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Abstract
On-site size fractionation of about 40 major and trace elements (TE) was performed on waters from boreal small rivers and
their estuaries in the Karelia region of North-West Russia around the “Vetreny Belt” mountain range and in Paanajärvi
National Park (Northern Karelia). Samples were ﬁltered in the ﬁeld using a progressively decreasing pore size (5 lm, 2.5
(3) lm, 0.22 (0.45) lm, 100 kDa, 10 and 1 kDa) by means of frontal ﬁltration and ultraﬁltration (UF) techniques and employing in-situ dialysis with 10 and 1 kDa membranes followed by ICP-MS analysis. For most samples, dialysis yields a systematically higher (factor of 2–3) proportion of colloidal forms compared to UF. Nevertheless, dialysis is able to provide a fast
and artefact-free in-situ separation of colloidal and dissolved components.
Similar to previous studies in European subarctic zones, poor correlation of iron concentration with that of organic carbon
(OC) in (ultra)ﬁltrates and dialysates reﬂect the presence of two pools of colloids composed of organic-rich and Fe-rich particles. All major anions and silica are present as dissolved species (or solutes) passing through the 1-kDa membrane. Size-separation ultraﬁltration experiments show the existence of larger or smaller pools of colloidal particles diﬀerent for each of the
considered elements.
The eﬀect of rock lithology (acidic versus basic) on the colloidal speciation of TE is seen solely in the increase of Fe and
some accompanying TE concentrations in catchment areas dominated by basic rocks compared to granitic catchments. Neither the ultraﬁltration pattern nor the relative proportions of colloidal versus truly dissolved TE are aﬀected by the lithology
of the underlying rocks: within ±10% uncertainty, the two colloidal (10 kDa–0.22 lm and 1–10 kDa) and the truly dissolved
(<1 kDa) pools show no diﬀerence in percentage of TE distribution between two types of bedrock lithology. The same conclusion is held for organic- and Fe-rich waters. In contrast, landscape context analysis demonstrated slight dominance, for
most TE aﬀected by UF, of large-size colloids (10 kDa–0.22 lm) in rivers and streams and small-size colloids and truly dissolved fractions in swamp stagnant surface waters. This supports the existence of two pathways of colloids formation: during
the plant litter degradation in wetland zones and at the redox front in river riparian zone.
Ó 2009 Elsevier Ltd. All rights reserved.
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Boreal zones of the Russian Arctic are likely to play a
crucial role in the regulation of trace element (TE) input
into the ocean at high latitudes. In view of the importance
of ecosystems evolution in the circumpolar zone, it is very
timely to carry out detailed regional studies of trace ele-
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ments geochemistry in boreal landscapes. In contrast to our
good knowledge of Western European Arctic environments
located in a relatively warm climate on the Baltic Sea coast
in areas subject to anthropogenic inﬂuence, we still have an
extremely poor understanding of the geochemistry of small
pristine catchments situated to the east of Scandinavia, on
the coast of the Arctic Ocean and adjoining seas. In these
regions, the nature of dissolved organic matter (DOM),
iron and aluminium colloids, as well as the estuarine behaviour of TE, may be very diﬀerent from that observed in the
“model” Kalix river, which has been very thoroughly studied over the past decades (e.g. Öhlander et al., 1996; Ingri
et al., 2005; Dahlqvist et al., 2007). The diﬃcult and costly
access to the Central and Eastern Russian Arctic has hampered progress in understanding the geochemistry of these
zones. Hence, the more easy accessible small catchments
of the White Sea basin are of interest since they may be
representative of extensive zones of the Russian Arctic.
Therefore, the present study is aimed at quantitative characterization of TE speciation in pristine, organic-rich rivers
and surface waters of the White Sea basin sampled during
the base ﬂow in summer.
The second main issue addressed here is the role of
bedrock lithology (granites versus basalts) and landscape
context (rivers versus peatland zones) in controlling the
formation and nature of colloids. The colloidal matter in
natural waters includes particles, macromolecules and
molecular assemblies and falls to some extent into the size
range of about 1–100 nm (Nowack and Bucheli, 2007). In
contrast to the large amount of information on the eﬀect
of rock lithology on the ﬂuxes and geochemical behaviour
of major elements in dissolved (<0.45 lm) and particulate
(>0.45 lm) matter from various climatic zones (Bluth and
Kump, 1994; Gaillardet et al., 1997; Zakharova et al.,
2005), the colloidal transport of major and trace elements
remains poorly understood. The composition and redox
conditions of river water (Zakharova et al., 2007) and
groundwater (Dia et al., 2000), as well as the composition
of the colloids present in it (Degueldre et al., 2000) are
likely to be strongly inﬂuenced by the chemical and mineralogical composition of the bedrock. In this regard,
the basic rocks and granites that are both present in the
Karelian region oﬀer a rigorous and straightforward possibility of assessing the control of lithology on colloid formation in surface waters. For this purpose, we directly
compared the colloidal speciation of TE in ﬂuids sampled
from rivers and wetlands draining basic and granitic
catchments.
The third motivation behind this study was to compare
the size fractionation of TE in colloids using two contrasting techniques, dialysis and ultraﬁltration (UF). The ﬁrst
method allows an in-situ assessment of the equilibrium distribution of solutes having a pore size less than that of the
membrane (Alfaro-De la Torre et al., 2000; Gimpel et al.,
2003) and it has been previously used to isolate small size
fractions of metals (Beneš and Steinnes, 1974; Jansen
et al., 2001), to sample and assess the speciation of metals
in the lake waters and in sediments (Carignan et al., 1985)
and to remove small particles of iron oxy(hydr)oxide from
solution (Lofts et al., 2008). Ultraﬁltration, which is more

widely used in assessing the state of TE and organic ligands
in natural waters (e.g. Buﬄe et al., 1978; Hoﬀman et al.,
1981; Sholkovitz, 1995; Eyrolle et al., 1996), may involve
various potential artefacts such as charge separation, ﬁlter
clogging etc. (Viers et al., 1997; Dupré et al., 1999; Zsolnay,
2003). In the present study, we performed both UF and
dialysis on the same samples in the ﬁeld, using on-site separation procedures of similar design.
Therefore, speciﬁc goals of this study are the following:
(i) rigorously compare two commonly used size-separation
procedures, dialysis and UF, for routine assessment of the
colloidal state of TE in boreal waters, and (ii) estimate
the eﬀect of solution (pH, dissolved organic carbon
(DOC), Fe concentration) and environmental (rivers/
swamp, rock lithology) factors on TE speciation and size
distribution of colloids. Addressing these issues will hopefully give us a better understanding of the speciation of major and trace elements in boreal rivers, though it cannot
allow straightforward discrimination of the sources and
ﬂuxes of these elements, as well as organic carbon in similar
environments. In this way, we should be able to develop
new environmentally-friendly policies for the use of water
resources. For this, prediction of response of Arctic and
subarctic ecosystems to on-going environmental changes
on the scale of small and large catchments is necessary.
2. SAMPLE AREA
The studied area is located in north-western Russia
within three large geological structures: the Kola and Karelia Provinces, and the Belomorian belt. Fig. 1 presents a
simpliﬁed map of the sites along with sampling points
and geological setting. The investigated sites are situated
around a paleorift belonging to the Vetreny (Windy in English) Belt (63°460 N–35°480 E) on the south-west coast of the
White Sea (Puchtel et al., 1996, 1997; Kulikov et al., 2005),
as well as in the Paanajärvi National park (66°120 N–
30°330 E), where basic intrusions crop out in the Kivakka–
Tzipringa zone of northern Karelia (Amelin et al., 1995).
The 2.45 Ga-old Vetreny Belt formation is represented
by ultramaﬁc komatiitic rocks displaying spinifex structure,
with high MgO (up to 24%), and low Al2O3 and TiO2 contents (Puchtel et al., 1997). The Kivakka and Tsipringa
intrusions (2.44 Ga) (Balashov et al., 1993; Amelin and
Semenov, 1996) belong to the Olanga group of peridotite–gabbro-norite layered intrusions, which are hosted by
migmatized biotite and amphibole gneisses, granite-gneisses
and granodiorite-gneisses of Late Archean age (Bychkova
et al., 2007).
Selected zones can be considered as pristine environments with natural concentrations of elements in rivers because of the absence of any industrial or agricultural
activity and the limited accessibility. As such, we expect
only the presence of long-range world-wide atmospheric
pollution without any local source of contaminants. The
list of sampled waters and their bedrock compositions
are presented in Table 1. For this study, we selected two
types of catchments: with predominantly granite/granitegneiss acidic rocks and with predominantly basic rocks.
For mixed, granitic-gneiss and basic bedrock lithologies,
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Fig. 1. Map of the studied area showing main geomorphological regions and sampling locations in the Vetreny Belt zone (“No.” series,
numbers in circles), the White Sea coast (“Y” series, numbers in triangles) and the Kivakka intrusion zone (“K” series, numbers in squares).

the discriminant criterion between these two types of
catchment was taken as 50% coverage by basic or acidic
rocks.
In most areas, podzol is the main soil type, with soil
depths varying from 15 to 50 cm, while very thin horizons
(15–20 cm) are typical for more elevated areas (>200 m
above sea level) (Evdokimova, 1957). Tundra brown soils
are typical for the upper part of the Kivakka and Vetreny
Belt intrusions, where they exhibit a shallow proﬁle (10–
20 cm) with high proportions of organic detritus. Peat gley
soils occur in valleys, wide plains, gentle slopes and local
depressions. The vegetation is represented by typical taiga
species: spruce and pine forests mixed with some birch trees
that cover more than 80% of the terrain. Large areas of
peatland, located in glacial depressions, yield high concentrations of DOC in surface waters. All rivers are ice-covered
from early November till April–May. The mean annual
temperature of the region varies from 0 to 3 °C depending
on latitude. Maximum melt-water discharge occurs in
May–June on the north (Karelia region) and in April–
May on the south (Vetreny Belt intrusion). The snow-free
period lasts 4–5 months. The amount of precipitation in
the region varies between 700 and 500 mm. The seasonal
variations of precipitation and temperature were reported
by Zakharova et al. (2007).

3. MATERIALS AND METHODS
3.1. Sampling, ﬁltration and dialysis
Diﬀerent series of streams, large rivers and swamps (wetland zones) were sampled during ﬁeld campaigns in July–
August 2004, February 2006 and July 2006 only during
the summer and winter base ﬂow period because of the difﬁcult access to the studied sites during spring ﬂood, as well
as large variability in space and landscape of the studied region. Water temperature and pH were measured in the ﬁeld.
The pH was measured using a combined Schott-Geräte
electrode calibrated against NIST buﬀer solutions (pH
4.00 and 6.86 at 25 °C), with an accuracy of ±0.02 pH
units. Samples were collected from near the middle of the
ﬂow channel, using 1-L high-density polyethylene (HDPE)
containers held out from the beach on a non-metallic stick.
Plastic gloves were always used during handling of the samples. The water samples were immediately ﬁltered through
sterile, single-use MinisartÒ ﬁlter units (Sartorius, acetate
cellulose ﬁlter) with pore sizes of 5, 0.45 and 0.22 lm. The
ﬁrst 200 ml of the ﬁltrate was systematically discarded.
Only ﬁltered (0.45 or 0.22 lm) samples were used in the
UF steps, which involved a series of decreasing pore size
(100, 10 and 1 kDa).
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Table 1
Studied samples from rivers, lakes and swamps, with their bedrock composition. “No.” and “K” series correspond to samples taken from
Vetreny Belt and Kivakka intrusion zones, respectively (summer period), and “Y” to samples from the White Sea coast (winter period).
Sample
No.

Description

Bedrock composition of the catchment

Sampling
date

No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.
No.

r. Maksimova
Surface water
r. Ruiga
Surface water from basalt ﬁeld
Surface water from basalt ﬁeld
r. Ruiga, upstream bioﬁlms
r. Ruiga, highest upstream
Creek over ultramaﬁtes
r. Nukhcha
r. Yukova at low tide
r. Ladreka
r. Idel
r. Pezega

Gneisses, glacial deposits
Basalt
Basalt
Basalt
Basalt
Basalt
Basalt
Ultramaﬁtes
Basalt
Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses, amphibolites, quartzites
Granites, leucogranites, tonalite-tronghjemites

25.07.2004
25.07.2004
25.07.2004
25.07.2004
25.07.2004
26.07.2004
26.07.2004
28.07.2004
29.07.2004
06.08.2004
06.08.2004
09.08.2004
09.08.2004

K-1
K-3
K-4
K-7
K-8
K-10
K-11
K-12
K-13
K-15
K-17
K-21
K-22
K-23
K-23-A
K-23-B
K-24
K-25
K-26
K-27
K-28
K-30
K-31
K-32
K-33
K-38
K-39
K-40
K-41
K-43
K-44
K-45
K-46
K-47
K-48
K-49
K-50
K-51
K-52
K-53

Lake on the top of Kivakka intrusion
Lake
Lake
Tributary of r. Palajoki
Subsurface ﬂow (south-bank tributary of r. Palajoki)
Swamp (corresponds to K-43 and K-44)
Lake (source of r. Palajoki)
Spring from a swamp
River over olivinites
Swamp
Subsurface ﬂow
Lake Tsipringa (water canal from lake Pyaozero)
Swamp on lake Tsipringa coast
Swamp on lake Tsipringa coast
Swamp on lake Tsipringa coast
Swamp on lake Tsipringa coast
Subsurface ﬂow at lake Tsipringa
Lake Liukulampi
Spring
Swamp
Creek
r. Vartalambina dowstream
r. Vartalambina upstream, tributary
Swamp
Stream
Swamp
Swamp
Small pond on the top of Kivakka mountain
r. Molodilny (spring from swamp)
Swamp
Swamp
r. Palajoki
r. Olanga
r. Siltyoki (right-bank tributary of r. Olanga)
r. Nuris
r. Tavajoki
r. Karmanga
r. Kolo
r. Varaka, right-bank tributary (spring from swamp)
r. Keret

Gabbro-norites
Gabbro-norites, basic dyke
Gabbro-norites
Gneisses, glacial deposits
Gneisses, glacial deposits
Gabbro-norites
Gneisses, glacial deposits
Gneisses, glacial deposits
Olivinite
Pyroxenites and peridotites
Norites
Gneisses, glacial deposits
Peridotites
Peridotites
Peridotites
Peridotites
Peridotites
Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses, glacial deposits
Gabbro-norites
Gabbro-norites
Gabbro-norites
Gabbro-norites
Gabbro-norites
Gabbro-norites
Gabbro-norites
Gabbro-norites
Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses and amphibolites; tonalites and
trondhjemites

09.07.2006
09.07.2006
09.07.2006
10.07.2006
10.07.2006
10.07.2006
10.07.2006
11.07.2006
11.07.2006
11.07.2006
11.07.2006
13.07.2006
13.07.2006
13.07.2006
13.07.2006
13.07.2006
13.07.2006
14.07.2006
14.07.2006
14.07.2006
14.07.2006
15.07.2006
15.07.2006
16.07.2006
16.07.2006
16.07.2006
16.07.2006
16.07.2006
17.07.2006
17.07.2006
17.07.2006
17.07.2006
17.07.2006
17.07.2006
18.07.2006
18.07.2006
18.07.2006
18.07.2006
18.07.2006
18.07.2006

Y-1
Y-3
Y-5

r. Yukova (spring from swamp)
Spring, subsurface ﬂow
Ice formed from soil solutions under granite boulders

Gneisses, glacial deposits
Gneisses, glacial deposits
Gneisses, glacial deposits

15.02.2006
16.02.2006
16.02.2006

6
8
9
10
11
12
13
15
18
22
23
24
25
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Frontal ultraﬁltration was performed using a 50-ml
polycarbonate cell (Amicon 8050) equipped with a suspended magnet stirring bar located beneath the ﬁlter to prevent clogging during ﬁltration. The major advantage of this
procedure over the more commonly used tangential ﬁltration technique is the very small size of the ﬁlter and low
amount of pore space, which minimizes the adsorption inside the ﬁlter during ﬁltration. Argon pressure (3 bars)
was provided by a portable bottle. UF of samples was
performed in the ﬁeld with 100, 10, and 1 kDa membranes
(Amicon, regenerated cellulose, 200 lm thickness, 44.5 mm
diameter). Before each ﬁltration, the system was cleaned by
ﬂushing MilliQ water, then 0.1 M ultrapure HNO3, and
ﬁnally, MilliQ water again. Preliminary experiments demonstrated that ﬂushing 50 ml of MilliQ water through an
Amicon UF cell with a membrane is suﬃcient to decrease
the blank of OC and all TE (except Zn) to analytically
acceptable values. During ﬁltration, the ﬁrst 50 ml of sample solution were discarded, thus allowing saturation of the
ﬁlter surface prior to recovery of the ﬁltrate. Each ﬁlter was
washed in MilliQ water before the experiment and used
only once. This greatly decreased the probability of crosscontamination during sample ﬁltration, while improving
the OC blank. It also provided identical conditions of ﬁltration for all samples and allowed a high recovery of colloidal
particles. In all cases, better than 95% recovery for major
elements, OC, Al, Fe and 90% recovery for selected TE
(Ti, Sr, Y, Ba and Zr) was achieved indicating that the
adsorption of colloids and associated TE inside the thin
Amicon membrane was negligible. We also calculated the
mass balance between the initial (i.e. <0.22 or <5 lm) solution and various ﬁlter-passing permeates (<1, <10,
<100 kDa) for OC, major elements and some trace elements
(Fe, Al, Ti, Mn, Y, Sr, Ba, La, Ce and Th). The total recovery was better than 90% except in several samples for Cu,
Zn and Pb when a clear contamination was observed as
indicated. Discussions of this technique and precautions
against possible ﬁltration artefacts are given in Viers et al.
(1997) and Pokrovsky and Schott (2002).
Dialysis experiments were performed using 20–50 ml
precleaned dialysis bags placed in (i) 2-L polypropylene
containers ﬁlled with river water (ex-situ dialysis) and (ii)
directly in the river or swamp water (in-situ dialysis). The
duration of this dialysis procedure was between 24 and
72 h. Pokrovsky et al. (2005) showed in laboratory experiments that, for both 1 and 6–8 kDa membranes, an equilibrium distribution is attained within 6 h, in agreement with
the manufacturer’s speciﬁcations. For dialysis experiments,
EDTA-cleaned trace-metal pure SpectraPor 7Ò dialysis
membranes made of regenerated cellulose and having pore
sizes of 100, 10 and 1 kDa were thoroughly washed in
0.1 M double-distilled HNO3 and ultrapure water, ﬁlled
with ultrapure MilliQ deionised water and then placed into
natural water. The eﬃciency of the dialysis procedure was
evaluated by comparing major anion and cation concentrations (e.g. Cl, SO42, Na+, K+ and Rb+) or neutral species
(H4SiO40) not associated with colloids between the dialysis
bag and the external solution. Within ±10% variation,
these concentrations were always identical, suggesting an
equilibrium distribution of dissolved components. The cru-
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cial requirements for successful dialysis separation are (i) a
high external solution/dialysate ratio, and (ii) constant concentration of dissolved and colloidal components in the
external solution over the entire dialysis procedure. The
ﬁrst condition was satisﬁed by frequently changing the
external solution in the polypropylene containers in such
a way that the volume ratio of river water to dialysis compartment was higher than 100. For the in-situ dialysis procedure used in river or swamp waters, this ratio was >100.
The second condition was met for most experiments described here, as corroborated by the analysis of OC, major
and trace elements in <0.45 lm ﬁltrate of external solution
before and after dialysis. The concentrations remained constant to within ±10% for OC and major elements including
Fe, and ±20% for trace metals.
3.2. Analysis
Filtered or dialysed solutions for cations and trace element analyses were acidiﬁed (pH 2) with ultrapure doubledistilled HNO3 and stored in HDPE bottles previously
washed with ultrapure 0.1 M HCl and rinsed with MilliQ
deionized water. The preparation of sampling bottles was
performed in a clean bench room. The samples for OC analyses were collected in a pyrolysed sterile Pyrex glass tube. Filtration through 0.45 or 0.22 lm pore size provided fully
sterile solutions without bacterial development as tested by
inoculation on nutrient agar media. Therefore, it was unnecessary to add preservatives for DOC analysis. Blanks were
performed to check the level of pollution produced by sampling and ﬁltration. The organic carbon blanks of ﬁltrate
and ultraﬁltrates never exceeded 0.1 mg/l, which is quite
low for the organic-rich rivers sampled in this study (i.e. 5–
20 mg/l OC). For all major and most trace elements, concentrations in blanks were below detection limits. In several
cases, however, clear contamination by Zn, Cu and Pb was
detected in the 10 and 1 kDa ultraﬁltrates. These samples
were not considered in the analysis of results.
Aqueous silica concentrations were determined colorimetrically (molybdate blue method) using a Technicon
autoanalyzer II, with an uncertainty of 2%. In the ultraﬁltrates, the total dissolved silica was also analysed by ICPMS. No diﬀerence was found within the analytical uncertainty. Alkalinity was measured by potentiometric titration
with HCl by automated titrator (Metrohm 716 DMS Titrino) using a Gran method with a detection limit of 105 M
and an uncertainty of 2%. DOC was analysed using a Carbon Total Analyzer (Shimadzu TOC 5000) with an uncertainty better than 3%. Major anion concentrations (Cl,
SO4, F, NO3 and PO4) were measured by ion chromatography (HPLC, Dionex ICS 2000) with an uncertainty of 2%.
Calcium, magnesium, sodium, and potassium concentrations were determined with an uncertainty of 1–2% using
a Perkin-Elmer 5100 PC atomic absorption spectrometer
(AAS). High concentrations of dissolved iron (i.e.
>0.5 mg/l) were measured by ﬂame AAS, whereas lower
concentrations were analysed by Q-ICP-MS (Elan 6000,
Perkin-Elmer and Agilent 7500). TE were determined without preconcentration by ICP-MS. For several ultraﬁltrates
having very low TE concentration, an automated desolva-
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tor was used, which decreased the detection limit by a factor of ﬁve. Two modes of measurements were used: with
and without helium gas. Indium and rhenium were used
as internal standards, and corrections for oxide and
hydroxide ions were made for the rare earth elements
(REE) and metals (Ariés et al., 2000). The international
geostandard SLRS-4 (Riverine Water Reference Material
for Trace Metals certiﬁed by the National Research Council
of Canada) was used to check the accuracy and reproducibility of each analysis (Yeghicheyan et al., 2001). We
obtained a good agreement between replicated measurements of SLRS-4 and the certiﬁed values (relative diﬀerence
<10%), except for B and P (30%). For many samples of surface ﬂuids and ultraﬁltrates having very low concentrations
of TE, on the order of 0.001 lg/l comparable with detection
limits such as Ag, Cd, Hf, Ge, Cs, Ga, Se, Sn, Nb, Ta, W,
Tl and Bi reliable measurements were not possible.
4. RESULTS AND DISCUSSION
Measured major and trace elements concentration in
various ﬁltrates and dialysates are reported in the Electronic Annex 1 (Table EA-1). In the following section, we
discuss the behaviour of these elements during UF and dialysis separation experiments.
4.1. Comparison between dialysis and ultraﬁltration
A quantitative comparison between ultraﬁltration and
dialysis was performed for the following samples: (i) two
rivers – the Ruiga (No. 9), draining basic rocks, and the
Palajoki (K-7) draining granite-gneisses and glacial deposits; (ii) two surface streams on basaltic (No. 8) and ultramaﬁc rocks (No. 15); (iii) an oligotrophic lake on the top
of Kivakka mountain (K-1), and (iv) two swamps developed on peridotite and gabbro-norite (K-23 and K-43,
respectively). For almost 30 elements aﬀected by the sizeseparation procedure, ultraﬁltrates and dialysates concentrations exhibit diﬀerences (Table EA-1), with ultraﬁltrates
being generally enriched in major and trace elements compared to dialysates by a factor of 2–3. In particular, the following elements are signiﬁcantly enriched in ultraﬁltrates
compared to dialysates: Mn, Cu (67% and 70%), Ca, Cr,
Co, As, Sr, Sb, La, Er, Tm, Yb and Lu (40–60%) for sample
No. 9; Sn, La (70–80%) for sample No. 15; Al (70%), Y, U
(45–49%), Yb (62%). Ba, Cu and Mo are more enriched in
dialysates: 52% (Ba) for the sample K-1; 37–40% (Cu–Mo)
for the sample K-23. Note that dialysates and ultraﬁltrates
exhibit similar concentrations of neutral species (H4SiO40)
and anions (Cl, SO42) that are not associated with the
colloidal fraction. For most samples, percentage of OC
and Fe in each size fraction (0.22 lm–1 kDa, and
<1 kDa) collected by dialysis and UF is very similar.
Concentrations of elements in 1 kDa ultraﬁltrates versus
1 kDa dialysates in samples No. 8, No. 15, K-1, K-7, K-23
and K-43 are plotted in Fig. 2 and Fig. EA-2.1 of the Electronic Annex 2. Although the agreement between two techniques is generally good, there is a systematic enrichment by
TE in ultraﬁltrates compared to dialysates in rivers No. 15,
lake K-1 and swamp K-23.

By further plotting the proportion of colloidal forms
(100%  ([0.22 lm]-[1 kDa])/[0.22 lm]) in dialysates versus
ﬁltrates, we can see a systematic enrichment in river, creek
and lake (K-7, No. 15, and K-23), with dialysates showing a
ca. 2- to 3-fold enrichment in colloidal forms (Fig. 3). It is
possible that various UF artefacts such as charging of the
membrane could be responsible for generally higher concentrations of TE and some major elements in the ﬁltrates
compared to the dialysates. For example, various ﬁltration
conditions (e.g. type of ﬁlter and ﬁltration units used) and
pH can be responsible for producing such artefacts due to
adsorption or release of DOM in sample (Zsolnay, 2003).
Compared to other samples, the swamp water K-43 yields
a lower proportion of colloidal TE in dialysates compared to
ﬁltrates, and has a high concentration of Fe (10 mg/l, which
is 2–5 times higher than in the other samples). The divalent
iron present in this sample could be partially subject to oxidation during UF. TE may be scavenged by Fe hydroxides and
remain on the ﬁlter. This would lead to higher concentrations
of TE in in-situ dialysates compared to ﬁltrates.
Although the dialysis procedure is able to provide rapid
in-situ separation of colloidal and dissolved components, it
often yields systematically lower concentrations in membrane-passed fractions compared to the ultraﬁltrates, and
thus gives a higher proportion of colloidal forms for all
TE and some major components (Ca, Mg and DOC). In
addition to charge separation problems present for the
UF procedure, using dialysis prevents such artefacts as
clogging of the ﬁlter membrane due to forced ﬁltration
and contamination from the ﬁlter, apparatus or tubing recipient. This is especially important for potentially “unstable” samples subject to the oxidation or photodegradation
of OM. It is also possible that each technique operates in
diﬀerent range of conditions and probes diﬀerent groups
of colloids: only isomeric colloids by dialysis and wider
group of colloids by UF, since the forced ﬁltration may
bring about conformational changes of colloids and their
preferential orientation with respect to membrane pores.
However, for consistency with previous studies, and for
assessing the larger variability in terms of solution composition, landscape features and bedrocks, we will use below
the major and trace elements concentration in (ultra)ﬁltrates in order to evaluate the proportion of colloids in various size fractions.
4.2. Major and trace element speciation
4.2.1. Organic carbon and iron
The studied waters are essentially neutral or slightly
acidic with pH varying from 4 to 7. No diﬀerence can be detected between the pH values of ﬁltrates and ultraﬁltrates
within
P P±0.1P pH. The inorganic non-balanced charge
(( +– )/ +) calculated for most samples is 60.1. Only
the organic-rich river waters
P an
P important non-balPexhibit
anced anion deﬁcit, with (( +– )/ +) = 0.2–0.6, which
correlates with the concentration of organic carbon in ﬁltrates and ultraﬁltrates as illustrated in Fig. 4. Almost all
rivers exhibit very high concentrations of DOC, ranging
from 10 to 150 mg/l, which is typical for rivers draining
peatland areas. We can deﬁne the organic-poor surface
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Fig. 2. Concentrations of DOC, Ca, Al, Fe, Mn, Sr, La and Th (where available) in 1 kDa dialysates versus 1 kDa ultraﬁltrates. The solid line
represents a 1:1 dialysate/ultraﬁltrate ratio, the dotted line represents a 10% discrepancy between UF and dialysates. Note systematic
enrichment in creek No. 15, lake K-1 and swamp K-23, with ultraﬁltrates being more enriched in concentrations of elements.

waters as those having DOC <10 mg/l and organic-rich
waters as those having 10–40 mg/l of DOC and 2–10 mg/l
of Fe.

Fig. EA-2.2 shows the typical OC distributions in ﬁltrates passing through various pore sizes. Generally speaking, up to 90% of OC is concentrated in the <10 kDa
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colloidal TE in dialysates compared to ﬁltrates.

fraction, with about 40–60% of OC being in the <1 kDa
fraction (except for K-7 and K-23). This is consistent with
the presence of small-size polymers of fulvic nature (Pok-

rovsky and Schott, 2002). Similar to lakes and streams in
Finland and Sweden (Porcelli et al., 1997; Åström and Corin, 2000; Björkvald et al., 2008), the dissolved iron concen-
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empty symbols indicate dialysates, lines are linear regression ﬁts.

tration in Karelian rivers is around 1–5 mg/l, rising to
14 mg/l in some peatlands (sample K-43).
In most ﬁltrates, ultraﬁltrates and dialysates, we ﬁnd
only a very poor correlation between Fe and OC
(Fig. EA-2.3 of the Electronic Annex 2). The only exception
is swamp water draining basic rocks (K-23 and K-43, not
shown), where the correlation coeﬃcient in ultraﬁltrates is
0.93–0.98. Let us assume that Fe and OC behave independently during the UF, thus representing two diﬀerent pools
of colloids. We can deﬁne these colloids as iron-rich and
fulvic(humic)-rich, and the following discussion shows
how diﬀerent elements follow Fe or OC colloids during
the ﬁltration and dialysis procedures.
Unlike OC, Fe is in most cases strongly aﬀected by the
ﬁltration procedure. As shown in Fig. EA-2.2, it is very often present in large-size colloids (0.22–5 lm), and is almost
completely removed from solution before ﬁltration through
10 and 1 kDa membranes. This is illustrated in Fig. 5,
where we plot the ratio of concentrations of Fe–OC in ﬁltrates and ultraﬁltrates for diﬀerent samples as a function
of ﬁlter pore size. This ratio decreases with decrease of ﬁlter
pore size demonstrating the enrichment of OC versus Fe in
small-size colloids.
In this section, we attempt to discriminate between mineral (Fe) and organic (DOC) carriers of TE in surﬁcial
waters. There are many shortcomings of this correlation
treatment which may render the conclusions oversimplistic.
For example, it is possible that the type of organic C or Fe
oxides changes with diﬀerent particle sizes and organic versus mineral nature of colloids depends on the pore size. The
fact that TE is not correlated with OC might be due to its
association with a small part of OC. Given that iron represents only a few percent molar fraction of organic carbon
(Fig. 5), the discrimination between Fe and organic colloids
is somewhat arbitrary because small fraction of total DOC
is suﬃcient to stabilize iron (III) colloids in surface waters.
Therefore, in the discussion below we deﬁne iron colloids as

0.000
0.00 1

0.01
0.1
1
Filter Pore size, µm

10

Fig. 5. [Fe] to [Organic Carbon] molar concentration ratio in
ﬁltrates and ultraﬁltrates for diﬀerent samples.

organo-mineral entities and organic colloids as humic or
fulvic acids. This is consistent with well established presence
in freshwaters of Fe (III) in the form of dissolved organic
complexes and in the form of small particles of hydrous ferric oxide (HFO), stabilised by surface coatings of natural
organic matter (e.g. Rose et al., 1998; Olivié-Lauquet
et al., 1999; Benedetti et al., 2003; Allard et al., 2004). We
will furthermore use Fe as an index of colloidal abundance
in order to assess the degree of TE binding to colloids because (i) iron is a major, not minor component of studied
waters with its concentration ranging from 1 to 5 mg/l,
comparable with that of Ca, Mg, Na and (ii) it is the sole
dissolved component of solution that changes signiﬁcantly
its concentration in the course of ﬁltration and UF, which
is not observed for the OC. All these factors allow considering Fe as the main constituents of colloids and those elements exhibiting similar pattern during ultraﬁltration are
therefore operationally associated with mineral part of
colloids.
4.2.2. Alkali metals, alkaline earths, divalent transition and
heavy metals
In surface waters with DOC <10 mg/l, Mg, Ca, K, Li,
Rb, Cs, Sr and Ba are mostly present in the truly dissolved
phase, with 1–40% being present in the colloidal fraction
(1 kDa–0.22 lm). However, organic-rich and surface
swamp waters having 10–40 mg/l of DOC and 2–10 mg/l
of Fe (No. 8, No. 9, No. 22, K-23, K-44) show that colloids
exert a clear control on Ca, Mg, Sr, Ba and Cs since the
concentrations of these elements are decreased by a factor
2–3 upon ﬁltration from 5 lm to 1 kDa, with 44–97% being
in colloidal form (notably, 50–77% for Ca, not shown here).
The association between the alkaline-earth elements and
suspended Fe was ﬁrst suggested by Ingri and Widerlund
(1994) and later conﬁrmed using ultraﬁltration experiments
by Dahlqvist et al. (2004) who have shown that some Amazonian rivers and the boreal Kalix river have between 1%
and 25% of their total dissolved Ca load present in the colloidal fraction.
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No direct correlation is observed between Mn and Fe or
OC in 0.22 (0.45) lm ﬁltrates (not shown) for basic catchments (r2 = 0.18 for both Fe and OC), whereas, for granitic
catchments, the correlation is more pronounced between
Mn and both Fe and OC (r2 = 0.94 and r2 = 0.74, respectively). Here and further in the text r2 values are Pearson
coeﬃcients with normal or close to normal frequency distributions, and the conﬁdence level for all correlations given is
at 95%. Upon ﬁltration, Mn concentration decreases and
shows a correlation with iron (but not OC), suggesting that
25–60% of the Mn is associated with iron colloids. In some
rivers (Ruiga No. 9, Ladreka No. 23, Palajoki K-7 and a
creek over ultramaﬁtes No. 15) up to 90% of the Mn is concentrated in iron colloids (Fig. 6).
We observe a positive correlation between Co and OC
(r2 = 0.38 and 0.75 for basic and granitic catchments,
respectively) or Fe (r2 = 0.41 and 0.96 for basic and granitic
catchments, respectively) indicating transport of this element both with iron-rich and organic-rich colloids
(Fig. EA-2.4). This is supported by results of UF and dialysis showing that, on average among all samples, from 50%
to 40% of total Co is in colloidal form (1 kDa–0.22 lm). In
some Fe- and OC-rich rivers (Ruiga No. 9, Nukhcha No.
18, Ladreka No. 23 and Palajoki K-7) and swamp waters
(K-23 and K-43), up to 90% of the Co is in colloidal form
(Table EA-3).
Cu and Zn are not appreciably aﬀected by the presence
of iron or organic colloids, since their concentrations are
not correlated with Fe or OC in <0.22 lm bulk ﬁltrates
(Fig. EA-2.5). However, it remains possible that these metals are bound in strong complexes with a small subset of organic carbon, for example, small-size fulvic complexes. In
contrast, Ni exhibits a good correlation with both OC
and Fe in 0.22 (0.45) lm ﬁltrates whatever the parent rock
(Fig. EA-2.6). Ni, Cu and Zn concentrations show almost
no change on ﬁltration from 5 lm to 1 kDa, except for
the creek over ultramaﬁtes (No. 15) and swamp water (K23) which show a strong complexation with colloidal iron
(Fig. EA-2.7).
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Fig. 6. Correlation between Mn and Fe concentration in various
ﬁltrates. Filled symbols stand for ﬁltration and empty symbols
represent dialysis samples.

In most studied rivers, dissolved Pb concentrations are
about 10 times higher than the values reported by Rember
and Trefry (2004) for arctic rivers, by Shiller (1997) for the
Mississippi river, and world river average (0.079 lg/l, Gaillardet et al., 2003). High concentrations of Pb (0.4–0.7 lg/l)
in humic-rich natural waters in Sweden were ﬁrst reported
by Borg (1983) which is comparable with our results obtained in Karelia. It is possible that organic and organomineral colloids, notably Fe (III) oxyhydroxides, act as
main carriers of this element in organic-rich waters. These
carriers mobilize Pb from mineral substrate and increase
its aqueous solubility or decrease Pb adsorption on mineral
and organic surfaces. Thus, concentration of Pb in the bulk
<0.22 lm ﬁltered phase should be higher in colloid-rich
waters compared to colloid-poor environments as ﬁrst
noted in the NW of Russia (Pokrovsky and Schott, 2002).
Indeed, during ﬁltration, Pb is associated with Fe rather
than OC in most samples (Fig. 7) and exhibits 50–99% in
colloidal form.
4.2.3. Trivalent metals: Al, Ga, Y and REE
Aluminium concentrations range from 20 to 340 lg/l in
rivers on basic rocks, while attaining the highest levels
(400–750 lg/l) in small creeks in swamp areas (No. 9 and
K-24) as well as in swamp waters (K-10 and K-43), but falling to 1–50 lg/l in rivers on granitic rocks. Al correlates
better with OC in waters draining granitic rocks and with
Fe in basic catchments (r2(OC) = 0.28 and 0.70, and
r2(Fe) = 0.47 and 0.06 in basic and granitic catchments,
respectively, see Fig. EA-2.8). The Al concentration in rivers is strongly aﬀected by the size-separation procedure,
since 80–95% of the total Al is essentially bound to Fe colloids (Fig. 8a). The correlation between Al and OC in ﬁltrates and ultraﬁltrates is not signiﬁcant suggesting that
organic colloids play a less important role in Al speciation
in the studied rivers (not shown). Ga follows closely Al,
since it is controlled by iron colloids. The concentration
of Ga strongly decreases with decreasing Fe concentration
in the ﬁltrates (Fig. 8b). The percentage of colloidal Ga
(20–90% in 1 kDa–0.22 lm fraction) does not depend on
rock lithology and season, but rather correlates with total
Fe and OC (see discussion below).
La and Ce concentrations in sampled waters range from
0.01 to 0.8 lg/l and from 0.05 to 4 lg/l, respectively, which
is similar to values reported for tropical (Dupré et al., 1996;
Viers et al., 1997), temperate (Johannesson et al., 2004) and
boreal (Ingri et al., 2000; Pokrovsky and Schott, 2002; Pokrovsky et al., 2006) organic-rich rivers. Dissolved
(<0.45 lm) Y and REEs concentrations are correlated with
Fe rather than with OC and in basic catchments rather than
in granitic. For yttrium r2(Fe) is 0.95 and 0.23, and r2(OC)
is 0.55 and 0.79 for basic and granitic catchments, respectively. Average r2(Fe) for all REE is 0.94 and 0.38 for basic
and granitic catchments, respectively, and average
r2(OC) = 0.57 for both types of bedrock (see Fig. EA2.9). We observe no systematic enrichment in light or heavy
REEs in the sampled waters, as illustrated from crust-normalized REE patterns (Fig. 9). This is in agreement with the
ultraﬁltration experiments of Viers et al. (1997), who obtained ﬂat patterns from organic-rich rivers of the Came-
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Fig. 7. Pb concentration as a function of Fe (A) and OC (B)
concentrations in successive ﬁltrates from 5 lm to 1 kDa. Filled
symbols stand for ﬁltration and empty symbols represent dialysis
samples.

roun, as well as similar shapes of patterns for the 0.22 lm
and 5 kDa fractions. For certain samples (No. 6, No. 8,
No. 15, No. 18, K-1, K-7, K-22, K-23 and K-24), we observe a negative Ce anomaly in ultraﬁltrates or dialysates,
or in both types of solution. This fractionation can be explained by preferential oxidation of Ce during the coprecipitation/adsorption of REEs onto Fe hydroxides or colloids
from aqueous solution as supported by laboratory experiments (Bau, 1999), and has also been observed in totally
diﬀerent environments of permafrost-dominated surface
waters of Central Siberia (Pokrovsky et al., 2006).
Yttrium and REEs are strongly aﬀected by the size-separation procedure and, in most cases, are completely removed from solution by ﬁltration through 1 kDa. In
ultraﬁltrates, Y and all the REE are associated with iron
colloids rather than OM, except for the river Ruiga on basic
rocks (No. 9) and a stream over ultramaﬁc rocks (No. 15),
where OC colloids are equally important. The association
with iron colloids is illustrated in Fig. 10 for cerium (a)
and ytterbium (b). More than 90% of Y and REE are com-
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Fig. 8. Al (A) and Ga (B) concentration as a function of Fe
concentration in successive ﬁltrates from 5 lm to 1 kDa. Filled
symbols stand for ﬁltration and empty symbols represent dialysis
samples.

plexed with large-size colloids (10 kDa–0.22 lm), the only
exception being the swamp water K-23 where 90% of Y
and 70% of REE are present in the 1–10 kDa colloidal
fraction.
4.2.4. Tetravalent metals: Ti, Zr, Hf and Th
Ti concentrations in the studied ﬂuids range from 0.2 to
3.5 lg/l on basalt catchments, but reach 8 lg/l on the basic catchment of the organic-rich Ruiga river (No. 9) and
the stream draining olivinite rocks (K-13). In rivers draining granite-gneisses, the Ti concentration is much lower
(0.03–1.3 lg/l). Ti is positively correlated with both Fe
and OC in <0.22 lm ﬁltrates, forming two distinct but close
trends for waters draining basic and granitic rocks
(Fig. EA-2.10). However, the results of ﬁltration and ultraﬁltration experiments demonstrate the dominant role of
iron colloids in Ti speciation: in ultraﬁltrates of river waters
from granitic catchments, we observe a positive correlation
of Ti against Fe with r2 = 0.97 (Fig. 11a).
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The range of Zr, Hf, and Th concentrations measured in
Karelian rivers and streams is an order of magnitude higher
than for average world rivers (Gaillardet et al., 2003). While
total dissolved (<0.45 lm) Zr, Hf and Th concentrations
are positively correlated with both Fe and OC (not shown),
inorganic Fe colloids are essentially responsible for the high
concentrations of these three elements as illustrated in
Fig. 11(b–d) that reports the results of UF and dialysis
experiments.
4.2.5. Other trace elements: V, Cr, Mo, W, As, Sb, Nb and U
V, Cr, Mo and W concentrations are slightly higher in
rivers and streams draining basic rocks (0.15–0.4, 0.15–
3.8, 0.001–0.5 and 0.001–0.02 lg/l, respectively) compared
to acid-rock-dominated catchments (0.05–0.8, 0.08–0.8,
0.005–0.36 and 0.001–0.012 lg/l, respectively). Among
these elements, only Cr and V on granitic catchments show
a clear correlation with dissolved Fe and OC in the 0.22-lm
ﬁltrates (r2 = 0.88). Cr concentration is aﬀected by UF in
all the studied waters, with 40–94% being present in the
1 kDa–0.22 lm colloidal fraction. Between 36% and 97%
of the vanadium is associated with OC or Fe colloids
(1 kDa–0.22 lm) in samples No. 6, No. 8, No. 18, K-7,
K-23, K-43 and K-44, while its concentration falls sharply
with decreasing pore size from 5 lm to 1 kDa (Fig. 12a).
Molybdenum and tungsten are mostly present as
MoO42 and WO42 ions unaﬀected by UF or dialysis.
However, Mo is present in colloidal form in organic- and
Fe-rich swamp waters on basic rocks (60%, samples K-23
and K-43) as well as in some rivers on granitic catchments
(70–87% in Ladreka No. 23 and Palajoki K-7).
Although arsenic is not associated with either Fe or organic colloids in most rivers, its concentration nevertheless
decreases by factor of 1.5 upon ﬁltration and ultraﬁltration
of organic-rich rivers (Ruiga No. 9 and Ladreka No. 23)
and a stream over ultramaﬁc rocks (No. 15), Fig. 12(b).
Both As and Sb are essentially present in truly dissolved
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Fig. 10. Ce (A) and Yb (B) concentrations as a function of Fe in
successive ﬁltrates from 5 lm to 1 kDa. Filled symbols stand for
ﬁltration and empty symbols represent dialysis samples.

form (<1 kDa), with only 20–30% concentrated in small
colloidal particles (1–10 kDa) in Fe- and organic-rich rivers
(Ruiga No. 9, Ladreka No. 23, creek over ultramaﬁc rocks
No. 15). In contrast, we fail to observe any correlation between Sb and Fe or OC concentrations in the 0.22-lm ﬁltrates, and Sb concentration shows no change during UF
experiments, even in samples No. 9 and No. 23.
Nb is essentially present in the large colloidal particles
(98% is in the 10 kDa–0.22 lm fraction in rivers and swamp
water (samples No. 9, No. 15 and K-43). This element is
strongly aﬀected by ﬁltration and ultraﬁltration, being completely removed from solution in the <1 kDa fraction. Largesized colloids also dominate the speciation of uranium, with
ca. 80% being incorporated in the 10 kDa–0.22 lm fraction.
5. DISCUSSION
5.1. Eﬀect of pH, Fe and DOC concentration on colloidal
speciation of trace elements
In order to test the eﬀect of main solution variable, the
pH, on colloidal speciation of TE, we plotted total dis-
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solved concentrations (log scale) of Fe, Al, Mn, Co, Cu, Ti,
La and DOC in 0.22 (0.45) lm ﬁltrates versus pH for rivers
draining diﬀerent rocks (Fig. EA-2.11-a). There is no clear
eﬀect of pH on DOC and Fe concentrations (correlation
coeﬃcients are <0.1). Furthermore, contrary to numerous
literature data demonstrating a decrease of REE concentration with pH increase in natural waters from temperate
zone (Johannesson et al., 2004 and references therein; Leybourne and Johannesson, 2008), we do not observe this
dependency for REEs. The percentage of colloidal form
of Fe, Al, Mn, Co, Cu, Ti, La and DOC versus pH for rivers draining diﬀerent rocks is shown on Fig. EA-2.11-b. We
do not observe statistically valid correlation between the
proportion of colloidal pool of TE and pH. Only iron
exhibits dependence on pH in colloidal form with r2 = 0.66.
The eﬀect of DOC and Fe concentration on TE distribution among diﬀerent colloidal fractions (one dissolved and
two colloidal pools) is illustrated in Fig. EA-2.12. Ironand organic-rich waters (average of 6 and 4 samples, respectively) were compared for Fe, Al, Ca, V, Co, Ni, Cu, La, Th
and U concentration. We deﬁne Fe-rich waters as those having molar Fe/DOC ratio from 0.015 to 0.09 (here the average

of six samples No. 8, No. 15, No. 23, K-1, K-23 and K-43),
and organic-rich as those having (Fe/DOC)molar < 0.015
(the average of four samples No. 9, K-7, Y-1 and Y-3).
Of special category are samples K-43 (swamp water on
basic rocks) having Fe/DOC)molar = 0.092 and Y-1 (r. Yukova draining granitic rocks, White Sea coast) having Fe/
DOC)molar = 0.001. These two “extreme” samples are presented separately in Fig. EA-2.13. There is three times more
Al in <1 kDa and 1–10 kDa fractions of organic-rich
waters, consistent with high aﬃnity of dissolved aluminium
to organic ligands. However, proportions of Fe, Ca, divalent transition metals in two major pools (<1 and
10 kDa–0.22 lm) are quite similar. Insoluble trivalent and
tetravalent elements (REEs, Th) and U are essentially in
large colloidal pool with 10% higher amount in this fraction for Fe-rich waters. Therefore, despite extremely large
variety of Fe to DOC ratios in studied waters, colloidal distribution of each TE is rather similar and can be approximated by single distribution between diﬀerent colloidal
and dissolved fractions within 10–30% variability. However, since the content of both Fe and OC is intimately
linked to the characteristics of the watershed (presence of
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ment proportion is higher for rivers compared to surface
stagnant waters. In contrast, proportion of small-size colloids and truly dissolved complexes for Fe, Al, Co, Ni,
La and U is slightly higher in swamp waters. Such diﬀerences are compatible with two possible pathways of colloids
formation: (i) in the surface horizons of stagnant (swamp)
waters via the release of dissolved TE, Fe and OM from
decomposing plant and grass litter, and (ii) at the redox
front between Fe (II)-bearing anoxic groundwaters and surﬁcial OM-rich waters of the riparian river zone. In the ﬁrst
case, higher concentration of DOM and suﬃcient residence
time of water allow formation of small-size, often organicrich colloids. In case of rivers, rapid mixing and oxidation
of underground Fe (II)-bearing waters in organic-rich surface horizons of riparian zone produce larger-size Fe-rich
colloids. In order to assess the possible signature of soil
and rock on colloids formation in interstitial soil solutions,
analysis of watershed lithology is presented below.
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Fig. 12. V (A) and As (B) concentration as a function of Fe
concentration in successive ﬁltrates from 5 lm to 1–10 kDa. Filled
symbols stand for ﬁltration and empty symbols represent dialysis
samples.

swamps, lakes, bedrock composition), further analysis of
the landscape context is necessary.
5.2. Eﬀect of landscape context (rivers, swamps, surface
waters) on colloidal distribution of trace elements
Assessing the eﬀect of landscape features on TE colloidal distribution was possible only for basaltic watersheds
because of suﬃcient number of samples. The percentage
of elements in <1 kDa, 1–10 kDa and 10 kDa–0.22 lm fractions can be assessed for two types of samples: (i) swamp/
surface (stagnant) waters (average of samples K-23, K-43,
No. 8) and (ii) ﬂowing rivers and streams (average of samples No. 9, No. 15 and K-7). A stack diagram for TE distribution is illustrated in Fig. EA-2.14. Unfortunately, large
uncertainties stemming from variety of samples do not allow unambiguous and quantitative distinguishing between
two types of landscape context, with average diﬀerence between two types of waters ranging from 4% to 20%. However, we note that, for all presented elements except V,
contribution of large-size (10 kDa–0.22 lm) colloids to ele-

The total dissolved (<0.22 or 0.45 lm) concentrations of
TE are systematically higher for rivers draining basic compared with granitic catchments; this diﬀerence ranges from
15–30% (e.g. for Cu, Cd, REE, Mo, As and Sn) to 50–70%
(e.g. for Ti, Zr, Hf, Nb, Ni, Al and Zn) (see Table EA-1). At
the same time, the concentrations of DOC and Fe, which
represent the main TE carriers, are higher in waters from
basaltic catchments.
Table EA-3 of the Electronic Annex 3 reports the TE
distribution between truly dissolved (<1 kDa) and two colloidal (1–10 kDa and 10 kDa–0.22 lm) pools for acidicand basic rock-dominated catchments. For this estimation,
we used the average of ﬁve samples for granitic environments (No. 6, No. 22, No. 23, No. 24, K-7) and nine samples for basalt/ultramaﬁc rocks environments (No. 8, No. 9,
No. 15, No. 18, K-1, K-23, K-23-B, K-43, K-44). Results
for Fe, Al, Ca, V, Co, La, Th and U are presented in
Fig. 13. The ﬁrst important conclusion is that, within
±10% uncertainty, there is no diﬀerence in TE distribution
within two colloidal and one truly dissolved pools between
the two types of lithology. At the same time, there is
distinctly higher concentration of many trace elements in
surface waters from basaltic watersheds versus those originated from granitic bedrocks. Based on these and literature
observations, three possible pathways of colloid formation
can be tested: (i) via TE, Fe and OM release from decomposing plant litter in the uppermost surface horizon (Pokrovsky et al., 2005, 2006; Viers et al., 2005), (ii) at the
redox front between Fe (II)-bearing anoxic groundwaters
and surﬁcial OM-rich waters of the riparian zone (Pokrovsky and Schott, 2002) or (iii) in the interstitial soil solutions
via production/migration of colloids between diﬀerent soil
horizons. Although the data from this study do not allow
straightforward discrimination between these mechanisms,
it can be suggested that, since the chemical weathering of
basic rocks produces higher concentration of Fe in both
groundwater and interstitial soil solutions, there is a large
abundance of main colloidal carriers – Fe oxy(hydr)oxides
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Fig. 13. TE distribution between dissolved matter (<1 kDa) and two colloidal pools (1–10 kDa and 10 kDa–0.22 lm) both for acidic- and
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stabilized by OM in the surface waters draining basic bedrocks. As a result, TE exhibiting colloidal status are found
in higher concentrations in basaltic compared to granitic
catchments. This observation also indicates on a weaker
role of degrading plant litter in the origin of colloidal status
of surface waters, since the content of both TE and Fe in
plants from granitic and basaltic watersheds of this region
is not distinctly diﬀerent (Vasyukova, 2009). The main
mechanism of colloids formation, at the frontier between
anoxic groundwaters and surface waters rich in organic
matter, remains similar for both types of bedrock lithology
thus producing statistically similar colloidal size distribution in the summer base ﬂow period, investigated in the
present work.
The second important feature of TE speciation in colloids is the existence of a signiﬁcant pool of large colloidal
particles (10 kDa–0.22 lm) which account for 10–40% of
the major cations (solely Ca, Mg and Na for samples No.
8, No. 22, No. 24 and K-44; K for samples No. 8 and
No. 9) and other divalent alkaline-earth elements (Sr and
Ba) which are usually considered as being truly dissolved.
For most elements signiﬁcantly aﬀected by the presence of
colloids (>70% of Al, Ti, Y, REE, Zr, Th and U contained
in the 1 kDa–0.22 lm fraction), the fraction of small colloi-

dal particles (1–10 kDa) accounts for only a minor proportion (10–20%) compared with large colloidal particles
(10 kDa–0.22 lm, from 50% to 90%). For this calculation,
the total surface of colloids in each fraction was deduced
from the drop in Fe concentration and the average poresize.
The conversion factor between kDa and nm scale is taken
from Guo and Santschi (2007): 1, 10 and 100 kDa correspond to 1.3, 3 and 6 nm, respectively. The value of iron
oxide surface sites concentration was assumed 10 lM/m2
(Dzombak and Morel, 1990).
Thirdly, the transition metals (Cu, Zn, Ni and Co)
known to be strongly complexed with organic matter
(Benedetti et al., 1996; Bradl, 2004; Tyler, 2004) are present
in both colloidal and truly dissolved form, with similar proportions in each fraction (<1 kDa, 1–10 kDa and 10 kDa–
0.22 lm). Overall, the eﬀect of rock lithology on TE distribution within these diﬀerent pools is not pronounced.
5.4. Thermodynamic analysis
5.4.1. Complexation of trace metals with dissolved organic
matter
To improve our understanding of the eﬀect of OM versus Fe oxy(hydr)oxides on TE interaction with diﬀerent
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Fig. 13 (continued)

groups of colloids, we made use of available computer
codes to carry out a thermodynamic analysis of TE complexation with natural OM. Element speciation is assessed
here using the Visual MINTEQ computer code, implementing a database for the binding of metals to discrete carboxylic sites of the humic and fulvic acids (Allison and Perdue,
1994). This calculation is performed assuming a constant
content of 10 leq COO per mg DOC (Oliver et al.,
1983). All aqueous complexes of trace metals (chloride, car-

bonate, sulphate) with implemented database (Martell
et al., 1997) were taken into account. Phosphate complexes
were considered as negligible because of extremely low (of
the lg/l of phosphorus concentration in surface waters).
We did not include any provision for trace element complexes on Fe oxy(hydr)oxides because of (i) the lack of tabulated thermodynamic adsorption constants, especially for
elements other than divalent metals, and (ii) possible presence of organic coating on mineral particles which normally
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serve to stabilize insoluble Fe (III) oxy(hydr)oxides in
solution.
For this modelling, we chose the most representative and
contrasting samples that cover the range of solution (pH,
DOC, Fe) and environmental (rivers, surface waters, acid
and basic bedrocks) parameters. Fig. 14 shows the results
of vMINTEQ speciation calculations for Al, Ba, Ca, Na,
Cd, Ce, Co, Cu, Dy, Eu, Fe, La, Mn, Nd, Ni, Pb, Sr, Th,
U, Y, Yb and Zn in samples No. 15, No. 23, No. 24 and
K-43. The proportion of organic complexes increases in
the following order by groups of elements: Na–K (2–3%)
< Ca–Mg–Sr–Ba (20–40%) < transition and heavy metals
Mn–Co–Al–Ni–Zn–Cd–Fe–Pb–Cu (40–90%) 6 REE–Th–
U (70–100%). This result generally agrees with the speciation of elements in the colloidal fraction obtained by the
UF or dialysis procedure (cf. Fig. 13 and Table EA-3).
However, there is some discrepancy for Cd, Pb, Cu whose
calculated complexation with organic colloidal matter is
overestimated by 10–60%, compared to experimental measurement. In addition, signiﬁcant proportion of elements
is concentrated in large-size (10 kDa–0.22 lm) colloidal
fraction which is not accounted for by vMINTEQ model.
There are two main reasons for this discrepancy: (i) organic
ligands that complex trace elements are smaller than the
minimal cut-oﬀ (1 kDa) of dialysis/UF used in this study,
as recently shown by Pédrot et al. (2008), so these ligands
are not detectable by the size-separation procedure, and
(ii) the speciation of TE in colloids is controlled by interaction with Fe oxy(hydr)oxides rather than DOC. In cases of
TE complexation with organic ligands, the main controlling
factor is expected to be the surface area of colloids, which
deﬁnes the number of functional groups available for chemical reaction. For many TE (Ti, Cr, Co, Ni, Pb, REE, Th,
U, etc.) strongly associated with large colloidal particles
(<30% in 1–10 kDa and 60–99% in 10 kDa–0.22 lm), it
turns out that the total surface area of 10 kDa–0.22 lm iron
hydroxyde colloids is insuﬃcient to accommodate all the
TE carried by the colloidal matter. Therefore, we should
consider TE are incorporated within the colloids rather
than adsorbed onto their surface or complexed with OM.
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5.4.2. Trace element coprecipitation with colloidal iron
hydroxide
To obtain a quantitative assessment of parameters
describing the incorporation of TE into the bulk of large
colloids via coprecipitation, we calculate the iron-normalized TE partition coeﬃcient between truly dissolved
(<1 kDa) and colloidal (1 kDa–0.22 lm) fractions, which
is deﬁned as follows:
K d ¼ ðTE=FeÞcolloidal =ðTE=FeÞdissolved
Iron-normalized Kd values range from 0.01–0.1 to 2–3
(Table EA-4 of the Electronic Annex 4), being highest for
trivalent and tetravalent elements. Note a systematic decrease of Kd from La to Lu, in agreement with the tendency
of LREEs to adsorb/coprecipitate with Fe hydroxide and
HREEs to form stable aqueous complexes in solution
(Bau, 1999). Highly soluble elements exhibiting only weak
aﬃnity for colloids (V, Mn, Co, Ni, Cu, Zn, As, Mo, Sn
and Sb) have Kd values between 0.001 and 0.3 (except for
swamp water K-43, which yields the highest Kd values)
due, probably, to the artefacts of UF procedure raised from
Fe2+ oxidation (see Section 4.1).
6. CONCLUSIONS
For almost 30 elements aﬀected by size separation
during ﬁltration, dialysis yields a 2–3 times higher proportion of colloidal forms (1 kDa–0.22 lm) compared to
frontal UF. Nevertheless, dialysis is able to provide a fast
and artefact-free in-situ separation of colloidal and truly
dissolved components. Its main advantages over the more
widely used UF technique are (i) the absence of charge
separation; (ii) no clogging of the ﬁlter membrane induced by forced ﬁltration, and (iii) a reduction in the various sources of contamination (ﬁlter, apparatus, tubing
and recipient) provided the constant chemical composition and colloidal stability of the external pool is
maintained.
Several groups of elements can be distinguished according to their behaviour during ﬁltration and association with
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Fig. 14. Calculated proportions of organic complexes for Na, Ca, Mg, Mn, Co, Al, Ni, Zn, Cd, Fe, Pb, Cu, REEs, Th and U in four samples
in 0.22 lm fraction (No. 15, No. 23, No. 24 and K-43).
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these two types of colloids: (i) species very weakly aﬀected
or unaﬀected by ultraﬁltration, which are present as truly
dissolved (<1 kDa) inorganic species or weak organic complexes (Ca, Mg, Li, Na, K, Cs, Si, B, As, Sr, Ba, W, Sb and
Mo); (ii) elements present in the fraction smaller than 1 or
10 kDa, which are liable to form strong organic complexes
(Ni, Zn, Cu, Cd, Ba, and, in some rivers, Sr and Cr), and
(iii) elements strongly associated with colloidal iron in all
ultraﬁltrates and dialysates, with up to 95% concentrated
in large colloidal particles (>10 kDa) (Mn, Al, Ga, REEs,
Pb, V, Cr, Ti, Zr, Th, U, Co, Y and Hf).
The DOC and Fe concentration in surface waters are
not important factors of TE distribution among various
colloidal fractions and the proportion of dissolved versus
colloidal pools. In contrast, the eﬀect of landscape context
(rivers and streams versus stagnant surface waters, swamp
zones) is visible in that the contribution of large-size
(10 kDa–0.22 lm) colloids to element proportion is higher
for rivers compared to surface stagnant waters whereas
the proportion of small-size colloids and truly dissolved
complexes for Fe, Al, Co, Ni, La, U is slightly higher in
swamp waters.
Within ±10% uncertainty, there is no diﬀerence in TE
distribution between truly dissolved forms (<1 kDa) and
two colloidal pools (1–10 kDa and 10 kDa–0.22 lm) in surface waters draining acidic and basic rocks. We also note
the existence of a signiﬁcant pool of large colloidal particles
(10 kDa–0.22 lm) that accounts for 10–40% of major cations (Ca, Mg and Na) and other divalent alkaline-earth elements (Sr and Ba) that are usually considered as being in
truly dissolved forms. The transition metals (Cu, Zn, Ni
and Co), which are known to be strongly complexed with
OM, are present in both colloidal and truly dissolved form,
with similar proportions in each fraction (<1 kDa, 1–
10 kDa and 10 kDa–0.22 lm). Finally, for most elements
signiﬁcantly aﬀected by the presence of colloids (Al, Ti,
Y, REEs, Zr, Th and U) more than 70% is contained in
the 1 kDa–0.22 lm fraction, while the small colloidal particles (1–10 kDa) account for only a minor proportion (10–
20%) compared to large colloidal particles (10 kDa–
0.22 lm, from 50% to 90%).
Geochemical modelling of the complexation of several
TE with natural OM provides a general agreement with
the experimental results, although it does not allow us to
reproduce quantitatively the distribution of all colloidal
versus truly dissolved forms. This is consistent with a previous hypothesis that the TE are associated with the inorganic (Fe-bearing) part of the colloids, and not just
complexed with humic or fulvic acids. Indeed, it has been
recently demonstrated based on ﬁeld observation and thermodynamic modelling that there is an increase of iron concentration in temperate waters associated with increased
microparticulate Fe (III) due to stabilization against aggregation by binding of DOM to its surface (Neal et al., 2008).
Our observations are compatible with three possible pathways of colloid formation, i.e. (i) in the uppermost surface
horizon and stagnant surface swamp waters via the release
of dissolved TE, Fe and organic matter from decomposing
plant litter, (ii) at the redox front between Fe (II)-bearing
anoxic groundwaters and surﬁcial OM-rich waters of the

riparian river zone or (iii) in interstitial soil solutions via
production/migration of colloids between soil horizons.
Though the data from this study does not allow straightforward discrimination and we cannot explain the mechanism
of colloids migration to the water from soil horizons. Furthermore, since we do not investigate the ﬂood period, the
inﬂuence of decomposing plant litter is diﬃcult to access
and its contribution is not signiﬁcant during the base ﬂow.
Therefore, the second process is more likely to contribute to
colloids origin in surface water during the summer time.
Further stable isotope (Ca, Fe and Cu) geochemical
studies and experimental modelling of colloid formation
are required to ascertain the mechanism of TE interaction
with organo-mineral colloids of the boreal zone. Finally,
as we did not ﬁnd any major diﬀerences in the composition
and/or origin of colloidal matter in the investigated area
compared with colloidal matter in the Kalix River system,
we suggest that it would be possible to put up a unifying
model in the near future explaining colloidal pathways
throughout the whole boreal zone. However, more measurements in spring time are necessary.
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Major and trace elements of river-borne material: The Congo
Basin. Geochim. Cosmochim. Acta 60(8), 1301–1321.

467
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Pédrot M., Dia A., Davranche M., Coz M. B., Henin O. and
Gruau G. (2008) Insights into colloid-mediated trace element
release at the soil/water interface. J. Colloid Interface Sci. 325,
187–197.
Pokrovsky O. and Schott J. (2002) Iron colloids/organic matter
associated transport of major and trace elements in small boreal
rivers and their estuaries (NW Russia). Chem. Geol. 190, 141–
179.
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Viers J., Dupré B., Polvé M., Dandurand J. and Braun 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.
Viers J., Barroux G., Pinelli M., Seyler P., Oliva P., Dupré B. and
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(2005) Chemical weathering of silicate rocks in Aldan Shield
and Baikal Uplift: insights from long-term seasonal measurements of solute ﬂuxes in rivers. Chem. Geol. 214, 223–248.
Zakharova E., Pokrovsky O. S., Dupré B., Gaillardet J. and
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