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Abstract

Elemental size distributions, from truly dissolved through colloidal to particulate, have been studied in a subarctic boreal
river. The measurements, carried out during 2002, ranged from winter to summer conditions, including an intense spring flood
event. Results are reported for a total of 42 elements. Size distributions were characterised using a combination of cross-flow
(ultra)filtration (CFF), flow field-flow fractionation (FlFFF), and diffusive gradients in thin-films (DGT). The three tech-
niques showed similar trends, but quantitative comparisons reveal some important differences that warrant further
investigation.

Previous work has identified two colloidal carrier phases in fresh waters, dominated by iron and carbon, respectively. The
majority of the elements studied are associated with one or both of these colloidal carrier phases. The exceptions are the alkali
metals and several anions that are only very weakly associated with colloidal material, and which therefore occur mainly as
truly dissolved material (<1 kDa in molecular weight). We discuss the likely origin for the two colloidal carrier phases and
consider how associated trace elements fit into the geochemical framework. The relative affinities of the elements for iron
and carbon colloidal carrier phases are related to their chemistries, and are compared with earlier data from the Delsjö Creek
in southern Sweden.

Elemental colloidal concentrations show strong seasonal variations related to changes in the colloidal carrier phase(s) with
which they associate. In particular, many elements show a strong spring maximum in colloidal concentrations associated with
the strong maximum in colloidal carbon concentration during the spring flood.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Assessment of colloidal material presents a series of
challenges to the aquatic geochemist: it covers a wide size
range (nominally 1 nm–1 lm), and is chemically and phys-
ically heterogeneous (Gustafsson and Gschwend, 1997).
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Despite significant methodological advances in recent
years, no method for physico-chemical fractionation in
the colloidal size range is without potential artifacts. It is
therefore advantageous to use several different methods in
parallel, in order to minimize the risk of interpreting arti-
facts as natural variations (Buffle et al., 1998).

Along with aeolian dust, a major input of trace elements
to the ocean is through river discharge. The fate of trace ele-
ments in estuarine processes and in the ocean is largely
dependent on how the elements are associated to particles
and colloids, and/or are present as dissolved species. These
characteristics are shaped during terrestrial low tempera-
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ture geochemical processes in fresh water solutions, carry-
ing solute species and colloidal and particulate material.
Hence, the study of trace elements and their physicochem-
ical properties in fresh water systems, such as rivers, is
important for understanding their fate in the ocean.

The major annual hydrological event for rivers located
in the boreal and arctic zones is snowmelt in spring, which
causes a dramatic increase in discharge. For instance, most
rivers at this latitude draining their water to the Arctic
Ocean deliver 40–80% of the annual volume during the
spring flood (Arnborg et al., 1967; Gordeev et al., 1996).
The load of total suspended matter, organic carbon, and
major and trace elements often show large variations in
concentration during this episode (e.g. Rember and Trefry,
2004; Ingri et al., 2005; Neff et al., 2006), which not only
indicates the importance of performing temporal scale stud-
ies with frequent sampling to cover seasonal variations, but
also that there still remains much to learn about the nature
of the matter transported in river water during such chang-
ing conditions.

The studied river, Kalix River, is in many aspects similar
to several Russian rivers. It represents an unregulated pris-
tine medium-sized boreal river, draining a till-covered bed-
rock with mainly granitic origin, and has previously been
well characterized in several studies of major and trace ele-
ments and isotopes (Pontér et al., 1990; Öhlander et al.,
1991, 1996, 2000; Ingri and Widerlund, 1994; Ingri et al.,
1997, 2000, 2005, 2006; Porcelli et al., 1997; Land and Öh-
lander, 1997; Andersson et al., 1998, 2001; Land et al.,
1999, 2000a,b; Dahlqivst et al., 2004, 2005). It has been
indicated that temporal variations in river runoff is highly
correlated to different hydro-geological pathways; a topic
which has been highlighted by e.g. Andersson et al.
(2006), Neff et al. (2006) and Pokrovsky et al. (2006). Thus,
intensity and duration of precipitation and/or snowmelt
episodes will control residence times and pathways for soil
and ground water, and so have a direct influence on the
geochemical imprint of river water, including the chemical
composition of the colloidal material.

Arctic and boreal regions holds some of the most impor-
tant reservoirs for organic carbon (Post et al., 1982; Botch
et al., 1995). Peatlands along with organic-rich soils are
common features of the boreal and arctic regions on the
Eurasian and North-American continents. An increasing
global warming at high latitudes in the boreal and arctic
zones will most likely change both the amount and charac-
ter of released organic carbon, including the colloidal frac-
tion. In turn, the changes are likely to also affect transport
of elements associated to the released organic material.

The chemical composition and concentration of colloi-
dal particles in river water seems to be a highly variable
and affected by variations in hydro-geological pathways.
Two different colloidal phases have been identified in recent
publications. In Dahlqivst et al. (2004) and Andersson et al.
(2006) direct measurements showed the presence of two dif-
ferent colloidal carrier phases; one organic-rich and another
Fe-rich component. These two carrier phases were also dis-
tinctly different in size. A study in a southern Swedish creek
also identified the same two carrier phases in the colloidal
size range (Lyvén et al., 2003).
Another study identifying specific colloidal particles is
Allard et al. (2004), where spectroscopic and microscopic
techniques were applied to characterize Fe-rich colloidal
matter in Amazonian rivers. However, direct measurements
of the chemistry and size of colloidal particles are rare, and
studies on temporal variations of these are even more
scarce.

In this paper, we present major and trace element
data obtained using several techniques for physicochem-
ical characterization of sampled species, ranging in size
from diffusible ions to particles <100 lm. The study
show the temporal variation of 42 elements in these
fractions from winter conditions, through a distinct
spring flood event, and into summer conditions, with fo-
cus on assessing the colloidal chemistry and size distri-
bution. The colloidal carrier phases previously
identified in the Kalix River (Dahlqivst et al., 2004;
Andersson et al., 2006) are used to categorize the trace
elemental composition and deduce a likely source for
the colloidal material.

The methods used during the study include Cross-
Flow (ultra)Filtration (CFF), Flow Field-Flow Fraction-
ation coupled on-line to Inductively Coupled Plasma –
Mass Spectrometry (FlFFF-ICP-MS), and Diffusive Gra-
dients in Thin films (DGT). Each of these techniques
has limitations regarding resolution in size and/or other
operational restraints. However, in many respects they
complement each other. Using them together provide
more detailed information for interpretation of specia-
tion/fractionation data, and a welcome opportunity to
critically assess the data and to identify possible
artifacts.

A detailed chemical and physical description of aque-
ous colloids and particles in terrestrial surface and ground
waters may be of great relevance for future studies in the
light of global climate change and warming. Changing cli-
matic conditions are likely to significantly affect annual
mean temperatures in the boreal and arctic regions and
modify both type and amount of precipitation, thus di-
rectly affecting hydro-geological pathways. A longer
growth period for terrestrial plants will enhance organic
production and cycling and possibly increase the reservoir
of organic carbon in soils, which is a likely source for or-
ganic colloids in surface waters. At the same time thawing
permafrost will release large quantities of organic carbon
to stream waters. It is difficult to assess how global cli-
matic changes will affect regional hydro-geochemistry. It
can be argued that ground waters with long residence
times are sources for surface waters with high concentra-
tions of Fe-rich colloids. In contrast to this are soil waters
rapidly washing the uppermost organic-rich layers, e.g.
during episodes of intense snowmelt or rainstorms, acting
as a source for organic-rich colloids. However, it is clear
that the colloidal fraction will continue to be a significant
component in surface waters and a carrier for other trace
elements. It is therefore important to understand current
processes and conditions under which certain types of col-
loids are present and of significance for the total transport
of major and trace elements from the terrestrial environ-
ment to the ocean.
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2. METHODS

The sampling and analysis protocols used are essentially
the same as those reported in connection with the discus-
sion of lanthanide chemistry in the ‘‘Kalix 2002’’ project
(Andersson et al., 2006), although there are some differ-
ences in the treatment of the DGT results.

2.1. Sampling area

The Kalix River in northern Sweden is part of a pristine
river system, which also includes the Torne River (Dynesius
and Nilsson, 1994); no man-made dams or other construc-
tions influence the water discharge. A map of the catchment
can be found in Andersson et al. (2006) 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
the spring flood. The drainage area is �2.4 · 104 km2 and
stretches from the Scandinavian part of the Caledonian
mountain range in the northwest to the Gulf of Bothnia.
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 northwest cover
about 5% of the basement and mainly consists of 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 sedimen-
tary rocks, more or less affected by metamorphism (Gaal
and Gorbatschev, 1987). The quaternary cover is domi-
nated by till deposited during the last glacial period. The till
has a well-developed podzol profile (Fromm, 1965). Conif-
erous forests of spruce and pine cover 55–65% of the catch-
ment area, and peatland about 20%: farmland accounts for
no more than 1%. Some post-glacial sediments are depos-
ited close to the river and its contributors. Mean annual
temperature and precipitation are �0.2 �C and �500 mm,
respectively.

Because of its northerly geographical location at the
Arctic Circle, the river is covered by ice from the end of
November to April. Throughout this period precipitation
is accumulated as snow in the catchment. Hence, the geo-
chemistry of Kalix River water is mainly controlled by in-
flow of groundwater during winter base-flow. The melting
period usually starts in late April or early May, and peak
discharge generally occurs in mid-May. During peak dis-
charge the pH drops, and concentrations of TOC and Fe in-
crease, while major elements like Na, K, Ca, Mg, Cl, SO4

and HCO3 are diluted by melt water.

2.2. Water sampling

Sampling was performed in the Kamlunge rapids from
January to June 2002. The sampling station is located
about 30 km upstream from the river mouth. Water sam-
ples (50 L) were prefiltered in the field with a 100 lm ny-
lon mesh filter mounted in a 142 mm in-line acrylic filter
holder (Geotech�, Denver, CO, USA), and collected in
two 25 L polyethylene (PE) carboys. 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 lm membrane filter cartridge was used
for prefiltration. River water was flushed through the sys-
tem for a few minutes before any sample was collected.
The carboys containing the prefiltered water were thereaf-
ter transported to the laboratory where CFF and FlFFF
processing commenced. All equipment, i.e. filter holder,
nylon mesh, tubing and carboys, was acid-cleaned in 5%
HNO3 for at least 48 h and rinsed in ultrapure, Milli-Q�

(MQ, Millipore, Billerica, MA, USA), water (>18 MX cm)
prior to use.

Water temperature, pH and conductivity were moni-
tored in the field during sampling either with a Mini-
Sonde�3 or a DataSonde�4a (Hydrolab, Loveland, CO,
USA). The instruments were calibrated prior to each sam-
pling, and data was collected for at least 30 min. pH was
measured to ±0.01 pH unit (1 s.d.). Prefiltered samples
were also collected and analyzed for total organic carbon
(TOC) and fluorescence.

2.3. DGT-sampling

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 labile fraction of metals
in the Kalix River. The DGT devices were made and pre-
pared for sampling by following the procedure described
by Davison et al. (2000).

DGT-sampling was performed on 9 occasions from Jan-
uary to June 2002. Triplicate DGT devices were deployed in
the rapids on each occasion, and deployment times ranged
from 120 to 215 h. The deployment time for each sampling
occasion was determined, and a temperature-logging device
(Onset� StowAway TidbiT�, Bourne MA, USA) was de-
ployed together with the DGT devices to monitor the water
temperature. This temperature monitoring is performed in
order to calculate diffusion coefficients for the metal ions
in the water. Directly upon retrieval in the field, the DGT
devices were thoroughly rinsed in MQ water and placed
in airtight PE plastic bags. Several barriers of plastic were
used to avoid contamination. The DGT devices were pre-
pared for analysis according to Dahlqvist et al. (2002)
and analyzed using ICP-MS.

The mass of metal X accumulated in a DGT sampler has
previously been used to calculate labile metal concentra-
tions using Fick’s first law of diffusion according to Davi-
son and Zhang (1994),

½X�labile ¼
MXDg
DXAt

ð1Þ

where MX is the total mass of the metal X accumulated in
the DGT sampler and analyzed in the elution acid, Dg is the
thickness of the diffusion layer (set equal to the gel thick-
ness), DX is the diffusion coefficient for the metal X in acryl-
amide hydrogel, A is the area exposed by a DGT device to
the solution, and t is the deployment time. Values of DX for
free metal ions in water at 25 �C were taken from Vanýsek
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(2005), and were corrected to the mean in situ sampling
temperature using the Stokes–Einstein relation,

D1g1

T 1

¼ D2g2

T 2

ð2Þ

where Di and gi and are the diffusion coefficient and water
viscosity respectively at two different temperatures T1 and
T2 (kelvin). A recent study of the diffusion of Pb2+, Ni2+,
Cd2+ and Cu2+ shows that diffusion coefficients in acrylam-
ide hydrogel at low ionic strength (1 mM) are 90% of the
corresponding values in pure water (Scally et al., 2006):
the diffusion coefficients calculated according to Eq. 2 were
therefore further corrected by the factor 0.9.

The use of Eq. 1 to calculate labile metal concentrations
assumes that the species diffusing through the gel is the free
metal ion. However, it has recently been shown that larger
entities such as metal-fulvic acid complexes can diffuse
through the gel, albeit with significantly lower diffusion
coefficients (Scally et al., 2006). The interpretation of the
DGT measurements in the light of this observation is dis-
cussed in Section 3.4.

2.4. CFF

Ultrafiltration is used to collect and enrich suspended
colloids in a retentate solution for analysis. The technique
is based on the assumption that only colloids larger than
the pore size of the ultrafiltration membrane are enriched,
and that the matrix of permeable species remain unaltered.
However, previous work suggests that permeable species
also are affected by retention (e.g. Viers et al., 1997; Guo
et al., 2001; Dahlqivst et al., 2004).

The normal method for calculating the concentration of
the colloidal or particulate fraction is to use concentrations
measured in the retentate and permeate fractions.

½X�Coll:=Part: ¼
½X�Ret � ½X�Perm

c:f :
ð3Þ

where c.f. is the concentration factor.

c:f : ¼ Vol:Ret þ VolPerm

Vol:Ret

ð4Þ

The sampling and analysis setup used during this study is
presented in detail in Andersson et al. (2006). No samples
were drawn from the permeate or retentate lines during
progress of ultrafiltration. Integrated samples of permeate
and retentate were collected after completed ultrafiltration.
A Millipore Pellicon�2 acrylic filter holder and a high per-
formance peristaltic Watson Marlow� pump were used.
Four types of Millipore Cassette� filters (0.46 m2) were
Table 1
Ultrafiltration settings during the Kalix 2002 project

Filter typeand cut-off Membranematerial Retentate flow (L min�

Double 0.22 lm PVDF 7.8
Single 10 kDa Regenerated cellulose 5.5
Double 1 kDa Regenerated cellulose 4.0
Single 1 MDab Regenerated cellulose 4.8

a c.f. = concentration factor.
b Used once on May 6 as replacement for 0.22 lm filter.
used: 0.22 lm, 10 and 1 kDa. Da (Dalton) is equivalent to
the unified atomic mass unit. A pore size of 1 kDa is
roughly equivalent to a size of 1 nm, and 10 kDa to 5 nm,
the exact relationship depending on the three-dimensional
structure of the colloids in question. On one occasion a
1 MDa filter was used as substitute for the 0.22 lm filter
(May 6): the May 6 data should therefore be interpreted
with caution since the relative performance of these two fil-
ter membranes has not been assessed. The membrane mate-
rials were polyvinylidene fluoride (PVDF) for the 0.22 lm
filter, and regenerated cellulose for the 1 MDa, 10 kDa
and 1 kDa filters. Ultrafiltration settings are summarized
in Table 1.

The filters were first rinsed with large amounts of MQ
water to remove the organic storage solution. A complete
cleaning cycle was performed with basic and acidic solu-
tions according to the specifications given by the manufac-
turer. These solutions were prepared from MQ water, p.a.
(analytical grade) NaOH and p.a. HCl. The filters were
thoroughly rinsed with MQ water between the base and
acid solutions and after the acid solution. In all, each filter
was rinsed with about 100 L of ultrapure solution prior to
use. Each filter was preconditioned with about 2 L of sam-
ple solution before starting the actual filtration. A new
cleaning cycle using NaOH and HCl was then performed
before the processing of each new sample. Cleaned filters
were stored in airtight plastic bags in the dark at �5 �C be-
tween filtrations.

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

A small volume (<2 L) of the 0.22 lm permeate was
analyzed by FlFFF-HR ICP-MS (see Section 2.5), and
equal volumes of the remaining 0.22 lm permeate were
used for ultrafiltration with the 10 kDa and 1 kDa filters,
respectively. The volume of the retentate solutions from
the 10 and 1 kDa filtrations were reduced to 1.5–2.0 L.
Trace metal concentrations were determined by ICP-MS
for all retentate and permeate solutions.

All ultrafiltrations (0.22 lm, 10 kDa and 1 kDa) were
completed within 14 h of sample collection. During all
ultrafiltrations the retentate volume was kept constant at
�4 L until the end of each filtration, when the volume
was reduced. This was achieved by continuously transfer-
ring feed solution from the 25 L carboy to a 5 L retentate
flask at the same rate as the permeate flow. At the end of
each filtration, the retentate solution was allowed to circu-
late through the system with the permeate line closed for
1) Permeate flow (mL min�1) Crossflow ratio Average c.f.a

250 31 16.1
250 22 10.9
75 53 9.6

250 19 16.9



Table 2
Fractionation conditions and ICP-MS instrument operating
parameters for flow FFF ICP-MS system

Flow FFF conditions:

Channel dimensions (cm) 26.0 · 2.0 · 0.0156
Channel volume (mL) 0.81
Channel flow rate (mL min�1) 0.5 ± 0.01
Cross flow rate (mL min�1) 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�1) 15 (variable)
Auxiliary gas flow rate (L min�1) 1.0 (variable)
Sample gas flow rate (L min�1) 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 take-up rate (mL min�1) 1.0
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10 min as recommended by Benner (1991) for improved
recoveries. All retentates, permeates and the prefiltered
sample were analyzed for elemental concentrations with
ICP-MS (ELEMENT�, Thermo Finnigan) according to
Long and Martin (1990). Typical measurement uncertain-
ties (1 s.d.) for key elements are <4% (Fe), <12% (Al),
<10% (Co), <9% (Mo), <5% (Ni) and <3% (Rb). The set-
tings used during ultrafiltration, including membrane mate-
rial, retentate and permeate flows are presented in
Andersson et al. (2006). Average 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:

Rec: ¼ Vol:Ret½X�Ret þ Vol:Perm½X�Perm

Vol:Feed½X�Feed

ð5Þ

Recoveries for the 0.22 lm ultrafilter were: 0.36 (Fe), 0.96
(OC), 0.45 (Al), 0.73 (Co), 0.93 (Mo), 0.84 (Ni) and 0.99
(Rb). For the other two filters recoveries for these elements
were: 0.74, 0.68, 0.77, 0.77, 0.89, 0.91 and 0.92 (10 kDa),
and 0.86, 0.83, 0.84, 0.72, 0.95, 0.92, 0.98 (1 kDa). The
low recoveries for some elements with the 0.22 lm ultrafil-
ter, most notably Fe, indicate that Fe colloids or particles
may strongly interact with the membrane surface. Either
the size range of the colloidal/particulate matter is unfa-
vourable for use with this particular membrane, or the
membrane interacts electrostatically with the colloids.

2.5. FlFFF-ICP-MS

Field-flow fractionation (FFF) is a family of chromatog-
raphy-like techniques by which continuous size distributions
of colloidal material can be determined quantitatively.
Flow FFF is the most suitable FFF technique for studying
small (1–50 nm) natural aquatic colloids. The sample is
eluted through a thin, flat channel by a laminar hydrody-
namic flow (the channel flow). A second flow (the cross
flow) is applied perpendicular to the channel flow, forcing
the sample colloids towards the lower (accumulation) wall
of the FlFFF channel. An ultrafilter membrane covers the
accumulation wall. Thus, colloids larger than the cutoff size
are retained in the channel, while the dissolved fraction per-
meates through the membrane. The average position of a
colloid in the channel will depend on its ability to diffuse
against the cross flow. In this setup, smaller colloids are
transported faster in the parabolic channel flow and elute
first from the FlFFF channel. Since the fractionation is
based on simple physical properties, which can be theoret-
ically described, the diffusion coefficient—and hence the
hydrodynamic diameter—can be calculated directly from
the retention time and the channel dimensions (Giddings
et al., 1976). The relation between retention time and rela-
tive molar mass can also be determined by calibration with
polymer standards of known relative molar mass (Beckett
et al., 1987).

A detailed description of the principles and operating
procedure of the system used in the ‘Kalix 2002’ project is
described in Hassellöv et al. (1999). The system is made
up of a size-separating unit (FlFFF) followed by three
on-line detectors in series (a flow-through UV detector
measuring organic carbon, a flow-through fluorescence
detector measuring humic material, and a High Resolution
ICP-MS quantifying elemental concentrations) as shown in
Andersson et al. (2006). This allows determination of
elemental composition as a function of colloid size in a
measurement time of 100 min. A quantitative on-channel
pre-concentration procedure was used to enable the injec-
tion of a sample volume of 45 mL (Lyvén et al., 1997).

Modifications of the method compared to Hassellöv
et al. (1999) include the use of a HR ICP-MS (ELE-
MENT�, Thermo Finnigan) instead of a quadrupole ICP-
MS, and a different FlFFF carrier solution (15 mM
NH4NO3, pH 7.0). The FlFFF carrier was optimized to
resemble the natural chemical environment and to be com-
patible with the demands of both the FlFFF separation and
the ICP-MS with respect to ionic strength and pH. The
operating conditions for the setup are listed in Table 2,
and detection limits for FlFFF-ICP-MS are described in
Stolpe et al. (2005).

The signals obtained from the ICP-MS were converted
to elemental concentrations using blanks and standards
prepared in the same matrix as the sample (NH4NO3)
and with 1% (v/v) nitric acid. The ‘concentration vs. reten-
tion time’-curve, referred to as a fractogram, was integrated
to give the total peak area. The area was then converted to
amount of element by multiplication of the flow rate and
the dilution factor in the FFF-ICP-MS interface. This
amount was then compared with the total amount injected
(sample volume multiplied by filtered total sample concen-
tration). The total filtered sample concentration was deter-
mined by measuring an acidified filtered sample.

The raw fractograms (UV absorbance at 270 nm, fluo-
rescence at 350/450 nm (excitation/emission) or elemental
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concentration as a function of the retention time) were con-
verted into frequency distributions against size or molecular
weight. Size was estimated as the hydrodynamic diameter
distribution as described in FlFFF theory (Hovingh et al.,
1970; Beckett et al., 1987). Molecular weight was estimated
by calibration with polystyrene sulfonate (PSS) standards.

All FlFFF carrier reagents used were of analytical grade
dissolved in MQ water. Metal standards were prepared by
dilution of 10 mg L�1 mixed standards (SPEX CertiPrep�,
Glen Spectra 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 sulfonates (PSS) ranging
from 1100 to 72,000 in molecular weight (Phenomenex�,
Torrance, CA, USA) and dissolved in the carrier. These
standards correspond approximately to a range of
1–12 nm in hydrodynamic diameter.
Fig. 2. FlFFF Fractograms for selected elements on sampling dates re
summer conditions (10 June). The y-axis scales are arbitrary, so that
concentration between elements and between sampling dates. The collo
shown in Table 4. The UV and fluorescence signals are shown separately fo
show the same size distribution, and only the UV signal is plotted.
2.6. TOC

Prefiltered samples were also collected and analyzed for
total organic carbon (TOC). The concentration was mea-
sured in all permeate and retentate fractions from the ultra-
filtrations using a Shimadzu TOC-5000 high temperature
catalytic oxidation instrument, with an accuracy of ±10%,
(1 s.d.). Samples were acidified and sparged before analysis
and potassium hydrogen phthalate was used as a standard
substance.

3. RESULTS

3.1. Seasonal cycle of master variables

Fig. 1 summarises the changes in master variables in the
Kalix River over the period January to June 2002. The most
dramatic change occurs in the freshwater discharge, where
the peak flow occurred unusually early in 2002, increasing
presenting winter conditions (9 April), spring flood (1 May) and
the fractograms shapes can be seen despite wide variations in

idal concentrations obtained by integrating these fractograms are
r 9 April, where they differ significantly; on 1 May and 10 June they

c
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by more than an order of magnitude within a period of one
week (Fig. 1a). The dramatic discharge peak is accompa-
nied by a drop in pH and in the concentrations of dissolved
major ions (represented by specific conductivity in Fig. 1b)
but increases in both iron and organic carbon
concentrations. The spring flood is therefore associated
with significant changes in the master variables controlling
water chemistry. In addition, the post-spring flood master
variables are in several cases significantly different to the
winter values (e.g. specific conductivity and Fe concentra-
tion). For convenience, the three different chemical regimes
shown in Fig. 1 (pre-flood, spring flood and post-flood) will
be referred to as winter, spring and summer in this paper.

3.2. Seasonal cycle of small colloidal concentrations

Our investigation of the distribution and fractionation
of the lanthanide elements during the same study (Anders-
son et al., 2006) showed that the colloidal material in the
Kalix River is dominated by iron and carbon, which are
considered to act as colloidal carrier phases. During winter
flow separate iron and carbon carrier phases can be
detected with FlFFF. However, during spring flood and
summer flow iron is associated with the carbon carrier
phase. The same colloidal carrier phases were identified in
a study of colloidal chemistry in a small creek in southern
Sweden (Lyvén et al., 2003). The difference between winter
and spring/summer conditions has been further assessed by
Ingri et al. (2006), who showed by measuring the iron iso-
topic composition that the two phases differ with up to
0.44‰ (d56Fe). Other elements in the colloidal fraction
are considered to be associated with one or other of these
carrier phases.

In the Kalix River, individual chemical elements associ-
ated with colloidal material show significant variations with
respect to both colloidal size (hydrodynamic diameter) and
season. In order to illustrate these variations, we have se-
lected 10 elements representing contrasting behaviours,
and have plotted their FlFFF fractograms for three sam-
pling times representing winter (9 April), spring (1 May),
and summer (10 June). These fractograms are shown in
Fig. 2, while Table 3 provides summary information for
all the elements studied. The different noise levels in these
fractograms reflect in large part the widely varying colloidal
concentrations of the individual elements, which are sum-
marised in Table 4. Of the colloidal carrier phases, Fe is
shown directly while C is represented indirectly as UV.
The �10 nm shoulder on the 9 April UV trace is the one
clear difference between the UV and fluorescence fracto-
grams, and appears to be related to the Fe fractogram peak
in the same size range: the lack of fluorescence response
suggests that either no significant humic component is pres-
ent in this size range, or possibly that humic fluorescence is
quenched. In spring and summer, when the colloidal mate-
rial is dominated by organic carbon, UV and fluorescence
show virtually identical fractograms. Fluorescence data will
not be further discussed in this work, but will be the topic of
a future article.

Of particular interest in Fig. 2 are the winter (April
9) data, where the Fe and C colloidal carriers show very
different size distributions, allowing the association of
different elements with these two carriers to be exam-
ined. We will return to this point later (Section 4), but
will first look in more detail at the temporal sequence
of elemental distributions, as revealed by the size
fractionation studies.

3.3. Size fractionation of selected elements

Table 5 summarises the seasonal changes in prefiltered
and 0.22 lm permeate concentrations of the elements stud-
ied, and selected elements are shown in more detail in
Fig. 3. The majority of the trace elements show a clear max-
imum in prefiltered concentrations at the spring flood, the
exception being Mo which shows a clear minimum indica-
tive of Mo being diluted by the water discharge from snow-
melt, following the behaviour of the major elements, e.g.
Na, Ca, Mg, Cl and SO4 noted in Section 3.1. Our analysis
of lanthanide fractionation patterns (Andersson et al.,
2006) led us to conclude that the lanthanide elements mea-
sured in the spring flood have an entirely different source to
that in the winter and summer periods. The spring flood
source, proposed as topsoil flushed by melt water and
flooded riverside areas, is not rich in the major elements
noted above, nor in Mo, since all of these are diluted by
the intense water discharge. This is supported by Tyler
(2005) who showed that major elements generally are not
enriched, as in the case of the lantanide elements, but in-
stead removed from the O-horizon. In contrast to Na, the
heavier alkali metals (K, Rb, Cs) show maximum concen-
trations during the spring flood, consistent with these ele-
ments being retained in the topsoil, as observed in a
different system by Tyler (2004). A general feature of the
elemental size distributions shown in Fig. 3 is that varia-
tions in the 1 kDa permeate concentration over time are
smaller than in the larger fractions. This is most clearly
shown for Co, where the 1 kDa permeate is essentially con-
stant while the larger fractions show a very well defined
peak at the spring flood.

The results shown in Fig. 3 are drawn from two of the
fractionation techniques used in this study: CFF and
FlFFF (DGT is discussed in more detail in section 3.4
below) While there is a reasonable overall agreement as
to the general trends, significant differences and/or dis-
crepancies arise when a more quantitative comparison is
attempted. Thus, comparison between CFF and FlFFF
estimates of colloidal concentrations also reveal wide
variations. Thus the two estimates agree well for Fe,
while FlFFF gives very much lower values for Co and
Rb. These differences may arise from the different physi-
cochemical conditions employed in the two techniques
(see discussion in Dahlqivst et al., 2004), and/or from
the use of different 1 kDa membranes, which may have
different effective cutoff values for natural complexes
and colloids.

3.4. DGT

We have previously (Andersson et al., 2006) identified
two problems associated with the quantitative interpreta-



Table 3
Seasonal overview of colloidal chemistry in the Kalix River 2002:
(1) colloidal carrier phase for each element during winter (9 April
data); (2) increase (+) or decrease (�) in colloidal concentration
between winter (9 April) and spring (1 May); (3) timing of
maximum in colloidal concentration

(1)a (2) (3)

Main group elements

Li n.c.
Na n.c.
K n.c.
Rb n.c.
Cs C/Fe
Be n.d.
Mg C/Fe + Winter
Ca C/Fe + Winter
Sr C/Fe + Summer
Ba C/Fe + Spring
B n.d.
Al C/Fe + Spring
Ga n.d.
Tl n.d.
C C
Si Fe
Sn n.d.
Pb C/Fe + Spring
P Fe � Winter
As n.d
Sb Fe � Winter
Bi n.d.
S n.c.
Se n.d.
Te n.d.
Cl n.c.
Br n.d.
I C + Spring

Transition elements

Sc n.d. + Spring
Ti n.d.
V Fe + Spring
Cr C/Fe + Summer
Mn C/Fe + Summer
Fe Fe � Winter
Co C + Spring
Ni C � Spring
Cu C + Spring
Zn Fe � Winter
Y C/Fe + Spring
Zr C + Spring
Nb n.d.
Mo n.c.
Ag n.d.
Cd n.d.
Hf C +
Ta n.d.
W n.d.
Re n.d.
Os n.d.
Pt n.d.
Au n.d.
Hg n.d

Lanthanides and actinides

La Fe + Spring
Ce Fe + Spring

Table 3 (continued)

(1)a (2) (3)

Pr Fe + Spring
Nd Fe + Spring
Sm C/Fe + Spring
Eu C/Fe + Spring
Gd C/Fe + Spring
Tb C/Fe + Spring
Dy C/Fe + Spring
Ho C/Fe + Spring
Er C/Fe + Spring
Tm C/Fe + Spring
Yb C/Fe + Spring
Lu C/Fe + Spring
Th C/Fe + Spring
U C/Fe + Spring

a ‘‘n.c.’’ = not present in colloidal form; elements marked
‘‘n.d.‘‘ = colloidal distribution cannot be distinguished from the
background.

Table 4
Integrated colloidal concentrations (nM) for the fractograms
shown in Fig. 2

Element Winter (9 April) Spring (1 May) Summer (10 June)

Fe 1241 (8.8) 1159 (4.3) 3 (0.06)
Sb 1.46a b b

V 0.043a 0.269 (3.4) b

Cu 0.6 (11.2) 3.5 (34.2) 0.4a

Zr 0.25a 1.24a 0.27a

Al 46 (8.1) 262 (10.7) 10 (1.8)
Mn 0.87 (0.4) 6.32 (0.7) 6.72 (2.2)
Pb b 0.088 (46) 0.020 (13)
U 0.087a 0.108 (10.1) 0.024 (4.1)
Rb 0.144 (1.0) 0.206 (0.9) 0.147 (1.0)
S 324 (0.6) 405 (1.9) 340 (0.9)

Values in parantheis are % colloidal of the total concentration.
a Total concentration was not determined.
b Fractogram could not be integrated as the colloidal distribution

could not be distinguished from the background.
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tion of DGT data from this field campaign. First, the prep-
aration (washing) procedure used in the work, and which
was standard procedure for DGT measurements at that
time, can lead to (up to 5-fold) accelerated diffusion of me-
tal ions through the gel at low ionic strength, resulting in an
underestimate of labile metal concentrations calculated
according to Equation 1 (Warnken et al., 2005). ‘‘Low ionic
strength’’ in this context is <1 mM: calculated ionic
strengths for the Kalix samples range between 0.3 and
0.7 mM, the lowest values occurring at the spring flood.
Second, complexation of metals by humic substances re-
sults in reduced diffusion coefficients (metal-fulvic acid
complexes have typically a diffusion coefficient only 20%
of that of the free metal ion; Scally et al., 2006). Since these
two effects oppose one another, but cannot be fully quanti-
fied, we can most safely report the DGT measurements in
terms of the most probable range of concentrations of
DGT-labile metal. In order to assess this range we have first
estimated the reduction in diffusion coefficient due to com-



Table 5
Spring flood characteristics of elemental concentrations in the
Kalix River 2002

Prefiltered 0.22 lm permeate

Main group elements

Li No No
Na Min Min
K Max No
Rb Max Max
Cs Max No
Be No No
Mg Min Min
Ca Min Min
Sr Min Min
Ba No Min
B
Al Max Max
Ga Max Max
Tl No Max
C Max Max
Si Min No
Sn
Pb Max No
P Max Local max
As No No
Sb No No
Bi
S Min Min
Se
Te
Cl
Br
I

Transition elements

Sc No Max
Ti Max Local max
V Max Local max
Cr Max No
Mn Max Max
Fe Max Local max
Co Max Max
Ni Max No
Cu Max No
Zn Local max No
Y Max Local max
Zr No No
Nb No No
Mo Min Min
Ag
Cd No No
Hf No No
Ta
W No No
Re No No
Os
Pt No No
Au No No
Hg No

Lanthanides and actinides

La Max Local max
Ce Max Local max
Pr Max Local max
Nd Max No

Table 5 (continued)

Prefiltered 0.22 lm permeate

Sm Max Local max
Eu Max No
Gd Max Local max
Tb Max No
Dy Max Local max
Ho Max No
Er Max Local max
Tm Max No
Yb Max Local max
Lu Max No
Th No No
U No No
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plexation with humic materials, and then considered that
the diffusion coefficient may in reality be between 1 and 5
times this corrected coefficient depending on the strength
of the acceleration effect. In the case of the lanthanides,
these elements were estimated from speciation calculations
to be essentially 100% complexed by humic materials. Since
the range of metals being considered in the paper shows a
much wider range of behaviour, the degree of humic sub-
stance complexation of the metals measured by DGT was
calculated for each of the sampling occasions, with the
overall results shown in Table 6. Since these discrete sam-
ples do not coincide with the DGT deployment periods,
the mean degree of complexation has been used in calculat-
ing the probable ranges of DGT-labile metal concentrations
shown in Fig. 4. For Fe, Mn, Al, Ni and Co, the 0.2 lm
permeate concentrations fall largely within these calculated
DGT-labile concentration ranges, suggesting that DGT is
sampling essentially all of the 0.2 lm permeate, with the
notable exception of Fe during the winter season, where
the DGT system appears to sample only a small proportion
of the 0.2 lm permeable Fe. This may indicate the existence
of colloidal Fe, which is not DGT-labile. Co and Ni also
show signs that DGT undersamples the 0.2 lm permeate
during the winter season, suggesting that these metals
may be associated with the non-labile Fe colloids. For
Rb, the DGT-sampled concentrations are much less than
the 0.2 lm permeate concentrations, reflecting the poor
ability of the DGT resin to complex and accumulate the
weakly interacting Rb+ ion.

4. DISCUSSION

Figs. 2 and 3 demonstrate that colloidal material plays
a significant role in the transport of trace metals in the
Kalix River. The seasonal behaviour of each element
can be characterised by the answers to the following
questions.

• Is the ‘‘dissolved’’ (0.22 lm permeate) concentration
at the time of the spring flood a maximum value (indi-
cating that the flood water has been enriched in this
element), or a minimum value (indicating that the
flood water is acting to dilute out this element)?
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Fig. 3. Concentrations of Fe, Ni, Al, Mo and Rb in different size fractions in the Kalix River between January and June 2002. Note that the
concentration scale for Fe is logarithmic.

Table 6
Calculations of complexation in the Kalix field samples

Element % Bound by humic substancesa

Mg 6.3 ± 3.8
Al 100
Ca 7.2 ± 4.0
Mn 35.7 ± 7.7
Fe 99.3 ± 0.4
Co 35.3 ± 12.2
Ni 59.7 ± 12.4
Sr 16.1 ± 7.5
Ba 3.8 ± 2.4
U 92.2 ± 3.5

a Calculated using the speciation programme WHAM 6.

Colloidal trace elements in a boreal river 5349
• Does the element associate preferentially with the iron
or the carbon colloidal carrier phase?

• Does the colloidal concentration of the element show
a maximum during the winter, or during the spring or
summer?
By answering these three questions we can in more detail
draw conclusions on the association of trace elements to
certain colloidal carrier phases and link these to the discus-
sion of hydro-geological residence times and pathways for
soil and ground water.

Tables 3 and 5 summarise this information for all the
elements studied in the ‘‘Kalix 2002’’ project. Several ele-
ments included in the measurement programme could not
be quantified since the colloidal size distributions could
not be distinguished from the background: these are
however included in these Tables for completeness. The rel-
ative degree of association with Fe and C colloidal carrier
phases has been assessed from the 9 April fractograms,
and as for the fractograms shown in Fig. 2 have been di-
vided into three categories: Fe-dominated, C-dominated
and mixed. The elements whose distribution is dominated
by truly dissolved material are marked as ‘‘n.c.’’ (non-col-
loidal) in Table 3. The distributions of the lanthanide ele-
ments have been addressed in a separate paper
(Andersson et al., 2006), and will not be discussed further
here. Table 3 also shows the timing of the maximum in col-
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loidal concentration of each element. The elements associ-
ating strongly with the Fe colloidal carrier phase show a
maximum in the winter, their colloidal concentrations
declining thereafter as the carrier phase concentration de-
creases. The majority of the remaining elements, whether
strongly C-associated or associated with both colloidal car-
rier phases, show a maximum during the spring period.
Analysis of the lanthanide fractionation patterns from the
same sampling occasions has indicated that the source of
colloidal lanthanides, and by implication also the source
of the colloidal carrier phases, varies according to season,
with mobilised organic material from flooded topsoil con-
sidered to play an important role during the spring flood
(Andersson et al., 2006).

4.1. Association with colloidal carrier phases

The presence of two colloidal carrier phases has previ-
ously been reported in the Kalix River by Dahlqivst et al.
(2004) and Andersson et al. (2006). However, their origin
and temporal variation in relation to geochemical processes
in soil and ground water have not been discussed in detail.
In short, two colloidal particles with different chemical com-
position and size have been observed in the river; a smaller
(�2–3 nm) organic-rich colloid, and a larger (�12 nm) Fe-
rich particle. The temporal variation of these colloids leads
us to be believe that the relative significance of different hy-
dro-geological pathways change during the year. We propose
that the larger Fe-rich colloid observed only during winter
conditions has its origin in deep ground waters with long res-
idence times. The long residence time for ground water dur-
ing winter is facilitated by the fact that precipitation is
accumulation as snow instead of acting as input to the
groundwater reservoir. Effectively, this gives the groundwa-
ter longer time to interact with its surrounding bedrock. This
is supported by recent findings in the Kalix River by Ingri
et al. (2006), where it was suggested that Fe-oxyhydroxides
are precipitated during winter by inflow of oxygen deficient
groundwater enriched in Fe(II). Furthermore, the steady
and increasing concentration of suspended Fe-oxyhydrox-
ides observed during winter by Ingri et al. (2006) was respon-
sible for an increase in d56Fe by approximately 0.4‰.

Although the smaller C-rich colloidal fraction also can
be observed during winter it seem that Fe is not associated
with this material, at least not to a degree which is detect-
able with our equipment. However, as the spring flood
event starts the large Fe-oxyhydroxides can no longer be
detected, and Fe is instead associated with the C-rich colloi-
dal matter.

The small sized organic colloidal material probably has
its origin in the uppermost organic-rich soil layer (O-hori-
zon) in the podzol. Normally, most of the organic material
is percolated down through the soil horizons and subse-
quently precipitated together with Fe and Al in the B-hori-
zon (podzolisation). However, during snowmelt in spring
the uppermost layers can be intensively flushed, and organic
material can be readily mobilized and reach surface waters
without being precipitated in the B-horizon. Along with the
organic material are associated Fe, Al and other trace
elements.
The overview of carrier phase association presented in
column (1) of Table 3 is compared in Fig. 5 with the earlier
FlFFF-ICP-MS study of trace element distribution between
Fe and C colloidal carrier phases in the small Delsjö Creek
in southern Sweden (Lyvén et al., 2003). The elements dom-
inated by C-colloids in the Kalix river are also C-dominated
in the Delsjö Creek, while the majority of elements display
en intermediate behaviour in both systems. However, two
elements (Pb and Sb) depart from this pattern showing
sharply contrasting behaviour in the two systems. We can
conclude that these two elements’ behaviour are strongly
dependent on the chemistry of the water and/or colloids:
pH may well play a significant role here, since the speciation
modelling study reported by Lyvén et al. (2003) suggests
that the distribution of Pb between Fe and C colloids
may be strongly pH-dependent.

An interesting aspect of the overview shown in Table 4
concerns the elements with potentially variable oxidation
states, where the observed fractionation can provide an
indication of the oxidation state of the elements concerned.
The case of V is discussed in Section 4.1.1: Cr is also inter-
esting in this connection. Cr can be present as Cr(III) or
Cr(VI) in natural waters. Of these, Cr(VI) as chromate is
expected to be dominated by truly dissolved material as
for the isostructural sulphate and molybdate. The observa-
tion that Cr is associated with both C and Fe colloidal car-
rier phases is therefore not consistent with the presence of
Cr(VI): on the other hand, association with both C and
Fe colloidal carrier phases is fully consistent with the pres-
ence of Cr(III) (cf. other trivalent cations such as Al and the
heavier lanthanides).

4.1.1. Strong association with fe carrier phase

Sb and V are the representative elements in this case. Both
elements are clearly associated with the Fe peak under winter
conditions (9 April), and together with Fe show very low or
undetectable colloidal concentrations in summer (Fig. 2
and Table 3). The strong association of V with Fe colloids
suggests that V is present as the thermodynamically favoured
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oxidation state V(V), whose oxyanions are isostructural with
phosphate. Phosphate is well known to associate strongly
with iron oxide surfaces, and was also clearly associated with
the Fe colloidal carrier phase on 9 April, although the P frac-
tograms were very noisy. Since V is not associated to any col-
loidal phase during summer it is likely that the origin for V
during winter also, like Fe, is from groundwater supply.
However from our data it can not be deduced for certain if
V binds to the Fe-colloids during an early stage of precipita-
tion, or is adsorbed at a later stage when the colloids have al-
ready reached the river.

Little is known of Sb speciation in river waters, but the
strong association with Fe suggests a similar mechanism of
strong anion adsorption to the iron oxide surface. Associa-
tion of Sb and V to carbon colloids is on the other hand
very weak, which most probably reflects the weak interac-
tion of anions with the negatively charged humic sub-
stances, which constitute a significant part of the organic
carbon present.

4.1.2. Strong association with C carrier phase

Zr and Cu are the representative elements in this case.
The colloidal concentrations follow carbon, showing a clear
maximum in colloidal concentration at the spring flood,
while association with Fe colloids is too weak to be identi-
fied in the 9 April fractograms. These two elements repre-
sent very different chemistries. The association of the
strongly hydrolysed Zr(IV) with organic carbon parallels
the well-known strong uptake of the analogous Th(IV) by
biogenic organic matter in the ocean, a process which forms
the basis for estimation of vertical particulate fluxes using
U - Th disequilibria measurements as suggested by Tureki-
an (1977). Like Zr and Th, Hf also falls within this group
showing strong association with the C-colloid and increas-
ing concentration during the spring flood. The work of Ty-
ler (2005) shows moderate enrichment of Zr, Th and Hf in
the O-horizon, which agree with our findings. Cu(II), with a
very different chemistry as a ‘‘borderline’’ cation (i.e. inter-
mediate between (a)- and (b)-type cations) is also well
known to form strong organic complexes, and can therefore
be expected to associate strongly with organic carbon col-
loids. Thus, it is possible for carbon-rich colloidal material
to act as a strong ‘scavenger’ for some trace elements (e.g.
Th, Zr, Hf), but also as a surface with continuous adsoption
and exchange with solute species in the surrounding water.

As C-rich colloids likely derive from the uppermost soil
horizon it is also likely that many of the trace elements
associated with this carrier phase (e.g. Co, Ni, Cu) have
their origin here. In a study on vertical trace element distri-
bution in a Haplic Podzol profile, in southern Sweden, it
was shown by Tyler (2004) that there was a strong correla-
tion between organic matter and many transition elements,
including Co, Ni, Cu, Pb and Zn. It is also consistent with
our findings that organic colloidal matter is enriched in
these elements in the river water during snowmelt and
spring flood.

4.1.3. Association with both carrier phases

Many elements associate with both the Fe and C colloi-
dal carrier phases: this is most clearly shown by the fracto-
grams for 9 April where the Fe and C colloidal carrier
phases show very different size distributions. Al, Mn, Pb
and U represent this grouping in Fig. 2. This group of ele-
ments combines contrasting chemistries including strongly
hydrolysed (Al) and weakly hydrolysed (Pb) cations, and
elements with potentially variable oxidation states (Mn, U).

4.2. Truly dissolved elements

Elements that are largely present in truly dissolved form
show fractograms dominated by a ‘‘void peak’’, i.e. a peak
which occurs at a shorter retention time than either of the
colloidal carrier phases. This ‘‘void peak’’ is interpreted as
a flushing of truly dissolved material from the FlFFF chan-
nel, and is not considered to represent colloidal material.
Rb and S are the two such elements shown in Fig. 2. In
terms of chemistry, we can note that Rb, in common with
other alkali metal cations, interacts only very weakly with
ligands and particulate material (with the exception of
clays), so that a distribution dominated by truly dissolved
material is not unexpected. S is present as the anion sul-
phate, which can be expected to interact only very weakly
with negatively charged organic carbon colloids (c.f. discus-
sion of vanadate in Section 4.1.1 above), and in contrast to
V does not interact significantly with iron oxide surface
either.

5. CONCLUSIONS

The intense spring flood in the Kalix River is accom-
panied by major changes in the dissolved, colloidal and
particulate concentrations of major and trace elements.
The colloidal material is dominated by carbon and iron
colloids, which are considered to act as carrier phases
for other elements. Iron is the dominating colloidal car-
rier phase in winter, giving way to carbon during the
spring flood. Consequently, this behaviour results in sig-
nificant changes in the colloidal concentrations of many
trace elements, most particularly those that have a partic-
ularly strong affinity for one or other of the two carrier
phases. Elements that associate with the carbon colloidal
carrier phase show a strong maximum in colloidal con-
centration at the time of the spring flood. The alkali met-
als, together with many oxyanionic elements, associate
only very weakly with colloidal carrier phases and occur
largely as truly dissolved material. Important exceptions
are elements such as V and Sb, which have a strong affin-
ity for the iron colloidal carrier phase. Thus, the nature
of the colloidal carrier phases, and elemental affinities
for these, strongly influence the colloidal transport of ele-
ments in the Kalix River.

The cause for these changes in colloidal concentrations,
and associated trace elements is attributed to variations in
hydro-geological pathways, which seem to be dramatically
variable during spring flood. Winter conditions promote
formation of Fe-colloids when oxygen deficient groundwa-
ter enters the river. Due to accumulation of snow during
winter the ground water has a long residence time com-
pared to summer conditions. It is therefore enriched in
Fe(II), which precipitates to form a Fe-oxyhydroxide col-
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loidal phase to which other trace elements are associated.
At peak spring flood the hydro-geological conditions are
different. A combination of rapid snowmelt and/or
flooded riverbanks cause the uppermost organic-rich soil
layer to be washed. As a result organic matter, including
colloidal particles, is mobilised and carried to the river
during this period, and the Fe-rich colloid can not be ob-
served Summer conditions provide yet another regime for
river geochemistry. Precipitation not returned to the atmo-
sphere by evapo-transpiration readily percolates to the
groundwater reservoir, receiving the geochemical imprint
of the physical and chemical characteristics of the soil pro-
file and bedrock. Intense storm events during summer are
likely to simulate similar conditions as observed during
snowmelt and spring flood.

Three independent techniques for physico-chemical spe-
ciation have been used to characterise the size fractionation
of the elements studied. While the trends shown by these
techniques are largely consistent with one another, quanti-
tative comparisons reveal some important differences that
warrant further investigation.

We conclude that river geochemistry is controlled by a
combination of hydro-geological pathways and geological
conditions in soil and bedrock. The colloidal speciation
and concentration, with associated trace elements, are clo-
sely linked with these processes. Climate is a major aspect
in controlling hydrogeology in boreal and arctic regions.
Type, duration and intensity of precipitation are probably
key factors. As with many rivers in high-latitude regions
discharge is highly variable, and the physico-chemical spe-
ciation may change accordingly as has been proven in the
Kalix River.

We have analysed 42 trace elements in the size range from
‘truly dissolved’ elements to particulate material <100 lm in
an attempt to give a detailed account of the temporal varia-
tion in physico-chemical speciation. Colloidal particles are
important carriers for trace elements. Thus, we have elabo-
rated on the origin and evolution of colloidal particles in
the Kalix River and how these receive the observed geochem-
ical imprint from interaction between soil, bedrock, water
and particles and solute species transported therein.

ACKNOWLEDGMENTS

The authors would like to thank Anders Henriksson, Johan
Gelting-Nyström, Helena Skoglund and Jerry Forsberg at Luleå
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Lyvén B., Hassellöv M., Turner D., Haraldsson C. and Andersson
K. (2003) Competition between iron- and carbon-based colloi-
dal carriers for trace metals in a freshwater assessed using flow
field-flow fractionation coupled to ICPMS. Geochim. Cosmo-

chim. Acta 67, 3791–3802.

Neff J. C., Finlay J. C., Zimov S. A., Davydov S. P., Carrasco J. J.,
Schuur E. A. G. and Davydova A. I. (2006) Seasonal changes in
the age and structure of dissolved organic carbon in Siberian
rivers and streams. Geophys. Res. Lett. 33, L23401. doi:10.1029/

2006GL028222.
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Viers J., Dupré B., Polvé M., Schott J., Dandurand J.-L. and Braun
J.-J. (1997) Chemical weathering in the drainage basin of a
tropical watershed (Nsimi-Zoetele site, Cameroon): comparison
between organic-poor and organic-rich waters. Chem. Geol.

140, 181–206.

Warnken K. W., Zhang H. and Davison W. (2005) Trace metal
measurements in low ionic strength synthetic solutions by
diffusive gradients in thin films. Anal. Chem. 77, 5440–5446.

Associate editor: Johnson R. Haas

http://dx.doi.org/10.1029/2006GL028222
http://dx.doi.org/10.1029/2006GL028222

	Temporal variations of colloidal carrier phases and associated trace elements in a boreal river
	Introduction
	Methods
	Sampling area
	Water sampling
	DGT-sampling
	CFF
	FlFFF-ICP-MS
	TOC

	Results
	Seasonal cycle of master variables
	Seasonal cycle of small colloidal concentrations
	Size fractionation of selected elements
	DGT

	Discussion
	Association with colloidal carrier phases
	Strong association with fe carrier phase
	Strong association with C carrier phase
	Association with both carrier phases

	Truly dissolved elements

	Conclusions
	Acknowledgments
	References


