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ABSTRACT: Uranium (U) speciation was investigated in
anoxically preserved porewater samples of a natural mountain
wetland in Gola di Lago, Ticino, Switzerland. U porewater
concentrations ranged from less than 1 μg/L to tens of μg/L,
challenging the available analytical approaches for U
speciation in natural samples. Asymmetrical flow field-flow
fractionation coupled with inductively coupled plasma mass
spectrometry allowed the characterization of colloid pop-
ulations and the determination of the size distribution of U
species in the porewater. Most of the U was associated with
three fractions: <0.3 kDa, likely including dissolved U and very small U colloids; a 1−3 kDa fraction containing humic-like
organic compounds, dispersed Fe, and, to a small extent, Fe nanoparticles; and a third fraction (5−50 nm), containing a higher
amount of Fe and a lower amount of organic matter and U relative to the 1−3 kDa fraction. The proportion of U associated
with the 1−3 kDa colloids varied spatially and seasonally. Using anion exchange resins, we also found that a significant
proportion of U occurs in its reduced form, U(IV). Tetravalent U was interpreted as occurring within the colloidal pool of U.
This study suggests that U(IV) can occur as small (1−3 kDa), organic-rich, and thus potentially mobile colloidal species in
naturally reducing wetland environments.

■ INTRODUCTION

Wetlands are natural sinks for trace metal elements, including
uranium.1−4 Natural or constructed wetlands have been used
for decades for the remediation of uranium-contaminated
water.5−9 The removal process is based on the sorption of
uranium to natural organic matter (NOM) as well as on the
(bio)reduction of soluble U(VI) to less soluble U(IV).
The efficiency of wetlands as uranium filters is variable, in

terms of the rate and extent of retention. Important factors
seem to be the nature and abundance of humic substances, the
establishment of reducing conditions, particularly sulfate-
reducing conditions,10 and other geochemical conditions
(e.g., pH, temperature, [Ca2+], [Cl−], [NO3

−], [NH4
+],

[SO4
2−])7,8,11,12 as well as hydraulic conditions (e.g., retention

time, effluent flow, water depth, aspect ratio, shape).7,12 In
practice, the biogeochemical behavior of U in wetlands is not
well-understood and is difficult to predict. The extent of U
reduction can be limited, for example, by the sorption onto and
stabilization by OM.13 In addition, U can be reduced not only
to U(IV) minerals but also to noncrystalline, organically bound
forms of U(IV), including mobile colloids.14−16 For example,

in Les Sagnes, France, mobile U(IV)-bearing, OM- and Fe-rich
colloids were found to facilitate the transport of U downstream
from a mine-affected wetland.14 Laboratory experiments have
shown the formation of complexes between humic substances
and reduced U(IV),17−19 proving that, indeed, U(IV)-bearing
OM colloids can form. However, little is known about the
conditions of formation of U(IV) colloids in the environment,
particularly uncontaminated, acidic wetlands,16 and about the
size and composition of these colloids, which are determining
factors for colloid-facilitated transport of U(IV).16,20 The few
studies related to wetland U colloids were conducted on U-
impacted wetlands,14,15 or on oxic samples downstream from
the wetland. For example, Neubauer et al.21 sampled oxic
runoff from a pristine wetland in Austria and showed, using a
combination of ultrafiltration, asymmetrical flow field-flow
fractionation (AF4), and high-performance size exclusion
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chromatography, that most of the U was associated with
organic colloids with sizes distributed around 1.8−4.6 kDa. To
our knowledge, there is no study probing the speciation of U in
anoxically preserved porewaters of a pristine reduced wetland.
The mountain wetland of Gola di Lago (GdL), Ticino,

Switzerland, exhibits local hotspots of up to hundreds of mg/
kg of uranium,22,23 and it is not influenced by mining or
agricultural activities. It is a minerotrophic (groundwater- and
surface-water-fed) wetland, and its description, including
information on vegetation cover, mineralogy, and the solid-
phase speciation of As, S, and Fe, can be found in the
literature.23,24 Mikutta et al.13 showed, using X-ray absorption
spectroscopy, that U occurs in the peat sediments as complexes
with particulate organic matter in tetra- and hexavalent
bidentate−mononuclear configurations. The association of
U(IV) and OM in the solid phase led to the hypothesis that
U may exist as U(IV)-OM colloids in the aqueous phase in
equilibrium with the sediments. However, the U concentration
and speciation in the porewater had not yet been investigated.
We studied the GdL porewaters, under preserved anoxic
conditions, with the aim of probing the possible occurrence of
U(IV) colloids in pristine wetland environments. Additionally,
because the size and composition of carrier colloids determine
the potential for colloid-facilitated transport, we sought to
characterize these colloids. The novelty of the study lies in
accessing colloidal U under anoxic conditions at the parts per
billion concentrations relevant for the wetland. To do so, we
used a combination of tools, asymmetric flow field-flow
fractionation, and U valence resin separation, under anoxic
conditions.

■ MATERIALS AND METHODS
Sample Collection. The wetland of Gola di Lago (GdL),

Ticino, Switzerland, is described elsewhere,13,23 and a map of
the sampling locations is provided in the Supporting
Information (SI) (Figure S1). This wetland is a pristine
peatland originating from a glacial lake. It is fed by two
permanent streams imposing a general flow from South−West
to North−East, and several intermittent lateral streams. Only
during one of our sampling trips (April 2017) did we
encounter a flowing intermittent stream that we were able to
sample. There is a single main outlet stream. Stream samples
were collected by filling serum vials to the top and closing
them with butyl rubber stoppers. They were filtered
immediately in a field glovebox using 0.22 μm PES
(polyestersulfone) sterile membrane filters (Millipore Express)
and stored in N2-flushed glass vials, in the cold (1−5 °C) and
dark.
Three piezometers that allow for the sampling of porewater

under anoxic conditions (described in Wang et al.20) were
installed in April 2017 at locations specified in the SI (Figure
S1 and Table S1). Porewater samples were collected in July
2017, October 2017, April 2018, and September 2018. Each 5
cm thick chamber of the piezometer is connected by an
individual tube to a peristaltic pump and directly to anoxic vials
under a continuous flow of Ar. The glass vials were
immediately closed with butyl rubber stoppers, and the
headspace was flushed with Ar. Peristaltic pump tubing was
rinsed with one volume of 2 M HNO3 and two volumes of
Milli-Q water prior to use. Depending on the analyses planned
and the amount of sample available, several chambers were
combined in a N2 atmosphere field glovebox. The porewater
samples were then filtered and stored as for the stream

samples. A list of samples collected and their analysis are
included in the SI, Table S2.

Chemical Characterization. On site, dissolved oxygen
was analyzed for a few dedicated samples, and pH was analyzed
for all samples. In the laboratory, the samples were analyzed for
nonpurgeable dissolved organic carbon (DOC), S, Fe, and
other major elements, as well as U, Fe(II), and S(−II) (the
latter two on appropriately preserved samples). Fe(II) and
S(−II) were analyzed by spectrophotometry using, respec-
tively, ferrozine and Cline reagent complexation. Details on
methods and instruments are provided in the SI.

Size Fractionation and Characterization of Colloidal
Matter. Within a maximum of 14 days after sampling, the
colloids present in the porewater were size-fractionated and
characterized by asymmetrical flow field-flow fractionation
(AF4) coupled to a UV detector, a fluorescence detector, and
an inductively coupled plasma mass spectrometer (ICP-MS).
The principle of AF4 is reviewed elsewhere,25,26 and details on
the procedure and instruments used in this study are provided
in the SI. Throughout this Article, fractionation refers to size
fractionation. To characterize small colloids, a polyestersulfone
membrane with a nominal cutoff of 0.3 kDa was used for the
accumulation wall. Therefore, colloids and molecules smaller
than 0.3 kDa were considered as “dissolved” in this study. The
samples were taken from anoxic vials with a syringe and needle
through a rubber stopper. The carrier solution flowing in the
AF4 was 10 mM NH4NO3 at pH 7, and it was degassed prior
to entering the channel, by a microvacuum degasser. The
cross-flow used for the fractionation was 1.5 mL/min. Other
cross-flows were tested for optimizing the fractionation of
small colloids or the total recovery (see the SI). The elution
runs ended with a washing step with a cross-flow of 0 mL/min
(indicated as XF0 in Figure 2), allowing the remaining
nonfractionated particles to elute. The association of the
metals to the colloids was characterized by coupling the AF4
instrument with ICP-MS. A number of tests are reported in the
SI. A comparison of the size fractionation of air-oxidized
samples with anoxically preserved ones allowed verification
that elution in AF4 with degassed carrier solution did not
result in significant oxidation (see the SI, Figure S11).
The retention time was translated into molecular weight

using an external calibration with polystyrenesulfonate stand-
ards of nominal molecular weights of 1.1−145 kDa. The U and
Fe fractograms, expressed as the concentration of U or Fe as a
function of elution volume, were fitted in the software
OriginLab with an appropriate number of peaks following
the function “extreme” (see the SI). The center of the fitted
peaks was used to determine the nominal molecular weight of
each colloid population. The integral of the fitted peaks was
used to calculate the amount of U or Fe in the population of
each fraction. This amount was compared to the total amount
of U or Fe in the injected sample, to provide a semiquantitative
estimate of the proportion of U or Fe associated with each
colloid population. However, with this calculation, the
proportion of U or Fe in the “dissolved” phase is over-
estimated. Indeed, even if the elution parameters were
optimized to minimize this issue, a part of the colloids is
inevitably lost during the fractionation in AF4, due mainly to
accumulation of particles on the channel walls.26 By comparing
the amount of U or Fe recovered after fractionation with a
cross-flow of 1.5 mL/min, and without significant fractionation
(i.e., with a cross-flow of 0 mL/min), we assess that the
proportion of U or Fe associated with the colloidal pool is
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underestimated by 14−40% or 8−66%, respectively (depend-
ing mainly on the sample concentration) (Table S3). These
errors are high; however, to date, no method would allow a
conservative recovery of U colloids with such small U
concentrations.27 Indeed, most of the methods (dialysis,
ultrafiltration, etc.) are biased with U sorption on the
separation membrane.
Determination of the Proportion of Reduced

Uranium. The proportion of U(IV) and U(VI) was
determined for a few samples from the M piezometer (at
depths 45, 77, 122, and 158 cm) and B0 piezometer (at depths
45, 87, 117, and 150 cm), using a protocol adapted from the
one described in Stoliker et al.29,30 Strongly basic anion
exchange resin (Dowex 1 × 8; 100−200 mesh) was packed
into polypropylene columns to give a bed volume of 2.5 mL.
Resins were preconditioned with 4.5 M HCl, and columns
were then loaded with 10−30 mL of porewater samples
acidified with HCl (4.5 M final concentration). The U(IV) and
U(VI) fractions were separated by eluting the column first with
30 mL of 4.5 M HCl and collecting U(IV), followed by the
amendment of 30 mL of 0.1 M HCl, and the collection of
U(VI). Indeed, in 4.5 M HCl, U(VI) forms anionic chloro-
complexes which adsorb strongly to the resin while U(IV)
remains a cationic species that readily passes through the resin-
packed column. All column separations were performed inside
an anoxic glovebox. The separated fractions were evaporated in
PTFE (polytetrafluoroethylene) beakers to remove chloride
and to concentrate the sample, followed by dilution in a few
milliliters of nitric acid (1 wt % final concentration) for ICP-
MS analysis.
Transmission Electron Microscopy. Two size fractions,

1−3 and 3−1375 kDa, were collected downstream of the AF4
instrument. Each was deposited by centrifugation on a grid
support made of 10 nm thick silicon nitride membranes, to

limit the background concentration of carbon or metals.
Details on the TEM sample preparation are provided in the SI.
The samples were transferred to an FEI Tecnai Osiris
microscope or an FEI Titan Themis microscope. Colloids
were observed, and elemental maps were collected using
scanning transmission electron microscopy and energy-
dispersive X-ray spectroscopy (STEM-EDS).

■ RESULTS AND DISCUSSION

Chemical Composition of the Bulk Wetland Pore-
water. The porewater is acidic with pH values ranging
between 4.5 and 5.5 and a high DOC concentration, ranging
between 6 and 54 mg/L (Figure 1, Figure S2). Higher values
of DOC are found in deeper depths while those found at the
shallowest depths are in the same range as those reported for
GdL surface waters.31

The redox conditions in the wetland porewaters are
generally suboxic, with dissolved oxygen (DO) concentrations
ranging between 0.3 and 3.0 mg/L over the whole period of
the investigation and all the sampling locations (Figure S2).
Moreover, DO concentrations fluctuate with the season, with
lower values in October 2017 (0.5−0.95 mg/L) and higher
values in April 2018 (1.4−3.0 mg/L). These differences are
likely due to fluctuations in water influx, with snowmelt
increasing water flow during the spring and low flows after the
summer drought. Conditions are Fe-reducing at all investigated
depths in the wetland (below 20 cm): the concentration of
Fe(II) found in the porewater samples matches that of total Fe
(Figure 1, Figure S2). This is contrary to the reported absence
of Fe(II) in the surface water of the wetland, above the depths
investigated in this study.31 On the basis of the occurrence of
reduced sulfur mineral species in the deep layers of the
peat,23,32 it is likely that the conditions are also sulfate-
reducing, at least in microenvironments.13,24 Only small

Figure 1. Concentrations of dissolved organic carbon (DOC), total sulfur (STOT, lines), sulfide (S(−II), markers), total iron (FeTOT, lines), ferrous
iron (Fe(II), markers), and uranium (U) in the <0.2 μm porewater samples of September 2018 for the two piezometers M and B0 as well as the
streams upstream (SU1 and SU2, respectively, empty and plain blue triangles) and downstream (SD, black triangle). Horizontal dashed lines show
the average depth of the samples analyzed by AF4, in September 2018 for the M (black) and BO (red) piezometers. Seasonal variations of these
composition profiles are presented in the SI (Figure S2).
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concentrations of sulfide (typically less than 2 μM) were found
in those porewaters. However, significant sulfide concen-
trations were found in the organic-rich layer, for example, 7
μM S(−II) in the M piezometer at the 45 cm depth,
representing ∼45% of the total S. In addition, a 16S rRNA
analysis of a porewater sample taken at 30 cm depth confirmed
the presence of sulfate-reducing bacteria (SI). It remains
unknown whether these organisms are active.
Despite being a pristine wetland, GdL contains locally large

concentrations of U in the solid phases13 likely due to the
removal of U from the east−west intermittent stream (e.g.,
ST) that contains 1.1 μg/L U from bedrock leaching.23 U
concentrations measured in the porewater vary between a few
μg/L in the B0 piezometer, a maximum of tens of μg/L in the
M piezometer, and intermediate values in the B6 piezometer
(Figure 1, Figure S2). The U concentrations in the uppermost
porewaters are consistent with those reported by previous
authors in two surface waters of the wetland (0.02 and 0.03
μg/L).22 Also, it is possible that U concentrations reach higher
values in porewaters below the depths that we could investigate
with our piezometers (1.65 m); indeed, previous authors
reported maxima of U in the sediment phase below 1.4 m.13 It
is likely that the spatial variation is at least partly due to
differences in the distance to the U source. For instance, the M
piezometer is closer to the intermittent stream feeding the
wetland, which has a higher U concentration than the
permanent streams (1.1 versus 0.02−0.06 μg/L, respectively).
In all piezometers, U porewater concentrations are higher in
the bottom layers than in the top layers, except for B0 in July.
The U concentrations are also higher in the sediments in the
deeper layers;13 hence, it is not surprising that the porewater
reflects this concentration gradient. Additionally, U concen-
trations of the porewater display a similar depth-dependent
trend as DOC concentrations, more so in the case of the
piezometer M than in the case of B0 (Figure S3). Mikutta et

al.13 reported that U was complexed by organic matter in the
sediment, and several other studies show that U and OM
covary in wetland sediments.1,4,44 In the case of the B0
piezometer, U porewater concentrations also seem to exhibit a
similar trend as Fe concentrations (Figure S3), which are
significantly higher than in piezometer M. Overall, the
porewater U concentrations seem to be related to the solid-
phase U concentrations and the porewater DOC and Fe
concentrations. Previous studies also noted a high variability of
the composition (including Fe and U concentrations) of the
sediment phase.13,23 However, more data of chemical
composition would be needed to test for statistical
correlations.

Colloid Size and Composition. For the porewater, small
colloids tend to migrate farther than larger ones.16 Thus, the
size of U-bearing colloids is of crucial importance to predict
the mobility of U in wetland environments. The ICP-MS and
UV254nm signals detected after AF4 show that U colloids occur
in all the porewater samples analyzed (Figure 2, Figures S5 and
S6). There are two main colloidal populations harboring U. A
first population has sizes distributed around maxima within the
range 1−3 kDa and is associated with Fe- and UV254nm-
absorbing compounds. UV absorption at 254 nm is typically
used to trace organic compounds from AF4.33,34 However, it
cannot be excluded that a part of the UV254nm signal is due to
light absorption by Fe compounds such as Fe(II) or Fe(III)
hydroxides. Indeed, varying concentrations of ferrihydrite
(FeOOH) injected into the AF4 system showed significant
absorption of UV254nm, with a molar extinction coefficient in
the same order of magnitude as that obtained for a reference
Suwannee River Fulvic Acid (data not shown). Nonetheless,
carbon is clearly associated with this colloid population
because when C is measured by AF4-ICP-MS (on selected
samples), it is detected in this size-population (Figure S8).
STEM-EDS observations confirmed that most of the 1−3 kDa

Figure 2. U and Fe concentration and UV254 nm absorbance in colloids as a function of retention time (and related to molecular weight, Mw, and
hydrodynamic diameter, dh, via a PSS standard curve and an internal calibration with bovine serum albumin) in samples from September 2018 in
piezometers M and B0, at selected depths. These fractograms were obtained at a cross-flow of 1.5 mL/min. XF0 indicates the time when the cross-
flow was stopped (see the text). Similar fractograms obtained in October 2017 and April 2018 are presented in the SI.
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population was made of organic matter, in association with
both dispersed Fe and sparse hotspots of Fe (Figure 3). No U

could be detected by STEM-EDS, presumably due to issues of
the detection limit. Specifically, no hotspot of U could be
detected. Thus, these 1−3 kDa colloids are interpreted as
being organic compounds complexing Fe and U and likely also
associated with Fe nanoparticles. In addition, they contain
other metals such as Cu, Al, Zn, As, and Pb (Figure S8), all of
which are elements with high affinity for OM and typically
associated with organic colloids.33,35−37 Our results show that
the (underestimated) percentage of U associated with the 1−3
kDa colloidal pool is significant in all samples analyzed and
varies in space, from at least 5% of total U in the sample from
the M piezometer at 45 cm to at least 76% in the sample from
the B0 piezometer at 45 cm (Figure 4). This percentage varies
also with time to a smaller extent; for example, in the samples
from the M piezometer at 155(±3) cm, the contribution of the
1−3 kDa fraction to overall U varies from at least 8% in April
2018 to at least 33% in October 2017 (Figures S13−S16).
A second, larger population of polydisperse colloids (3−

1375 kDa, i.e., ∼5−50 nm) was also found in the samples
containing higher concentrations of Fe and lower concen-
trations of U and OM than the smaller (1−3 kDa) population
(Figure 2, Figures S5 and S6). We did not directly determine
whether Fe in the colloidal pool was ferric or ferrous, but we
hypothesize that Fe(III) is more likely to be associated with
the solid phase. Indeed, the proportion of bulk Fe(III), as
deduced from ferrozine colorimetric analyses, is less than 11%
of bulk Fe, which is rather close to the semiquantitative

percentage of colloidal Fe varying from 3% to 16% of total Fe
(Figures 1 and 4). However, we can only conclusively state
that the colloid population larger than 3 kDa can be
interpreted as Fe hydroxides, probably coated with organic
compounds or associated with particulate organic matter
(Figure 3). These colloids also contain As and Pb in our
samples which is consistent with studies in other wetlands
where colloidal As and Pb were associated with iron
hydroxides.21,35 The proportion of U associated with the
populations of Fe-rich colloids larger than 3 kDa is rather
small. It is higher in samples of higher Fe/U bulk content ratio;
indeed, we found proportionally more U associated with these
colloids in the samples from the U-poorer and Fe-richer B0
piezometer (5−28% of total U) as compared to the U-richer
and Fe-poorer M piezometer (1−6% of total U), and more in
the U-poorer, upper peat layers than in the U-richer, bottom
layers.
For the streams, additionally, in the streams flowing in and

out of the wetland, we found similar populations of U colloids,
i.e., 1−3 kDa OM-rich as well as larger Fe-rich, U-bearing
colloids (Figure 5, Figure S7). However, they represent a small
proportion of the total U concentration (9−10% of total U in
the permanent streams, less than 1% of total U in the
intermittent stream). The low proportion of colloidal U in the
streams compared to the wetland porewaters could be
explained by the DO concentrations (7−11 mg/L in the
streams and 0.3−3.0 mg/L in porewaters below 20 cm). Oxic
conditions would favor the precipitation of Fe(III) and the
aggregation of larger (oxyhydr)oxides rather than the
stabilization of very small colloids. In fact, Fe colloids are
significantly larger in the streams (Figure 5) compared to in
the wetland porewaters (Figure 2). Also, Fe colloids are
significantly larger upstream compared to downstream of the
wetland. This is consistent with the fact that Fe is reduced
throughout the wetland; as aggregated Fe(III) hydroxides are
reductively dissolved in the wetland, it is likely that smaller
Fe(II)/Fe(III)-bearing colloids are found downstream from it.
Other studies showed that U could be associated with Fe-

and OM-rich colloids in wetland environments or materi-
als.14,34,38−40 Using ultrafiltration in centrifugal tubes, Pedrot et
al. found U associated with Fe and OM in leachates from
columns packed with wetland soil.41 They hypothesized that,
because U and Fe were leached with similar patterns out of
their column experiments, U was carried by Fe nanoparticles
stabilized by humic acids. In addition, using frontal ultra-
filtration of wetland materials under oxic conditions, Pokrovsky
et al.39 found U associated with colloids of sizes ranging from a
few kDa to 0.2 μm. In contrast, using tangential ultrafiltration
of anoxically preserved porewater samples, Wang et al.14 found
most of U associated with OM- and Fe-rich colloids of sizes
ranging between 500 kDa and 0.2 μm, in the site of Les Sagnes,
France. The latter were in equilibrium with U(IV)-rich anoxic
sediments. The differences of colloidal sizes observed from one
study to another are likely due to the site-dependent U
speciation in wetlands but could also be attributed to the
differences in the sampling and analytical approaches. The
preservation of reducing conditions is essential for determining
the in situ size distribution of U colloids. Indeed, the colloid
size distribution is likely influenced by the solubility of U
species, which tends to be lower for reduced than for oxidized
U species. In addition, analytical performance is highly variable
for dilute natural samples compared to concentrated samples.27

Figure 3. Representative C-rich colloids of the sample at a 152 cm
depth in the piezometer M in April 2018, collected downstream of the
AF4 and corresponding to the 0.3−3 kDa size fraction or the 3 kDa−
0.2 μm size fraction, respectively, for A or for B and C. The material
observed is interpreted as follows: (A) aggregated humic-like organic
matter with a nanometric hotspot of Fe; (B) nanoparticulate Fe
embedded in humic-like organic matter; (C) particulate (fibrous)
organic matter coated with Fe. HAADF: Images were obtained by
high-angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM). Images in part A were obtained with an FEI
Titan Themis microscope, and images in parts B and C were obtained
with an FEI Technai Osiris microscope. Scale bars are 50 nm.
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Redox State of Uranium in the Wetland Porewaters.
Because our sampling preserved the redox state of the
porewater, we could investigate the relative contribution of
U(VI) and U(IV). We found a significant proportion of U(IV)
in the porewater, i.e., representing 12% and 34% of the total U
at the bottom of the M and B0 piezometers, respectively
(Figure 6). These proportions are in the same order of
magnitude as the proportion of colloidal U in the same
samples, i.e., 16% and 41% of total U, respectively. Because
U(IV) tends to be less soluble than U(VI) in the environ-
ment,28 it is reasonable to assume that U(IV) is present in

association with the colloids rather than in solution. However,
direct evidence of this point is not obtainable with existing
techniques. Experiments with laboratory-prepared mixes of
uranyl acetate and biogenic U(IV), as well as the recovery of
U(VI)-sorbed Suwannee River fulvic acid in representative U
and C concentrations, revealed that the resin separation
technique used here is quantitative for U concentrations in the
order of a few μg/L (SI). We also found U(IV) in samples
from shallower depths of the piezometers M and B0, which
emphasizes its occurrence throughout the wetland porewater
(Figure S18). However, for these shallower samples, the

Figure 4. Size distribution of U and Fe estimated after AF4 fractogram integration for 2 piezometers at two depths. Details on the procedure are
provided in the SI. The amount of U or Fe in “1−3 kDa”, “3−1375 kDa”, and “1375 kDa≪ 0.2μm” size fractions was calculated as the integrate of
the first fitted peak of the U fractogram (μg/L), the integrate of the higher Mw fitted peaks of the U fractogram, and the integrate of the U signal
after relaxation (cross-flow decreased from 1.5 to 0 mL/min), respectively. The amount of U in “<300 Da” was calculated by subtracting the sum of
the fractions from the total U amount in the sample. The populations 3−1375 kDa and 1375 kDa−0.2 μm have respective hydrodynamic diameters
of 5−50 nm (cf. the x axis in Figure 2) and from 50 nm to 0.2 μm. The latter fraction corresponds to that collected after relaxation (i.e., when the
cross-flow was stopped, most of the remaining nonfractionated particles were larger than 50 nm).

Figure 5. Left panel: U (red) and Fe (blue) fractograms for samples from the streams flowing in (SU1) and out (SD) of the wetland in October
2017. XF0 indicates the time when the cross-flow was stopped. Right panel: size distribution of uranium estimated after AF4 fractogram integration.
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concentration of U is very low, and consequently, the U
recovery from the resin separation was suboptimal (>10%
higher or lower than the expected total concentrations).
Therefore, the proportion of reduced U could not be
interpreted quantitatively for these samples.
The occurrence of U(IV) colloids in the GdL wetland is

noteworthy because U(IV) is generally considered immobile in
remediation strategies. There are prior occurrences of U(IV)
colloids in contaminated sites. Wang et al.14 suggested the
occurrence of colloid-facilitated dispersion of U(IV) down-
stream from a mining-impacted peat wetland, involving OM-
and Fe-rich colloids. U(IV) colloids were also found previously
in alkaline anoxic environments. Another example is reported
by Bouby et al.,42 who found humic U colloids of a few
nanometers and inorganic U colloids of tens of nanometers in
alkaline groundwaters from the Gorleben borehole in
Germany. Because the groundwater was anoxic at that site,
the study suggested that U occurred as U(IV) in the colloids,
but no direct evidence was provided. In addition, using
successive micro- and ultrafiltration, Kalmykov et al.43 found
U(IV)-hydroxocolloids in alkaline groundwaters highly im-
pacted by waste disposal at the Tomsk site, Russia.
Nonetheless, this is the first time that U(IV), interpreted as
U(IV) colloids, has been found in the porewater of an
undisturbed natural wetland, harboring U concentrations
naturally built up over thousands of years.
Thus, in the approach presented here, using AF4 coupled

with ICP-MS and resin separation provided new information
on the occurrence of U(IV) and small OM,Fe-bearing U
colloids in wetland porewaters under natural environmental
conditions. This is the first time such an approach has been
developed for environmental samples with such low U
concentrations and while preserving anoxic conditions. The
variability of the results in U-bearing colloidal sizes reported in
the literature emphasizes the need to study various wetland
environments to understand the parameters controlling U
colloid formation. In our case, because of the low U
concentrations, we could not probe the specific association
of U with organic or Fe phases in the colloids. However, with
STEM-EDS, we did not observe any U hotspots colocalized
with the few Fe nanoparticles observed in the 1−3 kDa
colloidal pool, suggesting that U may not be associated directly
with Fe, but rather with OM.
Environmental Implications. In the wetland investigated,

U(IV) and U(VI) are associated with OM micrometric
particles in the solid phase (Mikutta et al.13) and small,
mostly 1−3 kDa colloids in porewater (this study). Here, we
suggest that small, U-bearing organic colloids can form in
pristine wetland environments, even where porewater concen-

trations of U are very low (0.05−30 μg/L). In those colloids, U
may occur as U(IV). Such environments are rather common
and store significant amounts of total U in surface environ-
ments.3 In the case of an environmental disturbance of such
pristine wetlands, for example, changes in hydraulic conditions
or geochemistry due to climate change or to changes of land
management, the U(IV) colloids and particles present in the
wetland porewaters could be mobilized. Small, organic-rich
colloids can be expected to be mobile and quite stable over
significant distances.16 Hence, their presence suggests that
there is the potential for colloid-facilitated transport of U far
afield, including downstream from reducing wetlands.
Our results also provide new insights into the understanding

of the formation mechanisms of organic U(IV) complexes in
the wetland of GdL. Mikutta et al.13 suggested that the
formation of U(IV) in the sediment of this site most likely
involved the reduction of organically complexed U(VI).
Similarly in the porewater, we could envisage that U(VI)
derived from the streams may be reduced to U(IV) by
colloidal OM.
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