occasion a 1 MDa filter was used
as substitute for the 0.22 µm filter (May 6). The membrane
materials were polyvinylidene fluoride (PVDF) for the 0.22

Figure 1. The Kalix River catchment in northern
Sweden. Most is situated north of the Arctic Circle but
no part is within the permafrost region. One quarter of
the area is covered by wetlands. The sampling station
for the 'Kalix 2002' project, marked by a circle, is
located about 30 km upstream from the river mouth
and is not affected by brackish water.
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µm filter, and regenerated cellulose for the 10 kDa and 1
kDa filters.

The filters were first rinsed with large amounts of
ultrapure water to remove the organic storage solution. A
complete cleaning cycle was performed with basic and acid
solutions according to the specifications given by the
manufacturer. These solutions were prepared from ultrapure
water, p.a. NaOH and p.a. HCl. The filters were thoroughly
rinsed with ultrapure water between the basic and acid
solutions and after the acid solution. All together, each filter
was rinsed with about 100 L of ultrapure solution before
being used. Each filter was also preconditioned with about 2
L of sample solution before starting the actual ultrafiltration.
A new cleaning cycle using NaOH and HCl was then
performed before the processing of each new sample. The
filters were stored in air-tight plastic bags in the dark at
~5°C between ultrafiltrations.

The collected water samples (50 L) were immediately
ultrafiltered with the 0.22 µm filter upon arrival to the
laboratory. The retentate solution was reduced to about 3 L
before closing the permeate line. The permeate fraction was
collected in clean 25 L PE containers.

Roughly half of the 0.22 µm permeate was then filtered
with the 10 kDa filter, (Fig. 2) and a fraction of the 0.22 µm
permeate was analyzed by FlFFF – HR ICP-MS. The other
half of the 0.22 µm permeate was filtered with the 1 kDa

filter. The volume of the retentate solutions from the 10 kDa
and 1 kDa filtrations were reduced to 1.5 – 2.0 L. All
retentate and permeate solutions were sampled for analysis
with ICP-MS. The sequence of ultrafiltrations for a sample
described above (0.22 µm, 10 kDa and 1 kDa) were
completed within 14 hours after collection.

During all ultrafiltrations the retentate volume was kept
constant at about 4 L until the end of each filtration when
the volume was reduced. This was achieved by continuously
transferring feed solution from the 25 L container to a 5 L
retentate-flask at the same rate as the permeate flow. This
technique makes the concentration factor increase at a linear
rate until the supply of feed solution runs out. After that
point the concentration factor increases exponentially.

The settings used during ultrafiltration, including
membrane material, retentate and permeate flow are
presented in table 1, and average recoveries for the REE in
table 2. Recoveries were calculated as the amount of an
element present in the permeate and retentate solutions
divided by the total amount in the feed solution. At the end
of each filtration, the retentate solution was allowed to
circulate through the system with the permeate line closed
for 10 minutes to obtain better recoveries (Benner, 1991).
All fractions from the ultrafiltrations were analysed for REE
concentrations with ICP-MS (ELEMENT, Thermo
Finnigan) according to EPA-method 200.8). The

River
water

permeate

0.22µm

retentate

100 µm prefiltration
with nylon mesh

retentate

Laboratory
work

permeate

Sample

Sample

Sample       analysis for REE with ICP-MS Sample

Sample

permeate
Sample

retentate

Sample

Sample

HR ICP-MS

10 kDa

1 kDa

UV FluoFlFFF

DGT
sampling

Field
work

Sonde
measurement

Figure 2. Schematic setup for the CFF and FlFFF experiments applied during the 'Kalix 2002' river study. Field
work included DGT sampling, prefiltration of water samples using a 100 µm nylon mesh, and measurements of
background parameters (pH, temperature, conductivity etc.) using a Hydrolab© Sonde®.

Table 1
Membrane materials and average ultrafiltration settings

Filter type Material
Retentate
flow

Double 0.22 µm

Single 10 kDa

Double 1 kDa

PVDF

Regenerated
cellulose
Regenerated
cellulose

Permeate
flow

7.8 L min-1

5.5 L min-1

4.0 L min-1

250 mL min-1

250 mL min-1

75 mL min-1

31

22

53

Concentration
factor

Cross-flow
ratio

16.1

10.3

9.6
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instrumental error for determination of REE concentrations
is estimated to be about XX%.

Besides the prefiltered sample, 6 fractions were collected
from the ultrafiltrations for analysis of REE concentrations;
0.22 µm permeate/retentate, 10 kDa permeate/retentate, and
1 kDa permeate/retentate. Although some REE could be
detected in the 10 kDa and 1 kDa permeates, concentrations
were generally below detection limits. Subsequently,
meaningful REE patterns could not be constructed for these
ultrafiltration fractions.

2.4. Diffusive gradients in thin-films
The in situ speciation method of Diffusive Gradients in

Thin-films (DGT) (Davison and Zhang, 1994; Davison et al.
2000) was used to sample the diffusible fraction of REE in
the Kalix River. Preparation and making of the DGT devices
followed the procedure used by Davison et al., (2000).
Sampling was performed on 9 occasions from January to
June 2002. Triplicate DGT sampling devices were deployed
in the rapids on each occasion, and deployment times ranged
from 120 to 215 hours. The deployment time for each
sampling occasion was determined, and a temperature
logging device (Onset® StowAway TidbiTTM, USA) was
deployed together with the DGT devices to monitor the
water temperature. This temperature monitoring is
performed in order to calculate diffusion coefficients for
metal ions in water. Directly upon retrieval in the field, the
DGT devices were thoroughly rinsed in ultrapure water and
placed in air-tight PE plastic bags. Several barriers of plastic
were used to avoid contamination. The DGT devices were
prepared for analysis according to Dahlqvist et al. (2002)
and analyzed using ICP-MS. Concentrations for the REE
were calculated using Fick's first law of diffusion according
to Davison and Zhang (1994).

2.5. FlFFF-ICP-MS
The FlFFF-ICP-MS system setup and operating procedure
has previously been described in Hassellöv et al. (1999).
During the Kalix 2002 project three detectors were used in
series after the FlFFF cell; a flow-through UV detector
measuring organic carbon, a flow-through fluorescence
detector quantifying humic substances, and finally a High
Resolution ICP-MS (ELEMENT, Thermo Finnigan),
allowing determination of elemental composition as a
function of colloid size within 100 minutes. Modifications
of the method compared to Hassellöv et al. (1999) include
the use of a quadropole ICP-MS, and a different buffer
solution (15 mM NH4NO3, pH 7.0). A quantitative on-
channel pre-concentration procedure was used to enable the
injection of a FlFFF sample volume of 45 mL (Lyvén et al.,
1997). The FFF channel comprises an accumulation wall
membrane and a thin mylar spacer clamped between

two PMMA (poly methyl metacrylate) blocks. The wall
where colloids accumulate consists of an ultrafilter
membrane (1 kDa MWCO, Omega, PALL-Filtron).

The entire system has been made virtually metal-free and
trace-metal clean techniques have been employed to avoid
metal contamination. The FlFFF carrier (15 mM NH4NO3,
pH 7.0) has been optimized to resemble the natural chemical
environment and to be compatible with the demands of both
the FlFFF separation and the ICPMS with respect to ionic
strength and pH.

At the FlFFF-ICP-MS interface the FlFFF outflow is
acidified and internal standard (indium) is added, and the
FlFFF carrier is diluted 1:1. The operating conditions for the
setup are listed in Table 3.

Table 3
FlFFF settings and ICP-MS operating parameters.

Flow FFF conditions

Channel dimensions (cm)

Channel volume (mL)

Channel flow rate (mL/min)

Cross flow rate (mL/min)

Relaxation time (s)

UV wavelength (nm)

Fluorescence wavelength (nm)

27 x 2 x 0.0185

1.0

0.5 ± 0.01

3.0 ± 0.1

60

270

350 / 450

ICP-MS instrument settings and operating parameters

RF generator frequency (MHz)

RF power (W)

Cool gas flow rate (L/min)

Aux. gas flow rate (L/min)

Sample gas flow rate (L/min)

Ion lens settings for maximum signal intensity

Torch

Nebulizer

Spray chamber

Sample cone

Skimmer cone

Sample takeup rate (mL/min)

27

1500 (variable)

15 (variable)

1.0 (variable)

1.2 (variable)

Fassel torch

Burgener mira mist

Scott type

Ni, 1 mm orifice

Ni, 0.7 mm orifice

1.0

The REE signals obtained from the ICP-MS were
converted to concentration using blanks and standards
prepared in the same matrix as the sample (NH4NO3) and
with 1 % (v/v) nitric acid. The concentration versus
retention time curve was integrated to give the total peak

Table 2
Average recoveries (%) for REE during ultrafiltrations

Filter type

Double 0.22 µm

Single 10 kDa

Double 1 kDa

49

65

79

HoLa

41

92

77

Ce

38

80

74

Pr

40

79

70

Nd

46

89

83

Sm

48

89

81

Eu

50

64

70

Gd

49

81

78

Tb

45

70

80

Dy

50

76

84

Er

55

67

84

Tm

32

71

74

Yb

59

68

87

Lu

33

66

81
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area. The area was then converted to the amount of metal by
multiplying by the flow rate and the dilution factor in the
FFF-ICP-MS interface. The amount of metal found in the
fractionated peaks was then compared with the total amount
of metal injected (sample volume multiplied by filtered total
sample concentration). The total filtered sample
concentration was determined by measuring an acidified
filtered sample.

The raw fractograms (UV absorbance at 270 nm,
Fluorescence at 350/450 nm (excitation/emission) or
elemental concentration as a function of the retention time),
were converted into frequency distributions against size or
molecular weight. Size was estimated as the hydrodynamic
diameter distribution from FlFFF theory (Hovingh et al.
1970, Beckett et al. 1987). Molecular weight was estimated
from calibration with polystyrene sulphonate (PSS)
standards.

All buffer reagents used were of analytical grade
dissolved in Milli-Q water. Metal standards were prepared
by dilution of 10 mg L –1 mixed standards (SPEX CertiPrep,
Glen Specra Reference Materials, Stanmore, England) and
spikes from dilution of 1000 mg L-1 stock standard solutions
(Merck®). High purity acid was prepared in a clean
laboratory by sub-boiling point quartz distillation of
analytical grade HNO3 (Merck®). The molecular weight
standards used were polystyrene sulphonates (PSS) ranging
from 1100 to 72000 in molecular weight (Phenomenex®,
Torrance, CA, USA) and dissolved in the buffer.

3. RESULTS
The chemistry of Kalix river water during winter base-

flow is mainly controlled by inflow of groundwater as all
precipitation is accumulated as snow in the catchment. The

snow cover usually starts to melt in late April or early May,
and peak discharge generally occurs in mid May. In 2002
the spring flood was early, with peak flood between May 1-
6. During a 10 day period, the discharge increased from
<100 m3 s-1 to 1640 m3 s-1. The concentrations of TOC and
Fe increased (Fig. 3a-b), whereas the major elements (Na,
Ca, Mg, Cl and SO4) were diluted during this event. During
peak discharge pH dropped about one unit. These data
follow similar patterns reported for the Kalix River in Ingri
et al. (2000).

Temporal changes in La and Yb concentration in prefiltered
and ultrafiltered samples during the sampling period are
shown in Figure 4a-b. Distinct increases in the prefiltered La
and Yb concentrations coincide with the spring flood similar
to data previously reported by Ingri et al. (2000). La increase
by a factor of ~5 and Yb by a factor ~2.5. Note that Figure
4a-b have logarithmic scales.
The 0.22 µm permeate show a less pronounced increase, by
a factor of 2.5, during maximum discharge for La and by a
factor of 1.6 for Yb.
No apparent peaks or trends could be identified for La in the
10 kDa or 1 kDa permeates during the period. The
concentrations in the 10 and 1 kDa permeates varied
between 50-88 pM and 13-42 pM respectively, which
suggests that the pool of La in these fractions (solution and
small colloids) is fairly constant and unaffected by the
spring flood. Yb concentrations were below the detection
limit in the 10 kDa and 1 kDa permeates.
Diffusible concentrations of La and Yb measured with DGT
are compared with prefiltered samples and ultrafiltration
fractions in Figure 4a-b. Diffusible La concentrations are
similar to the 0.22 µm permeate during peak flood and to the
10 kDa permeate during winter and summer. Diffusible Yb

[Fe]tot

Jan Feb March April May June

Discharge

1800 m3 s-1

0

600

1200

TOC

200

400

600

µM 800

0

pH

5.0

6.0

7.0

5.5

6.5

7.5 pH

2002

Winter flow

Spring flood

Summer
flow

0

5

10

15

20

25

µM 30
a

b

Figure 3. Temporal variations of (a) TOC and discharge, and (b) TOC and pH in the Kalix River. Both Fe and
TOC are positively correlated with discharge, whereas pH is negatively correlated.
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concentrations on the other hand are on average only ~40%
of the concentrations in the 0.22 µm permeates.

The REE concentrations (pM) in prefiltered water,
ultrafiltration fractions, calculated DGT concentrations, and
from FlFFF experiments were normalized to REE
concentrations determined in unweathered till in the area
(nmol/g) (Öhlander et al., 1996). By doing so, indications of
LREE or HREE enrichments in water samples, relative to
the source material, can be recognized.
In Figure 5 REE patterns from prefiltered samples and
ultrafiltration fractions are plotted for three occasions: a
winter sample (April 9), a peak spring flood sample (May 1)
and a summer sample (June 25). Prefiltered samples show a
significant temporal variation in normalized REE patterns.
The sample collected on April 9 (winter conditions) shows a
flat REE pattern (Fig. 5a). During peak spring flood (May 1)
a LREE enriched pattern can be seen in the prefiltered
sample, and as the spring flood recedes a flat REE pattern

re-emerge in the sample collected on June 25. The trend
with LREE enrichment during spring flood is also visible in
the La/Yb molar ratio as it increases from 15 to about 30
during peak discharge (Fig. 6a).
Particulate matter (Fig. 5b) collected in the 0.22 µm
retentate (0.22 µm - 100 µm) show similar REE patterns and
trends compared to the prefiltered samples. Flat patterns are
observed during winter and summer, and a LREE enriched
pattern during peak flood.
The colloidal material collected in the 1 kDa CFF retentate
(1 kDa - 0.22 µm) show a shift towards a more LREE
enriched pattern during spring flood (Fig. 5c). During winter
and summer the patterns are flat, and slightly HREE
enriched.
Fractograms produced during FlFFF processing for the three
dates (April 9, May 1 and June 25) are presented in Figures
7a-c and show colloidal peaks of carbon (UV), fluorescence
(humic substances), Fe, La and Yb. Figures 7a-c also show
if La and Yb mainly is associated to the C-rich or the Fe-

Figure 4. Discharge and concentrations of La (a) and Yb (b) in prefiltered water (<100 µm) and
ultrafiltration permeates (0.22 µm, 10 kDa and 1 kDa), and calculated results from DGT deployments
from January to June 2002 at the Kamlunge sampling station in the Kalix River.
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rich phase. During winter conditions (Fig. 7a) two separate
peaks for C and Fe are observed. Results from a study by
Lyvén et al. (2003) show similar results with two important
colloidal carrier phases present. Carbon-rich colloidal
material show a narrow peak around 2-3 nm, while Fe-rich
colloids have a wider peak centred around 12 nm. Both La
and Yb show wide peaks, but La is more associated with Fe-
colloids while Yb is skewed towards the organic peak. At
spring flood (Fig. 7b) no separation between the C and Fe
colloids can be observed as the organic material also
dominate the Fe transport. La and Yb show a clear
association with the organic-rich fraction during spring
flood and summer. During summer the Fe-rich phase is not
observed.
To determine REE patterns for colloidal material, integrated
peaks from FlFFF fractograms were normalized to local till
(Fig. 8). In contrast to the colloidal material collected with
CFF, REE patterns for colloidal material processed with
FlFFF show significant LREE enrichment during peak

flood, similar to the patterns from prefiltered samples and
0.22 µm retentates.
In the DGT results a trend is also visible for the normalized
REE patterns (Fig. 9). During winter the REE patterns are
flat, and when the spring flood starts a LREE enriched
pattern continuously evolves (Fig. 9a). As peak flow has
been reached and discharge begins to decrease,  a decrease
in TOC concentration, and an increase in pH is observed,
while the LREE enriched pattern slowly is transformed and
becomes flat again in June (Fig 9b). This trend for diffusible
REE is similar to the results from the prefiltered samples
and the 0.22 µm retentates.

When making interpretations from data produces by CFF,
recoveries should be carefully considered. In Table 2 are
average recoveries (%) for the REE using the 0.22 µm, 10
kDa and 1 kDa ultrafilters. Results show that the 0.22 µm
filter have the lowest recoveries, with an average of ~45%
for all REE. The 10 kDa and 1 kDa filters have higher
recoveries of about 76% and 79% respectively. This shows

Figure 5. REE concentrations normalized to local unweathered till (Öhlander et al., 1996) from (a) prefiltered samples, (b)
0.22 µm retentates, and (c), 1 kDa retentates Concentrations of REE in 10 kDa and 1 kDa permeates were in general
below detection limits.
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that results from 0.22 µm CFF should be used cautiously,
but that results from 10 kDa and 1 kDa CFF are more
reliable.

4. DISCUSSION
Concentrations measured in the prefiltered samples show
that the REE, unlike the major elements, are not diluted in
the river during spring flood. The association of REE to
particulate and colloidal material in the Kalix River is well
established (Ingri et al., 2000).

Prefiltered samples and particulate material in the 0.22 µm
retentates show similar REE patterns. Winter samples have
flat REE patterns (Fig. 5a-b). During spring flood the
prefiltered water is LREE enriched, reflected in the La/Yb
molar ratio, which increases from ~10 to ~30 (Fig 6a). The
negative Ce anomalies observed (Fig. 5) are probably
caused by oxidation of Ce3+ to Ce4+, with subsequent
immobilisation in the soil profile before reaching the river
(see Ingri et al., 2000 and discussion therein). The increased

LREE concentrations during spring flood indicate a change
in the source for the REE. In May it is likely that the LREE
signature originate from leaching of the upper parts of the
soil when the water table in tributaries and in the main river
channel rise during snow melt.
Colloidal material collected in the 1 kDa CFF retentates
have somewhat different REE patterns, but similar overall
trends compared with prefiltered samples and particulate
material. The colloids have relatively flat REE patterns, or
slightly HREE enriched patters during winter and summer.
At spring flood slight LREE enrichment is observed. The
shift towards LREE enrichment is similar to prefiltered
samples and particles, but the colloids are tilted towards
more HREE enriched patterns. However, colloids in the
same size range analyzed with FlFFF show patterns similar
with prefiltered samples and 0.22 µm retentates. This
difference in REE patterns between colloids collected with
CFF and FlFFF might be due to a CFF artifact caused by
different permeation behavior between HREE and LREE.
The average relative permeation of the REE through the

Figure 6. Temporal changes in La/Yb molar ratios in (a) prefiltered samples and (b-c) ultrafiltration retentates compared
with the value determined in unweathered local till (dashed line: Yb/La = 10.4).
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0.22 µm ultrafilter varies between LREE, with a permeation
of about 20%, and HREE which show 35% permeation (Fig.
10). This indicates that the 0.22 µm ultrafilter fractionate the
REE, producing a relative higher amount of the HREE in the
colloidal fraction. If a similar effect also is produced during
CFF with 1 kDa, the HREE enrichment in the <1 kDa
fraction would get even more pronounced, and could thus
explain the HREE enriched solution fraction (<3 kDa) in
Ingri et al. (2000). Unfortunately, REE concentrations in the
1 kDa permeates from this study were below detection
limits, making it impossible to construct REE patterns.
It should be noted when interpreting data that both CFF and
FlFFF may introduce artifacts. CFF have a prolonged and
intense sample processing, resulting low recoveries and an
irregular permeation behavior for the REE, while FlFFF
expose the sample to a relatively strong NH4-buffer with the
potential ability to replace and fractionate the REE.

FlFFF fractograms produced for organic carbon, Fe, La and
Yb on April 9 (Fig. 7a), May 1 (Fig 7b) and June 25 (Fig.
7c) show that Fe-colloids are important during winter when
REE patterns are flat, and that humic material dominates the
transport of REE during peak flood when patterns are LREE
enriched. REE patterns in colloids from FlFFF experiments
(Fig. 8) agree well with prefiltered samples and the
particulate fraction. This might indicate that Fe-colloids
originate from the ground water, which is believed to have a
flat REE pattern. Organic colloids during spring flood may
originate from the upper soil horizon, where LREE enriched
material from selective weathering is released. But organic
colloids also dominate during summer when REE patterns
are flat. This paradox might be explained as an effect of
rising water levels during maximum spring flood. The
organic-rich upper part of the soil profile, where selective
weathering releases LREE enriched material gets washed by
the melt water, thus mobilizing organic colloids which enter
the river without percolating the soil profile and reaching the
ground water. During summer the same organic colloids
instead percolate into the soil profile and gain a flat REE
pattern.
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Figure 8. Colloidal concentrations from FlFFF experiments normalized to local unweathered till show flat patterns
during winter and summer, and LREE enrichment during peak flood.

Figure 9. Normalized REE concentrations calculated
from DGT deployments. The patterns are similar to the
ones found in the prefiltered water and the 0.22 µm
retentate. LREE patterns evolve as TOC concentrations
increase and pH decrease (a). At the end of the spring
flood when TOC concentrations decrease and pH
increase the flat pattern comes back.
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Comparison of concentrations between CFF and DGT
sampling (Fig. 4) show that the diffusible concentration of
La is close to the values found in the 10 kDa permeate
during winter and summer but deviates significantly during
spring, being similar to the concentrations in the 0.22 µm
permeate. In contrast to La, the diffusible concentration of
Yb is significantly lower than the 0.22 µm permeate for the
whole time period (Fig. 4b). This suggests that LREE
generally are more available than HREE for DGT uptake.
Also during spring flood, when LREE enriched patterns are
observed for DGT, a lower pH in the water will contribute
to a higher diffusible fraction of LREE in the water (Fig. 9).
It is supported by titration experiments on river water that
the concentration of dissolved REE increase as pH is
lowered, and that LREE are enriched relative to HREE in
the dissolved fraction (Sholkovitz, 1995).
The DGT method might overestimate the concentration
measured during maximum discharge. This phenomenon of
elevated (and sometimes irregular) concentrations calculated
from DGT have previously been observed, and is probably
caused by low ionic strength in the sampling solution
(Alfaro-De la Torre et al., 2001; Peters et al., 2003; Sangi et
al., 2002). However, the theory behind this behavior is not
fully understood. A second possibility that could explain the
similarity between La in the DGT and the 0.22 µm permeate
during peak flow is that the general concentration level of
the 0.22 µm permeate is too low. This could be caused by
retention of solute species and colloidal material by the 0.22
µm CFF membrane. Such behavior has been observed for
Ca, with enrichment of free Ca ions in CFF retentates (Guo
et al., 2001; Dahlqvist et al., 2003), and a similar effect
might thus be observed for the REE.
Even though the DGT devices may measure too high
concentrations during peak flood, the normalized REE
patterns should be valid for interpretation. REE patterns
from DGT samples (Fig. 9) are similar to the patterns from
the prefiltered water samples, the 0.22 µm retentates, and
the colloidal material collected with FlFFF, with flat
patterns during winter and summer and a LREE enriched
signature during peak flood.
It would be reasonable to assume that the diffusible fraction
of REE measured with DGT have characteristics similar to
the fraction in true solution. However, data from Ingri et al.
(2000) show that the solution fraction (<3 kDa) during

spring flood have a HREE enriched pattern. This is not in
agreement with the results from the DGT deployments in
this work. Figure 10 show that REE might be artificially
fractionated during 0.22 µm CFF, creating a more HREE
enriched pattern in the permeate fraction. A similar effect
could be produced during 3 kDa or 1 kDa CFF, thus creating
HREE enrichment in the solution fractions.

5. CONCLUSIONS
Results from prefiltered samples, ultrafiltration fractions,

DGT deployments, and FlFFF experiments suggest that the
REE are mainly transported in the particulate (>0.22 µm)
and colloidal (1 kDa - 0.22 µm) phases during spring flood
in the Kalix River. There seems to be no elemental
fractionation of the REE between the diffusible phase
(DGT), prefiltered samples, particles collected in 0.22 µm
ultrafiltration retentates, and colloids determined with
FlFFF. Even though REE patterns are somewhat different
for colloidal material collected with CFF, the trend is similar
as for the other fractions. The difference might be explained
by fractionation of the REE by the 0.22 µm and 1 kDa
filters. It was shown for 0.22 µm CFF that the relative
permeation was higher for the HREE.

Deduced from a change in REE patterns, the source for
REE in the Kalix River change during peak spring flood.
Flat REE patterns (normalized to local unweathered till) are
observed during winter and summer conditions, but a shift
towards more LREE enriched patterns emerge during the
spring flood. This can be observed in all fractions. The
presence of two different sources for REE could explain this
behavior. One source which reflects the bulk bed rock
composition (winter and summer flow) and another which
bears the signature of the weathered soil profile (peak
flood).

REE patterns in the diffusible fraction determined with
DGT does not agree with the solute (<3 kDa) fraction
determined in a previous work on Kalix River water. The
previous work show HREE enrichment while DGT show
LREE enrichment. This difference could be explained by
fractionation of REE during CFF processing, where LREE
are retained by filtration more than HREE, thus creating
HREE enrichment in the solute phase.
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Figure 10. Average relative permeation of REE during 0.22 µm CFF. LREE are retained to a higher extent
than HREE, thus creating HREE enrichment in the permeate. Although the differences are not statistically
different, the trend is obvious.
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ABSTRACT
Neodymium isotopic compositions determined in deep ocean records, such as ferromanganese crusts,

nodules and sedimentary foraminifers, are believed to reflect the composition in solute phase ("truly
dissolved"). These records have been used to detect changes in oceanic paleo-circulation and erosional input.
However, the isotopic composition and concentration of Nd in true solution are poorly characterised. Here we
report Nd-data from water samples and deployments with the in situ speciation method of diffusive gradients
in thin-films (DGT), collected in fresh, brackish and sea waters. The DGT method collects the fraction of Nd
which can easily diffuse through a layer of acrylamide hydrogel. This includes ions in true solution and
possibly very small complexes. The results show that Nd-isotopic compositions measured at each location
with the two methods (water samples and DGT) are similar. Concentrations measured in water samples and
with DGT show that the relative amount of easily diffusible Nd ([Nd]DGT/[Nd]Tot) increases with salinity, from
being ~8% in the fresh water to ~38% in sea water. Thus it can be concluded that deep ocean sedimentary
records reflect the isotopic composition of bulk sea water.

1. INTRODUCTION
Determination of Nd-isotopes in marine environments
show that the isotopic composition of Nd (143Nd / 144Nd)
vary within and between ocean basins (Piepgras et al.,
1979; Piepgras and Wasserburg, 1980; Bertram and
Elderfield, 1993; Lacan and Jeandel, 2001).
Determination of Nd-isotopes has been used to make
calculations for ocean circulation, sedimentation rates
and residence times of Nd (Piepgras and Wasserburg
1982; Elderfield et al. 1990; Jeandel et al. 1995;
Tachikawa et al. 1997). The study of oceanic paleo-
circulation is to a large extent based upon analysis of
radiogenic isotopes in for instance ferromanganese crusts
(Christensen et al., 1997; Abouchami et al., 1999),
nodules (Albarede and Goldstein, 1992; Albarède et al.,
1998), and sedimentary foraminifera (Vance and Burton,
1999). The isotopic signatures found in these records are
believed to reflect the composition of the deep ocean
water from which they formed. Whether these deposits
form during active uptake by organisms or by chemical
precipitation, the available material is presumed to be in
solute phase. However, the isotopic composition as well
as the concentrations of the REE in true solution are still
unknown.
The large variation in isotopic composition, reported as
εNd(0) (defined in Table 1), between and within ocean
basins is due to the particle reactive nature of the rare
earth elements (REE), and hence the short residence time
of Nd in seawater compared to the mixing time between
the different basins. However, if the isotopic composition
in solute phase is different than that of bulk water, this
would have impact on the interpretation of data form Fe-
Mn crusts, nodules and foraminifera.
Methods to determine elemental concentrations in true
solution are complicated. Especially for elements that are
particle reactive. A technique for such speciation studies
is cross-flow (ultra)filtration (CFF), and membranes with
pore sizes at 500 Da (Dalton, molecular weight) are
available to roughly characterise solute species.
However, introduction of artifacts such as low recoveries

and retention of solute species during CFF processing is a
concern.
The purpose of this study is to present data using a novel
approach for the in situ DGT method, by obtaining both the
concentration and isotopic composition of diffusible Nd in
aquatic samples, ranging from river water to seawater.

2. MATERIALS AND METHODS
2.1. Water samples
To examine the behavior of Nd and Nd-isotopes, water
samples from three different regimes were collected (Fig.
1).
A sample from the Kalix River in northern Sweden was
collected using polyamide tubing and diaphragm pump. A
100 µm nylon mesh mounted in a polycarbonate holder (142
mm diameter) was a used in the field to remove large
particles. To avoid contamination, the sampling system
contained no metal parts and was acid washed and rinsed
with Milli-Q water (>18 MΩ cm) prior to sampling.
From the Baltic Sea a sample was collected as an integrated
surface sample (~5-10 m) using a 2 L Ruttner-sampler. A
total of 25 L was collected and stored in an acid washed PE
container. A sub-sample of 1 L was drawn from this water
for Nd isotope analysis. No filtration was performed.
A water sample from the Arctic Ocean (Amundsen Basin)
was collected with a teflon-coated GO-FLOTM (General
Oceanics®) bottle from 40 m. Filtration with a 0.22 µm
membrane filter (MILLIPORE®, GSWP14250) was
performed in an on-board laboratory directly after sampling.
Thereafter the sample was acidified with suprapure HCl
acid (Seastar) and stored in an acid washed 20 L PE
container.

All water samples were spiked with 150Nd and homogenised
for 24 hours. The REE were concentrated by iron-hydroxide
co-precipitation. The precipitate was centrifuged, collected
and finally dissolved in suprapure HCl and treated with
H2O2 to remove possible organic material which had co-
precipitated. The solution was then evaporated to dryness
and dissolved in suprapure 0.75 M HCl. Nd was separated
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from the other REE using a two step ion-chromatography
method following Piepgras and Wasserburg (1980). Up
to 20 ng of Nd was loaded on to single Re filaments and
analysed as NdO+ ions using a five collector Finnigan
MAT261 thermal ionisation mass spectrometer (TIMS)
in multidynamic mode. Data was acquired for about 50
minutes, collecting some 60 ratios. Isotope ratios were
normalised to 146Nd/144Nd = 0.7219, and Nd
concentrations were determined by isotope dilution
calculations. The total blank for sampling and chemistry
is estimated to about 80 pg. Repeated analyses (20 ng of
Nd) of Caltech standard nNdβ (Prinzhofer et al., 1992)
yielded 143Nd/144Nd = 0.5118986 ± 0.0000087 (2σ, n=15,
95% conf.), which is equivalent to -14.42 ± 0.17.
Uncertainties in determination of Nd-concentrations
using TIMS is estimated to be <1%.

2.2. Diffusive gradients in thin-films (DGT)
The DGT is an in situ method which can be used to sample
and pre-concentrate diffusible species of trace metals
(Davison and Zhang, 1994; Zhang et al., 1995),
radionucleides (Chang et al., 1998), major elements such as
Ca and Mg (Dahlqvist et al., 2002), and low concentrations
of the REE in river water (Dahlqvist et al., 2004). DGT
samples species which can easily diffuse through a layer of
acrylamide hydrogel. It is believed that the diffusible
concentration determined with DGT closely resembles that
of ions in true solution.

As the diffusible concentration of Nd in the marine
waters was predicted to be very low (Arctic <30 pM,
Westerlund and Öhman, 1992; Baltic <35 pM, Andersson et
al., 1992) a single DGT device would not be able to
accumulate enough Nd during a reasonable deployment
period for a successful isotope analysis. Therefore several
DGT devices were deployed simultaneously. Their total
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Figure 1. Map of Scandinavia and parts of the Arctic Ocean showing the three sampling locations during this
study: The Kamlunge rapids in the Kalix River, the Landsort open water station in the Baltic Sea, and the
Amundsen Basin in the Arctic Ocean.
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uptake of Nd was combined to get a sufficient amount to
perform a high precision isotopic analysis with TIMS.
The same strategy was used also for the DGT sampling
in the Kalix River, although the total Nd concentration
was expected to be 300-500 pM (Ingri et al., 2000).
The DGT sample from the Kalix River was collected in
2002 (April 9 - 23). Fifteen DGT devices were deployed
at ~1 m depth in the Kamlunge rapids. This sampling
station is located 30 km upstream from the river mouth
and is not influenced by brackish water.
For the Baltic Sea sample, a 25 L PE plastic container
was used to accommodate the DGT deployment. An
integrated surface water sample (5-10 m) was collected
on October 9 2000 at the Landsort deep in the Baltic Sea
(Fig. 1). The water was transported to an onshore
laboratory (Stockholm) where the container was stored in
a dark and cool (5°C) room. Ten DGT devices were
deployed for 527 hours 25 minutes in the container to
sample the diffusible fraction of Nd. A PVDF coated
magnet stirred the solution continuously.
The DGT sample from the Arctic was collected during
the expedition "Arctic Ocean 2001" on the Swedish
icebreaker Oden. Eighteen DGT devices were deployed
at 40 m depth from an ice-floe during a drift station
between August 3 to 19.
A temperature logging device (Onset® StowAway,
TidbiTTM, USA) was on all three occasions deployed
together with the DGT devices to monitor water
temperature. This is important in order to determine the

temperature dependent diffusion coefficient.
To minimise contamination and instantly stop accumulation
of metal, the DGT devices were upon retrieval thoroughly
rinsed with ultrapure Milli-Q water and placed in air tight
plastic bags.
The DGT devices were opened in a clean laboratory under a
laminar-flow hood. The layers containing the metal binding
agent were retrieved and eluted in suprapure 1 M HNO3 for
at least 24 hours. The elution acids were collected and
spiked with 150Nd and were thereafter evaporated in teflon
vials to dryness. The dried samples were finally dissolved in
0.75 M HCl and the Nd was separated and analyzed similar
to the method used for the water samples. The Nd
concentration in the elusion acid was calculated using
isotope dilution, and the mass of Nd collected by the DGT
devices could then be determined.
The concentrations of diffusible Nd, [Nd]dif , in the river and
marine waters were calculated using Fick´s first law of
diffusion,

[Nd]dif =
MNd ∆g

DNd n A t
(1)

where MNd is the total mass of Nd collected by the DGT
devices and analyzed in the elusion acid, ∆g is the thickness
of the diffusion layer, DNd is the diffusion coefficient for Nd
in acrylamide hydrogel, n is the number of DGT devices
deployed, A is the area exposed by a DGT device to the
solution, and t is the deployment time.
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Figure 2. Nd-isotopic compositions in the different waters determined with DGT and in water samples. Results
from Andersson et al. (2001) have also been included for comparison.

Table 1
Nd concentrations measured in water samples and with DGT

Location DGT
CNd (pM)

Kalix River

Water sample
CNd (pM)

66°00.5’N
22°51.0’E

Coordinates

Baltic Sea

Filtration
method

Arctic Ocean
188°25.1’N
1°26.6’E

1. Average position during drift station   2. Unit in µS/cm
3. εNd(0) = [(143Nd/144Nd)/(143Nd/144Nd)CHUR - 1] x 104, CHUR; chondritic uniform reservoir having 143Nd/144Nd = 0.512638

Depth

~1 m

40 m

mixed 5-10 m Unfiltered

100 µm

0.22 µm

2~55

33

7

Salinity
(‰)

Date

Apr 9, 2002

Oct 9, 2000

Aug 3, 2001

58°35.6’N
18°22.9’E

693

58

38

64

23

9.9

DGT
 εNd(0) ± 2σ

Water sample
3εNd(0) ± 2σ

-25.07 ± 0.64
-24.13 ± 0.60

-18.73 ± 0.92

-9.15 ± 1.15

-25.07 ± 1.11
-24.21 ± 0.98

-17.99 ± 0.68

-7.59 ± 0.76
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3. RESULTS AND DISCUSSION
The results for Nd concentrations and εNd(0) measured in
water samples and calculated for the DGT are reported in
Table 1. In Figure 2 are isotopic data for all samples
displayed, together with filtered samples (<0.45 µm)
from 1991-1992 (Andersson et al., 2001).
The total concentrations in the water samples calculated
from isotope dilution in the Kalix River, the Baltic Sea
and the Arctic Ocean are 693 pM, 38 pM and 58 pM
respectively. The reported Nd concentration in the Kalix
River fall within the large range variation during spring
discharge of 200-2100 pM (Andersson et al., 2001). It is
interesting that the Nd-concentration in the sample
collected in the Arctic Ocean is higher than in the Baltic
Sea. The Arctic Ocean is greatly influenced by riverine
input and has a restricted exchange with other oceans.
Due to stratification of the sea water, a surface plume of
fresh river water may be incorporated into the general
oceanic circulation and be detected far away from the
river mouth. Also the presence of "dirty ice" (shelf
sediments incorporated in ice) may increase
concentrations of trace elements locally. Results
presented in Westerlund and Öhman (1992) show Nd-
concentrations of 30-35 pM (10 and 20 m depth) at the
most northern position (Station 371, 86°04.3'N). This is
generally somewhat higher than in other ocean basins.
However, in this study the water sample was collected at
a position further north which is more influenced by the
Transpolar Drift, and hence water from other parts of the
Arctic Ocean. It should be noted that the distribution of
Nd and Nd-isotopes in the Arctic Ocean is not well
constrained.

Concentrations in the Kalix River, the Baltic Sea and the
Arctic Ocean measured with DGT are 64 pM, 9.9 pM
and 23 pM respectively. A comparison between
concentrations determined with DGT and analyzed in
water samples show that the relative amount of diffusible
Nd increase with salinity (Fig. 3). The relative increase in
diffusible Nd can be explained in three ways. Either the
fraction of Nd adsorbed onto surfaces of particles
decrease simply due to replacement by dissolved major

cations (Na, Ca and Mg), or it is the intrinsic nature of
colloidal and particulate material in marine environments to
have less affinity for Nd. The third explanation is that there
is less colloidal material present in marine waters compared
with fresh waters, thus increasing the relative amount of
diffusible species.

Due to the low amount of Nd (generally <20 ng) analyzed in
all samples (both water samples and DGT), the determined
isotopic compositions are associated with large errors (see
Table 1). This can be observed for all samples, except for
the water samples collected in the Kalix River, which

Duplicate analyses of a water sample from the Kalix River
measured during this study yield εNd(0) values of –24.13
and –25.07. Isotopic data from filtered water collected in
1991-92, covering and annual cycle, (Anderson et al., 2001)
vary between –24.8 and –27.1 (Fig. 2). These two data-sets
overlap and indicate that only small variations in εNd(0)
occur within and between years. As the water samples
collected by Andersson et al. (2001) during 1991-1992 were
filtered using a 0.45 µm membrane, these data also indicate
that particles >0.45 µm and colloids <0.45 µm probably
have similar εNd(0). The isotopic composition determined
from duplicate analyses of the DGT sample in the Kalix
River yield εNd(0) values of –24.21 and –25.07. Similar to
the water samples, these data suggest that solute species in
Kalix River water have similar εNd(0) as bulk water.
The εNd(0) in the water sample from the Landsort station in
the Baltic Sea is –18.73, and is in agreement with data from
the central Baltic Sea reported in Andersson et al. (1992).
DGT data from the deployment in unfiltered Baltic Sea
water show a similar εNd(0) value of -17.99.
The εNd(0) determined in the water sample from the central
Arctic Ocean is –9.15, and the DGT yield a εNd(0) of –7.59.
The two values fall within errors (±2σ), demonstrating that
the large diffusible fraction (~40%) is similar in isotopic
composition to filtered water.
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Figure 3. The diffusible fraction of Nd increases with salinity. No major significance should be attributed to the
fitted curve as only three points are available.
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4. CONCLUSIONS
Diffusible Nd collected with DGT show a similar
isotopic composition as determined in bulk water. Thus
solute species of Nd is likely to have similar εNd(0) as
unfiltered water. Since it is believed that Nd in deep-sea
sediments is derived from solute species, εNd(0) in these
sediments is likely to reflect εNd(0) in unfiltered water.
The relative amount of diffusible Nd increases with
salinity. A likely explanation for this behavior is that less
colloidal material is present in seawater to which Nd can
adsorb. It may also indicate that Nd adsorbed onto
particles or colloidal matter is exchanged by major
cations to a higher extent in marine waters as salinity
increases. A third explanation for the higher relative
amount of diffusible Nd in marine waters may be caused
by lower affinity in particles and colloids for Nd
compared to continental surface waters.
We draw the conclusions from the information presented
here that εNd(0) in different deep-sea deposits reflect the
bulk composition of sea water, and that εNd(0) probably is
not significantly modified by geochemical exchange
processes during transport from continental sources to
marine deposits.
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