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h i g h l i g h t s
� The DGT technique was used to measure uranium, radium and other trace metals in the vicinity of a former uranium mining site and compared to
ultrafiltration.

� A general good agreement was observed between the DGT fraction and the <10 kDa fraction.
� A novel DGT holder was constructed to measure porewater profiles in soils up to 75 cm depth.
� The soil DGT profiles can provide information on the lability of the metal complexes.
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a b s t r a c t

The Diffusive Gradients in Thin films (DGT) technique was used to analyse U, 226Ra and other trace metals
in stream water and soil porewater in a wetland in France impacted by uranium mining. High resolution
profiles of metals in soil porewater obtained by DGT could be measured for the first time up to a depth of
75 cm by the construction of a novel DGT holder. In stream water, the DGT technique was compared to
speciation carried out by filtration (0.45 mm) and ultrafiltration (UF) (500 kDa/100 kDa/10 kDa) and DGT
porewater profiles were compared with piezometer data obtained in a parallel study. An increase in the
trace concentrations of dissolved (0.45 mm) and particulate U, 226Ra, and elements such as Al, Fe, Mn and
Ba was observed in the stream water as it passes through the bog as a results of mobilization from the
wetland. The porewater results indicate DGT labile metals species to be present in porewater and
mobilization of uranium and other elements linked to the presence of enriched clays. In stream water,
colloids and particles govern the behavior of U, Al and Fe, whereas Mn, Ba and Ra are essentially
transported as truly dissolved metal species with DGT labile concentrations accounting for 100% of the
dissolved fraction. The combined approaches of DGT and UF allow us to obtain a better understanding on
the biogeochemical processes involved in the retention and mobility of U and 226Ra in the wetland.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Between 1945 and 2001, uranium mining in France has led to
the production of 76,000 t of uranium (U). Eithermined as open pits
or underground mines, these former sites also induced large
amounts of rock wastes, mine tailings and mine waters coming
ers).
from the underground mines. Downstream from these former
mines, the influence of these radionuclides on ecosystems is linked
to their bioavailability which depends on their speciation, meaning
that it results from the combination of many parameters in the
study system, such as water chemistry, nature of solid phases,
presence of particles/colloids, presence of organic matter, etc.
Therefore, in order to control the influence of former U mines on
ecosystems, it has become relevant to assess bioavailability as well.
Among the available techniques, the in situ technique Diffusive
Gradient in Thin films (DGT) has been developed to mimic the
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biological cell membranes (Davison and Zhang,1994). It measures a
labile fraction of metals, metal species small enough to diffuse in
the pores of a diffusive gel and species which can dissociate within
the time of diffusion and bind to a resin gel. The DGT probe pre-
concentrates the analytes, thus making it possible to detect trace
levels of contaminants without the need of filtering and pre-
concentrating large volumes of water. In recent years, the devel-
oped and application of the DGT technique has increased
enormously, with a wide range of different resins used to trap the
compound of interest. DGT can also be applied in sediments and
soils in order to obtain high resolution porewater profiles and
mobilization rates from the solid phase. The resolution that can be
obtained by DGT (cm or mm scale) is much higher that using
classical porewater sampling by piezometers (5e10 cm resolution;
Wang et al., 2013, 2014). The DGT sediment probes are generally
used to investigate processes occurring at the sediment water
interface and are thus restricted to the top 10e15 cm of the sedi-
ments. In order to apply this technique up to a depth of 75 cm, a
novel device constructed to hold 5 sediment DGT probes in series,
in order to obtain a continuous profile over 75 cm depth (see Fig. S1
Supplementary information).

Wetlands often act as a sink for uranium and other trace metals,
accumulating both metals of natural and anthropogenic origin
(Phrommavanh et al., 2008; Regenspurg et al., 2010; Owen and
Otten, 1995). For example, Sch€oner et al. reported a U content of
up to 7500 mg/g within peat horizons in wetlands of the Thuringia
and Saxony regions of German contaminated by seepage of mine
tailings of former U mills (Sch€oner et al., 2009). Uranium and 226Ra
immobilization in wetlands is believed to involve sorption on Fe-
and Mn- oxyhydroxides (Sajih et al., 2014) and on organic matter
(Bordelet et al., 2013) as well as reductive precipitation of sparingly
soluble U(IV) minerals. Due to the relatively high stability and low
solubility of uraninite (UO2) under reducing conditions at near-
neutral pH, its formation as a result of (bio)reduction is consid-
ered an efficient strategy for U immobilization in sediments and
soils. U(IV) ewhere it occurs in the environmente is generally ex-
pected to be a low mobility U species, in contrast to U(VI) species
which are generally soluble and mobile.

A wetland in central France located adjacent to a former U mine
was impacted bymining activity for several decades. A recent study
showed that there were areas within the wetland with U concen-
trations of up to 4000 mg/g (Moulin, 2008). The geochemistry of
uranium has intensively been investigated at this site in several
projects which were performed in parallel to the present study
(Bordelet et al. (2013), Wang et al., 2013, 2014). Bordelet et al.
(2013) demonstrated in sorption experiments that the peat soil
had a very high retention for U (over 90%) resulting from both the
sorption on organic matter as on mineral phases. Wang et al. (2013)
showed the presence of U(IV) in soil as a non-crystalline species
bound to amorphous AlePeFeeSi aggregates and in porewater as a
species associated with Fe and organic matter colloids. An increase
in the trace levels of U, 226Ra and other tracemetals in streamwater
passing through the wetland was observed indicating a release
from the wetland Phrommavanh et al., 2013.

The main objective of this work was to determine whether the
technique of Diffusive Gradients in Thin Films (DGT; www.
dgtresearch.com) could be used as a monitoring tool for both the
stream water as the peat soil. The DGT technique together with
filtration and ultrafiltration techniques was thus applied in the
stream water flowing through the bog in order to characterize the
transport of natural U and 226Ra, i.e. particles, colloids, dissolved
species, and to compare ultrafiltration (UF) and DGT results in
mining impacted environments. Both techniques discriminate on
size, but in contrast to UF which is an equilibrium technique, DGT
also depends on the kinetics of dissociation of the metal ligand
complexes as they must be able to dissociate within the time of
diffusion. Several studies have been performed on the comparison
of DGTand UF (Forsberg et al., 2006; €Ohlander et al., 2012) as on the
DGT lability of the UF fraction (€Osterlund et al., 2012; Liu et al.,
2013). The DGT soil probes were placed in the vicinity of the pie-
zometers in order to compare the data obtained by those two ap-
proaches. Comparison between the two methods provides useful
information on the remobilization from the solid phase as well as
the lability of the metal-ligand complexes in the porewaters.

The DGT technique is applied for the determination of U, 226Ra,
Ba, Al, Fe, Mn and U in the water and soils. Ba, Al, Fe and Mn were
trapped on Chelex© resin and 226Ra on MnO2 adsorbent gel
(Leermakers et al., 2009).

2. Material and methods

2.1. Study site

The studied wetland is located in central France, the Limousin
region, a part of Massif Central, where igneous rocks such as granite
dominate (see Boekhout et al., 2015 for typical description). The
Sagnes wetland is a river fed, topogeneous peat bog with a stream
(Ruisseau des Sagnes) flowing through the top soil. Thewetland has
been affected by the storage of waste rock piles from the former
open-pit and underground U mining site located north of the
wetland. The uranium rich clays from the former settling pond have
dispersed into the wetland, the lowest topographic point (see
Wang et al., 2013, 2014 for further descriptions) (Fig. 1).

2.2. Water sampling

Surface waters were sampled during three sampling campaigns
(April 2011, Nov 2011 and July 2012) from upstream to downstream
of the wetland up to entrance of the lake. Physico-chemical pa-
rameters such as pH, Eh, dissolved O2, conductivity and tempera-
ture were measured in situ (VWR MU 6100H and WTW 3430
portable multi-parameter instruments).

Filtrations and ultrafiltrations (UF) were performed immedi-
ately on site. For dissolved metals, samples were filtered through
0.45 mm membrane syringe filters (Chromafil). For particulate
metals a 1 L water sample was collected and 200e500 mL was
filtered through a 0.45 mm Polyvinylfluoride (PVDF) 0.45 mm filters
(Durapore, Millipore). A water sample was collected at the start of
the DGT deployment, in the middle and at the end of the 3 day
deployment. UF were performed in July 2012 for the sampling
points S1, S2, S3 and Downstream sampling spots, and for Blank
and Post-Blank (with ultrapure water before and after processing
samples).

The ultrafiltration used in this study was a cross flow MilliPore
Pellicon®2 cassette filtering system with Biomax MilliPore poly-
ethersulfone membranes cut-off of 500 kDa, 100 kDa and 10 kDa
(with a 0.5 m2

filter area). The water samples were collected in 5 L
acid-clean plastic bottles and then filtered immediately through a
0.45 mm cellulose acetate filter on line using a peristaltic pump.
Ultrafiltration was performed on the 0.45 mm fraction to separate
the 500 kDa fraction, and the collected permeate (<500 kDa) was
ultrafiltrated again, to separate the 100 kDa and 10 kDa fractions
simultaneously. In order to achieve a good recovery, a high cross-
flow ratio was maintained at each step. Approximately 0.5 L of
water was passed through the filter and discarded before the
filtrate was collected. The permeate samples for trace metals and
DOC analysis were acidified with ultrapure HNO3 and H3PO4,
respectively. Between each sample, the system was sequentially
rinsed with MilliQ water, 0.01 M HNO3 and 0.01 M NaOH solutions
according to the procedure described by Guo and Santschi (2006).

http://www.dgtresearch.com
http://www.dgtresearch.com


Fig. 1. Map of the wetland sampling site and former Fanay U mine.
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The ultrafiltration field blanks were collected at the start and at the
end of the expedition.

2.3. Soil sampling

Vertical soil profiles up to 80e90 cm depth were obtained in
November 2011 and July 2012 at S1 and S3 using a peat sampler
(Eijckelkamp©). The corewas sectioned in 5 cm intervals on site and
stored in zip lock bags.

2.4. Preparation and deployment of DGT pistons and sediment
probes

Polyacrylamide (PAM) diffusive gels with thickness 0.8 mm
were prepared according to Zhang and Davison (2000). The gels
contained 15% acrylamide solution (Merck) and 0.3% patented
agarose derived cross-linker (DGT Research Ltd. Lancaster).
N,N,N0,N0-tetramethylenediamine (TEMED) was used as a catalyst
and 10% ammonium persulphate (Merck) as an initiator for poly-
merization. The diffusive gels were stored in a 0.01 M NaNO3 so-
lution prior to use.

PAM binding gels with a thickness of 0.4 mm were prepared
with either 2 g Chelex-100 resin (Biorad) or 1 g MnO2 for Radium-
226. Chelex-100 resins were prepared according to Zhang and
Davison (2000) and MnO2 resins according to Leermakers et al.
(2009).

DGT piston and sediment mouldings, obtained from DGT
Research Ltd., were washed with 5% HNO3 for 24 h and then rinsed
three times with Milli_Q water before use.

Polyvinylfluoride (PVDF) 0.45 mm filters (Durapore, Millipore)
were washed with 5% HNO3 for 24 h and then rinsed three times
with Milli_Q water before use. 25 mm filters were used for DGT
pistons in solution and for sediments filter sheets were cut to the
appropriate size.

The loaded devices were stored in zip-lock bags containing
1e2 mL of 0.01 M NaNO3.

Before deployment of the sediment probes, DGT probes were
de-oxygenated by inserting them in a 0.01 M NaNO3 solution and
purging with nitrogen gas for 24 h.

A device was constructed to hold 5 DGT sediment probes in
series, in order to obtain a continuous profile over a depth of 75 cm
(Fig. 2 and Supplementary information S1). On site, the probeswere
removed from the deoxygenated solution, placed in the device and
gently pushed into the peat.

For the soil samples a deployment time of 24 h was used.
For the deployment in the streamwater, several DGT units were



Fig. 2. Picture of soil profile taken with peat sampler (Eyckelkamp) and DGT soil
porewater profiler.
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mounted back to back and in linewith nylon rope andmounted in a
cage with 1 mm pore size filter to protect the DGT units. The cages
were tied to a frame mounted over the stream. A deployment time
of 2e3 days was used. After deployment the DGT piston were
rinsed with Milli-Q water to remove particles from the surface,
placed in clean zip lock bags for transport to the lab.
2.5. Treatment of the DGT probes

In the lab, the Chelex and MnO2 binding gels were removed
from the DGT piston and eluted for at least 24 h in 1 HNO3 in
polypropylene (PP) tubes. Before analysis 9 mL Mill-Q water was
added to the tubes.

For the soil DGT the filter, diffusive gel and resin gel were cut out
of the window of the DGT probes with a Teflon coated raison blade;
the filter and diffusive gel were removed and the resin gel was cut
into 10 mm intervals using a Plexi-glass gel cutter. Blank DGT went
through all previous described steps including casting, probe con-
struction, deoxygenation except from deployment step. Each gel
slice was eluted in 1 mL 1 M HNO3 for 24 h and further diluted to
10 ml for analysis by ICPMS.

The mass of metal accumulated on the resin gels (M) was
calculated taking into account the measured concentration by
ICPMS (Ce), the volume of the gel (Vg), the total elution volume (Ve),
and the elution factor (fe), for which a value of 0.8 was determined
for both Chelex and MnO2 gels using 1 M HNO3 (Zhang and
Davison, 1995; Leermakers et al., 2009).
M ¼ Ce
�
Vg þ V

�
e

fe
(1)

The DGT labile concentrationwas calculated using the equation:

CDGT ¼ MDg
DtA

(2)

With M, the mass of the analyte on the binding gel, Dg the
thickness of the diffusive gel and filter, D the diffusion coefficient of
the analyte in the diffusive gel, t the deployment and A the area of
the exposure window.

The diffusion coefficients were taken from (Scally et al. (2003),
Gregusova and Docekal (2011), Leermakers et al. (2009) and cor-
rected for temperature using the Stokes-Einstein equation (Zhang
and Davison, 1999).

2.6. Soil handling for metal analysis

The soil samples were frozen and lyophilized, sieved through a
1 mm nylon sieve and grinded manually using a mortar. Digestion
of the soil was performed in a microwave oven (CEM, Mars 5) using
an acid mixture of 5 mL HF/5 mL HNO3 and 5 mL HCl at 150 �C
followed by a second step using 30 mL 4% H3BO3 at 150 �C to
neutralize the excess HF. After digestion, samples were stored in
acid cleaned polyethylene storage bottles (60 mL, Nalgene). The
same acid mixture was used for the digestion of the filters for
particulate metals.

2.7. Analysis of metals

A sector field inductively coupled plasma mass spectrometry
(SF-ICPMS) Thermo Element II was used to measure the concen-
trations of trace elements. Indium was added as internal standard
(final concentration 1 mg.L�1). Quantification of trace metal con-
centrations was based upon calibration curves prepared from
multi-element (Merck) or single element (Johnson Matthey Spec-
pure) standard solutions. Blanks and standard references materials
were included in each digestion batch to verify the accuracy of the
extraction method. For the analysis of sediment, the standard
reference material MESS3 (river clay sediment) was used. For the
surface water and porewater samples, the reference samples SLRS4
(river water) and NIST 1640awere used as QC samples. All elements
analyzed were within the specified ranges with recoveries ranging
from 95 to 105%.

Radium-226 was measured by SF-ICPMS as described by
Leermakers et al. (2009).

3. Results and discussion

3.1. Peat characteristics

Natural peat can be subdivided in three main layers; the top
layer (0e20 cm), namely the accrothelm, is generally representa-
tive of relatively immature organic matter, while the deeper layer
(below 40e50 cm), namely the catothelm, corresponds to the most
evolved organic matter. The intermediate layer, or mesothelm,
corresponds to a transition zone (generally 20e40 cm) where the
redox front is strongly influenced by the oxygen penetration, water
level and degree of organic matter decomposition. The Sagnes peat
soil contains a relatively high water content (80%, ranging from 65
to 90%) and the dry matter consist of 50% organic matter and 50%
mineral matter (Bordelet et al., 2015). This is a relatively high
mineral content for peat soils and is influenced by dispersion of
minerals from the former sedimentation ponds of the mine. The
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peak core sampled at S1 showed a top peat layer, a distinct clay
layer at 10e30 cm (the vertical position of this layer can differ
between subsamples) and a sandy layer at 50 cm. At S3, no distinct
clay layer was visible, but the clay was dispersed within the peat.
Elemental analysis of the soil of S1 (Fig 3, Supplementary S2)
showed high concentrations of P, Si, Al and Fe in the clay layer as
well as enrichment is other trace elements such as U (up to
5600 mg/g), Ba, As, Pb, Cu, Zn. In S3 the surface layer (0e10 cm) is
more enriched in U, Fe, Mn, Al, Ba and other elements compared to
S1 and high concentrations of U were found at a depth of 35 cm and
55 cm (up to 12000 mg/g). These peaks are correlated with peaks of
As, Ba, Al, Fe and P. In the deeper layers at both sites, U concen-
trations decrease to a background value of 40 mg/g. In a parallel
study Wang et al. (2013) performed a mineralogical study on the
peat soil, showing the presence of aluminosilicates and amorphous
AlePeFeeSi aggregates as the main binding phase for U. U was
shown to be present as U (IV) and bound to the amorphous ag-
gregates through phosphate groups.

3.2. DGT soil profiles

The DGT soil profiles of U, Ba, Al, Fe, Mn and 226Ra obtained at S1
in November 2011 are shown in Fig. 4. The DGT profiles indicate the
fine scale mobilization of the trace elements in the peat soil. The
general trend in the 226Ra profile is comparable to the Mn and Fe
profiles, which may indicate that the mobilization of 226Ra is linked
to the bacterial reduction of Mn and Fe oxides. However, the DGT
profiles can also reveal the mobilization from microniches. A sharp
peak is found at a depth of�10 cm, corresponding to a depth where
elevated concentrations of Fe and Ba are found in the soil.
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Fig. 3. Vertical profile of the concentrations of major and
Desorption of 226Ra from Fe and Ba rich particles (Baritine) may be
an important process in the mobilization of 226Ra. DGT U concen-
trations in the porewater are low in the upper peat layer and showa
sharp increase in the clay layer. A comparable profile is also
observed for Ba and Al, indicating that desorption from the clay is
determining their distribution in the porewater. The porewater
profiles of Mn and Fe are clearly determined by the reductive
mobilization of these elements under the suboxic and anoxic
conditions prevailing in the soil. Mn and Fe reduction start at the
surface and obtain a maximum at about 30 cm depth.

The DGT porewater profiles obtained in July 2012 at S1 and S3
are shown in Fig 5. Higher concentrations of U in the porewater are
found at S3 than at S1, corresponding to the higher concentrations
found in the soil. The locations of the DGT peaks are in agreement
with the increases found in the soil concentrations. At the surface of
the soil Fe and Mn concentrations are lower at S3 than at S1. The
soil surface was not covered with water at S3, thus oxygen pene-
tration can occur while at S1 the surface of the soil was saturated
with water. The 226Ra shows again a correlationwith the Fe andMn
profiles and are somewhat higher at depth at S3 than at S1.

Comparison of the DGT labile concentrations with the data of
the piezometers (Wang et al., 2013; 2014) are presented in Fig 5.
Interpretations can be complicated by the heterogeneity of the soils
(clay minerals are not evenly distributed and show high spatial
variations) and for the site S3 only a limited number of chambers
contained sufficient water for porewater analysis in July 2012.
Nevertheless some general trends can be found. At S1, DGT-labile U
accounts for 52% of the total dissolved U with little variation with
depth, whereas in S3 the DGT-labile U is twice the concentrations
measured in the piezometer samples at a depth between 30 and
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Fig. 4. Concentrations of DGT-Labile metals in wetland soil at S1 in November 2011.
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47 cm. DGT-labile Ba accounts for an average of 25% of the total
dissolved Ba in S1, ranging from 50% in the top layer to 15% in the
bottom layers. In S3 DGT-labile and total dissolved Ba have the
same concentrations. DGT-labile Al accounts for 70% of the dis-
solved Al in S1 and 100% in S3. DGT-labile Mn accounts for an
average of 67% of the total dissolved Mn with lower values in the
top layer (50% from 10 to 20 cm) and bottom layer (50% at
60e70 cm depth) and 100% in the zone 30e60 cm. In S3 DGT-Mn is
only 40% of the total dissolved Mn. This may be explained by local
differences in redox zonation between the samples. This is also
observed for Fe where the DGT-Fe concentrations exceed the total
dissolved Fe concentrations by a factor 1.5 in the top 35 cm layer in
S1 and are equal to the total dissolved Fe concentrations from 35 to
70 cm. At S3 DGT-Fe and total dissolved Fe have the same
concentrations.

Performing ultrafiltrations on the porewater samples Wang
et al. (2013) showed that U is predominantly present as large col-
loids in porewater (>500 kDa) and that U is present as U(IV)
associated with Fe (II) and organic matter, as anisotrophic threads
of Fe(OH)2 and organic matter. As these complexes are too large to
penetrate the diffusive layer, they must be labile enough to disso-
ciate within the time of deployment and bind to the Chelex resin.
Considering the large DGT-labile to total dissolvedmetal ratio there
must be a rapid resupply from the solid phase. U present in the peat
soil is bound to amorphous AlePeFeeSi aggregates, forming labile
complexes. The high concentrations of Fe in the porewater (up to
400 mM), high DOC values (up to 1.2 mM) and high Fe/S ratio
(sulphate reduction is not a major process at this spot) are
responsible for the formation of the dissolved U(IV) complexes
(Wang et al., 2013).

At S1, the concentrations of U and 226Ra are higher in November
2011 than in July 2012. This could point to some seasonal effect, or
may be due to the heterogeneity of the soil. No clear seasonal trend
in U concentrations could be found in the piezometer samples.
3.3. Metal speciation in stream water

Surface waters of the stream were sampled from its spring
(upstream from the wetland) to the entrance of the lake over a
stretch of approximately 1 km. These waters are oxygenated (dis-
solved O2 in the range of 8e10 mg.L�1; 80e100% saturation), near-
neutral (pH z 6), oxidizing (Eh between 120 and 430 mV/SHE)
with low conductivity (40e110 mS cm�1), indeed “major ions” are in
the range of 10�4 M.

Surface water was sampled in April 2011, November 2011 and
July 2012. The U-dissolved concentration (<0.45 mm) measured on
these expeditions are low, below 0.15 mM Seasonal variations are
limited and an increase in the concentrations of U is observed in the



-90

-80

-70

-60

-50

-40

-30

-20

-10

0
0 5 10

de
pt

h 
(c

m
)

Ba  μM

S1 DGT

S3 DGT

S1 piezo

S3 peizo

-90

-80

-70

-60

-50

-40

-30

-20

-10

0
0 5 10

de
pt

h 
(c

m
)

U  μM 

S1 DGT

S3 DGT

S1 piezo

S3 piezo

-90

-80

-70

-60

-50

-40

-30

-20

-10

0
0 500 1000

de
pt

h 
(c

m
)

Fe  μM

S1 DGT

S3 DGT

S1 piezo

S3 piezo

-90

-80

-70

-60

-50

-40

-30

-20

-10

0
0 5 10 15

de
pt

h 
(c

m
)

Mn  μM

S1 DGT

S3 DGT

S1 piezo

S3 piezo

-90

-80

-70

-60

-50

-40

-30

-20

-10

0
0 20 40 60

de
pt

h 
(c

m
)

Al  μM

S1 DGT

S3 DGT

S1 piezo

S3 piezo

-70

-60

-50

-40

-30

-20

-10

0
0 50 100 150

de
pt

h 
(c

m
)

fM

Ra fM

S1

S3

Fig. 5. Concentrations of DGT labile metals and total dissolved metals from piezometer samples in wetland soil at S1 and S3 in November 2012 (piezometer data are replotted from
Wang et al., 2013 and Wang et al., 2014).
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stream water (from 0.01 to 0.13 mM) as it passes through the
wetland. The mobilization of uranium from the soils and migration
of the dissolved species into the overlying water and stream plays
an important role in the stream water chemistry.

Fig 6 shows the concentrations of the elements in different
fractions (>0.45 mm, <0.45 mm, <500 kDa, <100 kDa, <10 kDa and
DGT-labile) obtained by filtration, ultrafiltration and DGT. It is
important to emphasize that there is a fundamental difference
between DGT and UF measurements. DGT measures a flux which is
used to calculate a time averaged concentration over the deploy-
ment period and the discrimination of species is based on size and
lability. A gel pore size of about 5 nm permits free metal ions,
inorganic metal complexes and small organic metal complexes to
diffuse, while particles and large complexes are excluded. Since the
complexes must dissociate in the gel to be measured, only com-
plexes which dissociate fast enough will be retained in the resin.
Kinetically inert species are excluded (Zhang and Davison,1995). UF
is based on a grab sample and discrimination is based on size. The
nominal cut-offs of the filters used were 500 kDa, 100 kDa and
10 kDa, corresponding to approximate pore sizes of 20 nm, 10 nm
and 2.5 nm respectively. UF will not discriminate inert and
immobile complexes.

For uranium, an important change in speciation takes place from
upstream to downstream of the wetland. In the stream water near
the spring and in the upstream point, U is predominantly present in
the dissolved phase (<0.45 mm) (>80%). In the wetland, the par-
ticulate fraction increases up to 43% at S2, then decreases to 25% at
the downstream point and in the lake the distribution is
comparable to the upstream site (<20% particulate). Blank, Post-
Blank and Spring samples contain [U]tot. � 5.10�9 M, thus con-
firming the adequate experimental methodology and the fact that
the Spring sampling spot is not influenced by mining activities. The
speciation of the dissolved U species (<0.45 mm) also shows an
important variation as it passes the wetland. At S1 the largest
fraction of the dissolved U species is present as large colloids (75%
larger than the 500 kDa cut-off). This fraction decreases to 69% at S2
and decreases further to 36% in the downstream station. The truly
dissolved fraction or <10 kDa fraction also increases from 14% at S1
to 44% at the downstream point. The DGT labile fraction accounts
18e26% of the dissolved (<0.45 mm fraction) and for 100% of the
10 kDa fraction at S1 and S2 but decreases to 70% of the <10 kDa
fraction at S3 and in the downstream point. In the lake the DGT-
labile fraction accounts for 20% of the total dissolved U.

Comparable results are found for Fe, except that for Fe the
particulate fraction is more important than for U, increasing from
45% upstream to 64% at S2 and decreasing again to 31% in the lake.
Fe is also essentially bound to large colloids (>500 kDa) and this
fraction decreases from 78% at S1 to 53% at the downstream point.
The truly dissolved fraction increases from 10% at S2 to 30% at the
downstream station. The DGT labile fraction accounts for 10e27% of
the total dissolved uranium and for 86e100% of the <10 kDa frac-
tion upstream and at S1 and for 40e60% at S3 and the downstream
point. In the lake only a very small fraction of Fe is DGT labile (1%).

Likewise, for Al, particulate concentrations increase from 30%
upstream to a maximum of 63% at S2 and drop to 40% in the lake.
65-50% of dissolved Al is bound to large colloids (>500 kDa),
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30e50% of Al is present as truly dissolved species (<10 kDa), the
DGT fraction accounts for 30e50% of dissolved Al in the wetland
and only 4% in the lake and accounts for 70e100% of the truly
dissolved fraction in the wetland.

Explanation for the observations can be found in the nature of
the colloids and dissolved organicmatter in the streamwater. In the
porewater U is bound as U(IV) to colloids of Fe(II)hydroxides and
organic matter, predominantly in a size fraction between 500 and
2000 mm as discussed in the previous section. These colloids
migrate through diffusion and advection to the overlying water of
the wetland as well as to the stream. When these colloids of Fe(II)
hydroxides come in contact with air, they are rapidly oxidized,
forming insoluble Fe(III)hydroxides colloids (Supplementary S3).
The coagulation and precipitation of these colloids is responsible
for the high particulate metal fraction found in the streamwater in
the wetland. The highest particulate fraction and highest sedi-
mentation is found at S2. This oxidation of Fe(II) and precipitation
of Fe(III) can be observed in several sections of thewetland, forming
a brown layer on the surface of the soil. The colloids transported in
the stream are associated with Fe and Al. Comparisonwith the DGT
data point out that these colloids are stable and not taken by the
DGT device, in contrast to the reduced Fe(II)-colloids in the pore-
water. The concentrations of DOC in the stream water and the re-
sults of ultrafiltrations of DOC are shown in Fig 7. DOC
concentrations increase from 130 mM upstream to 315 mM in the
lake entrance. At S1 38% of DOC is bound to large colloids
(>500 kDa) and this fraction decreases to 4% at the downstream
point. These observations point out that U is associated with large
colloids of Fe, Al and organic matter and that these colloids are
partially dissociating in the streamwater, permitting the formation
of other complexes of the metals with DOC. U, Al and Fe form
dissolved (<10 kDa) complexes with DOC and these complexes will
have a lower diffusion rate (generally 20e50% lower) in the
hydrogel (Scally et al., 2003). Moreover, kinetically stable com-
plexes will not be taken up by the DGT device (€Osterlund et al.,
2012). A similar behavior of Al and Fe have been observed in
British rivers and lakes (Liu et al., 2013). An important fraction of Al
and Fe are bound to particles and colloids (20e80%). The DGT labile
fraction accounted for 4e24% of total dissolved Al and 13e27% of
total dissolved Fe. In the ultrafiltrated water 4e50% of Al and
20e50% of Fe is DGT labile indicating the importance of stable
complexes of these elements.

The elements Mn, Ba and 226Ra, on the other hand are not bound
to these colloids. The particulate fraction for these elements in very
low (1e5%) and there is little difference between the 10, 100 and
500 kDa fractions, demonstrating that these species are present as
dissolved complexes (<10 kDa). For 226Ra, Ba and Mn the DGT
concentrations are in good agreement with the dissolved concen-
trations and the UF fractions. Liu et al. (2013) observed a similar
behavior for Mn in British rivers and lakes. 100% of the UF fraction
was shown to be DGT labile, implying the Mn species are free or
weak complexes.
4. Conclusion

The DGT technique was shown to be an extremely useful and
simple monitoring tool for both stream water as well as porewater
profiles in a peat bog. The DGT technique applied in soils using an
adapted sampling device provides a simple and reliable method to
obtain a high resolution porewater profile of labile metal species up
to a depth of 75 cm, investigate inter-element correlations and fine
scale remobilization from the solid phase. Compared to piezometer
samples, the resolution obtained by DGT is much higher and as the
DGT sampler has preconcentration capabilities, it permits the
detection of ultratrace levels such as the levels of 226Ra in the
porewater. The amount of porewater obtained by the piezometer is
unsufficient to determine 226Ra by classical radiochemical analysis.
Moreover, sampling of the piezometer compartments must be
performed under anoxic atmosphere, whereas DGT is an in situ
sampling technique.

DGT soil profiles show that the mobilization of U in the soil is
linked to the presence of clay rich particles in the soils at the same
horizons. The mobilization of U is not linked to the reductive
mobilization of Fe and Mn. This is however the case for 226Ra for
which a good correspondence is observed between the 226Ra
porewater profile and the profiles of Mn and Fe.

The application of DGT in the streamwater and comparisonwith
ultrafiltration techniques has shown that DGT can replace the
complex filtration and ultrafiltration procedures. UF and DGT
measurements have shown that Total U concentration increases in
the stream along the peatbog from upstream to downstream. This
observation is consistent with a slight release of radionuclides by
the peatbog, which (bio)geochemical conditions enables trace
metals and radionuclides such as U entrapment. Moreover, U is
mainly present as particles and colloids, whereas 226Ra is totally
dissolved. Uranium behavior can be correlated to the presence of Al
and Fe colloids (alumino-silicates and HFO) and organic colloids.
Mn and Ba show a similar behavior as 226Ra.
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