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ABSTRACT: Uranium contamination threatens the availability of
safe and clean drinking water globally. This toxic element occurs
both naturally and as a result of mining and ore-processing in
alluvial sediments, where it accumulates as tetravalent U [U(IV)],
a form once considered largely immobile. Changing hydrologic and
geochemical conditions cause U to be released into groundwater.
Knowledge of the chemical form(s) of U(IV) is essential to
understand the release mechanism, yet the relevant U(IV) species
are poorly characterized. There is growing belief that natural
organic matter (OM) binds U(IV) and mediates its fate in the
subsurface. In this work, we combined nanoscale imaging (nano secondary ion mass spectrometry and scanning transmission X-ray
microscopy) with a density-based fractionation approach to physically and microscopically isolate organic and mineral matter from
alluvial sediments contaminated with uranium. We identiﬁed two populations of U (dominantly +IV) in anoxic sediments. Uranium
was retained on OM and adsorbed to particulate organic carbon, comprising both microbial and plant material. Surprisingly, U was
also adsorbed to clay minerals and OM-coated clay minerals. The dominance of OM-associated U provides a framework to
understand U mobility in the shallow subsurface, and, in particular, emphasizes roles for desorption and colloid formation in its
mobilization.

■

INTRODUCTION
Groundwater uranium contamination threatens the availability
of safe and clean drinking water and irrigation water
globally.1−4 Release of natural U from sediments occurs with
alteration in hydrologic and geochemical conditions1−5 that
result from climate change and land use (principally groundwater pumping5). Numerous sites also exist where U originally
released from mining and ore-processing has accumulated in
sediments. This U is now being re-released, creating persistent
elevated groundwater concentrations6,7 that restrict public
use.8,9 Protecting water quality thus requires an understanding
of the geochemical factors that control U stability within
sediments.
Because tetravalent uranium [U(IV)] is sparingly soluble, it
accumulates in sediment, creating concentrated deposits that
act as reservoirs for release.6,10 The mechanism by which
U(IV) is released from these reservoirs into groundwater will
depend on its chemical form. For instance, when adsorbed on
sediment surfaces, U(IV) can rapidly desorb11 or oxidize12 in
response to varying groundwater composition (e.g., changing
pH, ionic strength, or oxygen content). In contrast, when
incorporated within minerals, U release is limited by much
slower dissolution.12 Crucially, the relevant natural materials
that host U(IV) in anoxic aquifer sediments have not yet been
identiﬁed.13
© 2019 American Chemical Society

Growing evidence from controlled model studies suggests
that U(IV) occurs as adsorbed complexes on sediment
materials,13 in particular, with organic matter (OM).13−16
However, it has proven challenging to evaluate the relevance of
these models to natural sediments. Notably, the chemical and
structural heterogeneity of OM,17,18 in combination with a lack
of robust signatures unique to speciﬁc organic and inorganic
functional groups, impedes spectroscopic analysis, such as Xray absorption spectroscopy.19,20 Further, the nanoscale
physical association of OM and ﬁne inorganic minerals such
as clays18 limits attribution of U(IV) to a speciﬁc sorbent via
electron or X-ray microscopy.
Here, we elucidate the role of OM as a sorbent for U(IV) in
anoxic, contaminated ﬁeld-sampled sediments using nanosecondary ion mass spectrometry (nanoSIMS) to image low U
concentrations concurrently with C (and other elements), in
combination with scanning transmission X-ray microscopy
(STXM) to image organic C speciation. We applied these
microscopic tools to density fractionated sediments that are
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sample size. Thus, the U content was measured in the density
fractions using two diﬀerent acid digestions. The uranium
content in each fraction was determined via microwave
digestion of ca. 0.1 g of sediment in 10 mL of concentrated
HNO3 for 1.5 h at 180 °C (in a CEM Mars Express Microwave
Digester). After digestion, nitric acid was diluted in water and
the U concentration was measured via inductively coupled
plasma−mass spectrometry (ICP−MS; Thermo XSeries II).
To ensure complete digestion of refractory minerals, silicates,
and other compounds not soluble in nitric acid, a bench top
dissolution was performed on each density fraction (and the
whole sediment) using concentrated peroxide (H2O2) and
concentrated HNO3 followed by a 3:1 volume ratio of
concentrated HNO3 and HF, followed by a 3:1 ratio of
concentrated HCl and HNO3. The work was performed in a
class 1000 clean lab with class 100 workstations; all samples
were processed in Savillex capped vials and all reagents are
Optima grade high-purity acids (less than 1 ppt U; see the
Supporting Information, Section I for details). The samples
were dried, and then the remaining solid was dissolved in 2%
HNO3 for measurement via ICP−MS.
We assumed that immersion of the sediment in the sodium
polytungstate solution would not change the chemical form of
U in the sediment as the sodium polytungstate solutions have
been used previously to physically separate minerals and
organic materials without modifying their chemical form,
removing organics from mineral surfaces, or disrupting inner
sphere interactions.21,22,24 However, sodium polytungstate
solutions are high ionic strength solutions and could therefore
be expected to disrupt Coulombic interactions within the
sediments, including between adsorbed U and a sorbent. We
expect that U adsorbs strongly to the sedimentary matrix
because previous work on sediments from U-contaminated,
anoxic alluvium in Riﬂe, Naturita, and Grand Junction, CO
exhibit a small fraction (<10%) of water exchangeable U(IV);
the remainder can only be extracted using 1 M HCO3−/CO32−
(an ion that forms strong complexes with U) or aqua regia (a
combination of nitric and hydrochloric acids).10 Nonetheless,
U could be desorbed by the high ionic strength polytungstate
solution. We therefore interpret U associated with the sample
to be strongly sorbed such that it could not be removed
through ion exchange.
X-ray Absorption Spectroscopy. Uranium LIII-edge Xray absorption spectroscopy was performed at beamline 11-2 at
the Stanford Synchrotron Radiation Lightsource (SSRL) using
a Si(220) φ = 0 double crystal monochromator detuned by
30% at 17,700 eV to minimize harmonics. Samples were
mounted in a liquid nitrogen cryostat (77 K) in which the
sample chamber was under vacuum (10−6 Torr) for measurement. Calibration was monitored during each scan by
collecting the Y K-edge (17,038.4 eV). The ﬂuorescence
signal was monitored using a Canberra 100 pixel Ge monolith
detector. Background normalization was performed in
Athena.25 No beam damage was observed between replicate
scans. To assess the U oxidation state, linear combination
ﬁtting of the near-edge region was performed in Athena using a
molecular U(IV) reference obtained from a pure culture of
U(VI) reducing bacteria26 and U(VI) adsorbed to ferrihydrite.
Shell-by-shell analysis (for local coordination environment) of
extended X-ray absorption ﬁne structure (EXAFS) spectra was
performed in Artemis with paths calculated (using FEFF 6L25)
based on the structures for uraninite27 and rutherfordine.28

separated into three pools: (i) particulate organic carbon
(POC), (ii) organo-mineral aggregates, and (iii) minerals with
organic coatings. This enabled us to distinguish between U
adsorbed to organic and inorganic materials (as well as U
adsorbed to both in a possible ternary arrangement). Physical
fractionation was also employed because the separated OM is
expected to maintain its chemical ﬁdelity to native OM.21,22
This combination of approaches allowed us to identify
unambiguously OM as an important sorbent for U(IV).
Moreover, our results indicated an important and previously
unsuspected role for clay minerals as sorbents and as a
stabilizing agent for U-OM complexes.

■

METHODS
Field Site. Sediment was collected from two locations
within a former uranium ore-processing site located near
Riverton, Wyoming,9 that exhibited relatively high U
concentrations and reducing conditions. One sediment sample
was collected from an oxbow lake (in a location where the
water was only a few centimeters deep). The sediment was
black, ﬁne-grained, and from an area that exhibited dense plant
cover. The second sediment sample was collected along the
riverbank, approximately 100 m downstream of the oxbow lake
location within the area where the plume discharges into the
river and the highest groundwater U concentrations are
routinely observed.9 Riverbank sediment was collected from a
black layer of sediment buried beneath the sand, approximately
10 cm above the water table. The elemental composition of the
bulk, dried, ground sediment was determined using an X-ray
ﬂuorescence analyzer (AMETEK Material Analysis Division,
Spectro XEPOS; metals, sulfur, calcium, and phosphorus
content) and an elemental analyzer (Carlo Erba NA1500;
carbon and nitrogen content).
Density Fractionation and Solid-Phase Composition.
The sediments were fractionated according to density by
suspending the whole, wet sediment in (1) a sodium
polytungstate solution with a density of 1.6 g/cm3 and (2) a
sodium polytungstate solution with a density of 2.4 g/cm3,
according to Keiluweit et al.,23 which was adapted from Moni
et al.21 All steps were performed in a Coy anaerobic chamber
with a >95% N2 (remainder H2) atmosphere. Sodium
polytungstate solutions were made in the anaerobic chamber
using water degassed with ultrahigh purity N2 gas (1 L/h).
When mixed with the 1.6 g/cm3 solution, any material in the
sediment that had a lower density became suspended in the
liquid; anything denser remained in the solid. After vigorous
mixing, the sediment slurry was centrifuged. The supernatant
was removed and ﬁltered through 0.8 μm nylon ﬁlter
(Whatman) to recover the “light” (POC) fraction. The ﬁlter
was washed using 18.2 MΩ MilliQ and dried. Meanwhile, the
centrifuged pellet was suspended in the 2.4 g/cm3 solution,
mixed thoroughly, and centrifuged again. The supernatant in
this “middle” (organic-mineral aggregate) fraction was ﬁltered,
washed, and dried. The material left behind in the centrifuge
tube was considered to be in the “heavy” (mineral-associated
OM) fraction and was rinsed with 18.2 MΩ MilliQ water and
dried. After drying, the samples were weighed on ﬁlters of
known mass. An aliquot of the bulk, wet sediment (before
density fractionation) was dried in an oven at 105 °C for 24 h
to estimate the water content.
The carbon and nitrogen contents were determined using an
elemental analyzer. XRF could not be used to determine the U
content in the light and middle fractions because of the small
1494
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U and found that no U signal was detected (Figure S1). Images
in both polarities were acquired at 256 × 256 pixel resolution
with a dwell time of 27 ms pixel−1 for positive ions and 13.5 ms
pixel−1 for negative ions. Hereafter, the ions are referred to in
the text by the element they probed, for example, 238U16O+ as
“U”.
Alignment of negative and positive ion images was
performed using the EMSF/ESMPy35 software frameworks.
Analysis of the images was performed using OpenMIMS,
ImageJ,36 and Sam’s Microprobe Analysis Kit, SMAK.37 Details
of the image alignment and processing are available in the
Supporting Information, Section II. When possible, regions
imaged via STXM were also imaged using nanoSIMS so that
the speciation of carbon could be assessed in locations where
the C and U distributions overlapped.

Sulfur K-edge X-ray absorption near edge structure
(XANES) spectroscopy was performed at beamline 4-3
(SSRL). The energy of the X-ray beam was selected using a
Si(111) double crystal monochromator. The ﬂuorescence
signal was monitored using a Vortex detector. Samples were
prepared by drying an aliquot of the sediment, grinding in a
mortar and pestle, and depositing <10 mg on a piece of low-S
Mylar tape. Samples were measured at room temperature in a
He atmosphere. Calibration was performed approximately
every 8 h using a sodium thiosulfate standard (2472.02 eV).
The identity of diﬀerent S oxidation states was determined by
linear combination ﬁtting using reference S compounds
(selected based on those used by Noël at el. to ﬁt the S
oxidation state in alluvial sediments29) between 2459.4 and
2494.4 eV. Studies on the ﬁtting error during linear
combination ﬁtting of S report that the error is typically
between 5 and 10%.30 However, the ﬁtted fraction of FeS was
included in the ﬁt, even if it was less than 10% if there was
visibly a peak at ca. 2469 eV, because only S(−II) can
reproduce peaks at this energy.30
Scanning Transmission X-ray Microscopy. STXM was
performed at the SM (10ID-1) beamline at the Canadian Light
Source (CLS). Two microliters of a suspension of the
sediment and degassed MilliQ water were drop-deposited
onto 100 nm thick silicon nitride windows in an anaerobic
chamber. Samples were transferred through air into the
beamline He-ﬁlled sample chamber.
Images were converted to optical density (OD) by
normalization to the incident ﬂux (I0), as described
previously.13 All STXM data processing and analysis was
performed using aXis2000. Image diﬀerence maps were
obtained by subtracting an OD image of energy below the
edge (280 eV) from OD images above the edge at 288.2 and
289.5 eV, resonances characteristic of carboxylate and alcohol
groups, respectively.31 Stack maps, in which C K-edge XAS (Xray absorption spectra) were obtained for each pixel were
collected on select regions (typically with OD <2). Energy
calibration of the sample spectra was performed using
potassium peaks (297.23 and 299.92 eV32). Beam damage is
not expected under the experimental conditions.33
Carbon stack maps were analyzed using principal
component and cluster analysis (PCA and CA, respectively).34
Peak resonances in the C XAS extracted from each cluster were
identiﬁed through comparison to literature-reported values for
various functional groups.
Nano-Secondary Ion Mass Spectrometry. NanoSIMS
imaging was done at the Environmental Molecular Sciences
Laboratory at the Paciﬁc Northwest National Laboratory using
a Cameca NanoSIMS 50L. Prior to analysis, samples were
coated with 10 nm of high-purity gold to improve conductivity.
Negative secondary ion images were collected ﬁrst so that the
Cs+ image could be used to register ion images collected in the
positive spectrum. Analysis areas were presputtered with 1016
ions cm−2 using a 16 keV Cs+ beam. Subsequently, a ca. 2 pA
Cs+ beam with an estimated diameter of 100 nm was used to
collect 12C2− and 12C14N−. The analysis area was again
presputtered with 1016 ion cm2 using a 16 keV O− primary
beam. Images of Al+, 40Ca+, 56Fe+, and 238U16O+ using a ca. 15
pA O− primary beam that had a diameter of approximately 300
nm. Mass calibration for 238U16O+ was achieved using a dried
droplet of an ICP−MS U standard. We tested that the U signal
was not artifactually caused by isobaric interferences by
measuring U in similar sediments that contained <0.4 ppm

■

RESULTS AND DISCUSSION
U-Contaminated Aquifer Sediment Composition. The
oxbow lake sediment contained slightly higher U [139(5) mg/
kg], Fe [17(2) g/kg, S [5(3) g/kg], P [0.4(1) g/kg] and Ca
[32(2) g/kg; values in parentheses are standard deviation of
2−3 replicate samples] concentrations than the riverbank
sediment: U [102(10) mg/kg], Fe [9(1) g/kg], S [3(1) g/kg],
P [0.3(2) g/kg], and Ca [16(1) g/kg]. The C and N content
in the oxbow lake sediment were more than thrice that of the
riverbank sediment (17 g/kg vs 5 g/kg for C; and 1 g/kg vs 0.1
g/kg for N) (Supporting Information, Table S1). In both
sediments, ca. 40−90% S was in the reduced state [S(−II) to
S(0)], conﬁrming that anoxic conditions were present (Figure
S2 and Table S2). In the riverbank sediment, ca. 50% of U
occurred in the +IV oxidation state, whereas in the oxbow lake
sediment, ca. 90% U was +IV (Figure S3 and Table S3). Note
that we also examined the oxidation state of the U in the
density fractions of the oxbow lake sediment to conﬁrm that it
was not oxidized during the separation process: >90% U
existed in the +IV oxidation state in the light and middle
fractions and >60% in the heavy fraction (Figure S3 and Table
S3).
EXAFS spectroscopic analysis indicated that U minerals
were not present above the detection limit of the EXAFS
technique, which is approximately 10% (Figure S4 and Table
S4). Fourier transformed spectra were ﬁt to obtain information
on the number of coordinating atoms (N), bond distance to U,
(R, Å), and the bonding disorder (σ2; Å2). Additionally, the
energy shift required to align the FEFF 6L-derived scattering
path with the experimental EXAFS spectrum (ΔE; eV) was
ﬁtted. Two shells of neighboring atoms were suﬃcient to
obtain a good ﬁt: 0.6−1.6 axial oxygens at ca. 1.8 Å and 5.7−
7.0 equatorial oxygens at ca. 2.4 Å (axial oxygens arise from the
10−50% U(VI) contribution). Spectra could not be ﬁt using a
U−U scattering path. For the oxbow lake sediment, adding a
U−U scattering path led to unphysical ﬁtting parameters; for
the riverbank sediment, adding a U−U scattering path did not
improve the ﬁt statistically (p > 0.5 based on the Hamilton
test;38 ﬁts not shown). This conﬁrmed the absence of mineral
U above the detection limit of the EXAFS technique.
Density Fractions and Their Composition. Three
density fractions were recovered:39,40 heavy (“mineral”; ρ >
2.4 g/cm2), middle (“organo-mineral aggregate”; 1.6 < ρ < 2.4
g/cm2), and light (particulate organic carbon; POC; ρ > 1.6 g/
cm2). The majority of the sediment mass was recovered in the
heavy fraction (>60%) relative to the middle (>15%) or light
fractions (1−3%) in both sediments (Table S5). The light
1495
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Figure 1. Carbon (wt %), C/N ratio (g/g) and Uranium (ppm) content in each sediment fraction. The error bars on the C and U content
represent one standard deviation of at least two measurements. No estimate of error is available for the U content in the light fraction. The error
bars on the U/C ratios were propagated based on one standard deviation of the C and N measurements. The uranium content measured by both
the total dissolution method and concentrated nitric acid are provided.

for the riverbank (Supporting Information, Section VI). Thus,
we interpret the trend of increasing U content with increasing
OM content observed in the density fractions to apply only to
that fraction of U that was strongly adsorbed (i.e., not
desorbed by ion exchange).
The U concentration in the riverbank sediment was greater
in the light and middle density fractions and lower in the heavy
fraction compared to the oxbow lake sediment. Diﬀerences in
the partitioning of U among the fractions may have arised
because of diﬀerences in the composition of sorbents, as well
as diﬀerences in the U(VI) content between the two
sediments; however, this observation could also arise from
greater desorptive loss of U from the oxbow relative to the
riverbank.
We examined the physical association between U and
diﬀerent materials in the density fractionated sediments at the
μm scale by comparing the distribution of U to the
distributions of C, N, Ca, Al, and Fe via nanoSIMS (Figures
2−4; because the N and Fe distributions largely overlapped
with those of C and Al, respectively, we present N and Fe
images in the Supporting Information, Section VII). Note that
no U was detected in the heavy fraction of the riverbank
sediment, so images of this sample are not shown. Because we
interpreted U associated with the sample to be strongly sorbed
(hence not removed through ion exchange with sodium
polytungstate), and because density fractionation is not
expected to modify OM composition, we assumed that the
distribution of the U imaged reﬂected its native state in the
sediment. Particles imaged were mostly clay minerals (inferred
from the distribution of Al and Fe) and OM (inferred from the
distribution of C, N, and often Ca). We observed two distinct

density fraction contained by far the highest carbon content
(20 wt %), whereas the middle fraction contained only ca. 1 wt
% C and the heavy fraction contained <0.5 wt % C (Figure 1),
consistent with previous applications of this technique to soil
samples.21 The C/N ratio from the light to middle density
fractions decreased (Figure 1), an indication of decreasing
plant character.21
Nitric acid digests of the density fractions revealed a trend of
increasing U content with increasing C content for both
sediments: the light (POC) fraction exhibited the highest U
content and the heavy (mineral) fraction contained the least
(Figure 1 and Table S6). Not all materials dissolved in
concentrated HNO3, alone, indicating the presence of
materials recalcitrant to HNO3 digestion, such as silicates,
OM requiring further oxidation by peroxide, or material that
was physically occluded. We therefore completely dissolved the
samples in a combination of concentrated acids and peroxide
and found that the U content in the middle density fractions
was ca. twice as great in the total digests than in the HNO3
digests (Figure 1 and Table S6).
We estimated the amount of U recovered in the density
fractions relative to the whole, unaltered sediment. The
fraction of U recovered was estimated by multiplying the
concentration of U measured via HF in each fraction (mg U
per kg light, middle, or heavy sediment presented in Table S6)
by the total mass recovered in each fraction (i.e., the values
presented in Table S5). These new U concentrations (mg U
per kg sediment) were summed and divided by the total
concentration of U measured via HF in the whole sediment
(presented in Table S6). We recovered ca. 40% of the initial U
present in the whole sediment for the oxbow lake and ca. 60%
1496
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Figure 2. Riverbank sediment images and C K-edge XAS. STXM maps of the light (a) and middle (b,c) density fractions. Inorganic material (280
eV) is shown in gray; carboxylate groups (288.2 eV) in green; and alcohol groups (289.5 eV) in red. Boxes designate areas where stack maps were
collected. Representative C K-edge spectra extracted from boxed regions are shown in (d), (e), and (f) for images (a), (b), and (c), respectively.
Dotted lines mark peaks associated with (i) aromatic groups (285.4−285.5 eV), (ii) phenolic groups (287.0−287.2 eV), (iii) carboxylate/amide
groups (288.0−288.3 eV), and (iv) alcohol groups (289.1 eV). NanoSIMS images of the 238U16O+, 40Ca+, and 12C2− distributions are shown in (g),
(h), and (i) for images (a), (b), and (c), respectively [note (a) and (g) do not depict exactly the same region of the sample: the particles inside the
box in (a) are the same as those inside the box in (g)]. NanoSIMS images of the 238U16O+, and Al+ distributions for particles shown in images (a),
(b), and (c) are shown in (j), (k), and (l), respectively. The arrows on NanoSIMS images draw attention to locations where U is associated with Ca
and/or C in particles of the same morphology.

populations of U across all density fractions: (1) U hot spots
that were associated with particles of OM and (2) low U
intensities associated with clay minerals (often coated in OM).
Below, we discuss each of these populations in turn.
Uranium is Associated with Organic Matter. Uranium
occurred in distinct areas that were associated with C, N, and
often Ca in both the light and middle density fractions
(Figures 2g−i and 4a,c). Many of the enriched areas also
exhibited Al and Fe; however, we inferred that the presence of
U was driven by its association with OM and not clay (or other
Fe-containing minerals). Scatter plots consistently revealed
that the U intensity was higher in pixels where the C intensities
were also high (Figures 3 and 4). Additionally, U hot spots
exhibited the same morphology as C, N, and Ca hot spots. In

contrast, Al and Fe were typically found in larger particles that
overlapped with U hot spots but did not often exhibit the same
morphology (see e.g., Figure 2g−i). Finally, we examined the
intensity distribution of each element within only those
particles that contained U (details provided in the Supporting
Information, Section II). The particles with the highest U
intensities were often associated with particles that also
exhibited elevated intensities of C, N, and Ca, but only
moderate Al and Fe intensities (Figure 5; also Supporting
Information, Section VII). This is in contrast to U-containing
particles that exhibited low U intensities, which did not
correlate well with any element. The intensity of the
nanoSIMS signal (hence concentration) was up to 100 times
higher for U in C hot spots than for U associated with clays,
1497
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Figure 3. Scatter plots for nanoSIMS images of Riverbank sediment. Images (a−c) present scatter plots of U intensity vs C intensity for NanoSIMS
images presented in Figure 2g−i, respectively. Images (d−f) present scatter plots of U intensity vs Al intensity for NanoSIMS images presented in
Figure 2j−l, respectively.

ﬁnger printing analysis; Figures S17−S18; Tables S7−S14).
(1) Type 1 spectra exhibited an aromatic peak (ca. 285 eV), a
prominent peak in the phenolic region (ca. 287 eV), and a
carboxylate peak (ca. 288 eV).13,48 Because plant polymers,
such as lignin, comprise phenolic compounds48 and because
Type 1 spectra appear similar to spectra reported for lignin, we
classiﬁed materials that exhibited Type 1 spectra as being lignin
or lignin derivatives. Type 2 spectra exhibited an aromatic peak
and a large carboxylate/amide peak (288.2 eV).49 These
spectra appeared similar to the spectra of proteins,31,50 which
are the most abundant biopolymer in bacterial cells. Spectra
collected from bacteria are typically identical to spectra
collected from reference proteins.50 We therefore classiﬁed
materials that exhibited Type 2 spectra to indicate the presence
of bacteria. In some instances, an alcohol peak (289.1 eV)49
was observed in Type 2 spectra; we interpreted this to indicate
the presence of polysaccharide-rich exopolymeric substances.51
Type 3 spectra exhibited aromatic peaks (ca. 285 eV),
carboxylate/amide peaks (ca. 288 eV) and shoulders at 286−
288 eV (a region that encompasses ketones, phenols and
aliphatic functional groups).31,49 We classiﬁed materials
exhibiting Type 3 spectra as the organic material that had
undergone enough degradation that plant or microbial
biopolymers were not recognizable and we referred to these
spectra as “partially degraded OM” to emphasize this point.
These spectra were similar in appearance to spectra previously
reported for OM in soil aggregates49 and microbially processed
material associated with minerals.50,52,53
Uranium was observed to be associated with all three types
of OM (Figure 2). In the light (POC) fraction, U hot spots
were observed in association with lignin-derived (“Type 1”)
material. In the middle (mineral-OM aggregate) fraction, U
occurred in association lignin-derived material, “Type 3”
materials, and bacterial (“Type 2”) material. We note that
we were unable to image any U-containing particles in the
oxbow lake sediment, only in the riverbank sediment.
However, because we identiﬁed the same three types of OM
in both sediments, we infer that the OM speciation of U hot
spots in the riverbank sediment is representative of the OM
with which U is associated in the oxbow lake sediments. The

providing an explanation for why the light (POC) fraction
exhibited high U concentrations and underscoring the aﬃnity
of U for OM.
We inferred that the U−C−Ca hot spots were from U
adsorbed to OM. The middle fraction also exhibited zones
with low-intensity U distributed diﬀusely on OM (Figure 4b),
which we attributed to OM-adsorbed U. This interpretation is
consistent with previous research. For instance, researchers
have observed U(VI) bound to organic ligands in peat and
wetland sediments.41,42 Our ﬁndings are also consistent with
observations of mm-sized hot spots of U(IV)/U(VI) in peat42
and of U(IV) in the oxbow lake sediments (studied herein)
that were suspected, but not conﬁrmed, to be U(IV)-associated
with large OM agglomerates.43 We note also that U(IV) has
been observed to be associated with C-rich colloids from
wetlands.44 Finally, our analysis corroborates EXAFS-spectroscopy based investigations of U(IV) speciation in contaminated
sediments10,19 and in U ores.45
Based on the strong spatial association between U and Ca,
an alternative explanation could be that U was adsorbed to or
incorporated into CaCO3. We were able to rule out this
interpretation because of the presence of N in U hot spots
(detected as 12C14N−) (Supporting Information, Section VII).
Also, C K-edge spectra and maps of the carboxylate peak
showed that U hot spots comprised OM as opposed to CaCO3
in images for which STXM was available (Figure 2). Instead,
the U−Ca association likely arose from strong association
between Ca and OM.42 We also speculate as to whether Ca
facilitated the binding of U to OM through the formation of
ternary complexes with Ca and organic functional groups,
analogous to the extremely stable Ca−U(VI)−CO3 solution
complexes that dominate groundwater U(VI) speciation46 or
the Ca enrichment that Lezama-Pacheco et al.47 observed at
the surface of UO2 nanoparticles.
Composition of Organic Matter in U Hotspots. We
used STXM to image OM in the density fractions to
characterize the speciation of OM that was associated with
U (Figure 2). Three distinct types of spectra were most
commonly observed in the density fractions of both sediments
(see Supporting Information, Section VIII for details on the
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Figure 4. NanoSIMS images of middle density fraction, oxbow. Images show the distribution of 238U16O+ overlaid with 40Ca+, 12C2−, P−, 32S−, and/
or Al+. Images show overlays of U with 40Ca+ and 12C2 for oxbow lake samples in the light (a), middle (b), and heavy (c) fractions. The
corresponding images that show U overlaid with Al+ are presented in (d), (e), and (f) because the Al+ was an abundant ion present within the
matrix and an indicator of clay mineral particles. Images (g−i) present scatter plots of U intensity vs C intensity for nanoSIMS images presented in
(a−c), respectively. Images (j−l) present scatter plots of U intensity vs Al intensity for nanoSIMS images presented in (d−f), respectively.

was higher in the light fractions of both sediments, and thus
indicates a diﬀerence in the average composition of the OM.
However, a more compelling explanation for the diﬀerent U/C
ratios in the light and middle density fractions is that U was
also bound to mineral sorbents.
Micrometer-scale imaging provided strong evidence that
additional sorbents, particularly clay minerals, were important
for U. Speciﬁcally, imaging revealed that low-intensity U
diﬀusely distributed across clay minerals and organic-coated
clay minerals in the light, middle, and heavy density fractions.
These U zones did not exhibit the same morphology as the
particles with which they were associated (e.g., see Figure 2j−
l), and scatter plots of the U intensity versus the Al intensity
exhibited a diﬀuse cloud of points near the origin (Figures 3
and 4). Previous researchers have identiﬁed U(IV) adsorbed to
clays in laboratory54,55 and model ﬁeld systems;13 also, U(VI)
sorption to clay minerals is known.56,57 It is also entirely
possible that U and C may form ternary surface complexes;58
however, it was not possible from our EXAFS spectroscopic

association between U and bacterial material was in keeping
with the results of a recent model study13 and the hypothesis
that organic phosphorus functional groups in microbial
biomass are good ligands for U(IV).14−16 Notably, this work
shows that U(IV) could also be complexed by phenolic
compounds present in lignin and its degradation products,
which has not been emphasized in previous laboratory
research.16 U was also found to be associated with plant
particles, and partially degraded OM underscores that U is
associated with a variety of organic sorbents in sedimentary
environments, not only with microbial biomass.
Uranium is Associated with Clay Minerals. OM
content was not the only control on U sorption in either
sediment. The nonlinear relationship between the bulk C and
U content (the % C was ca. 10 times greater in the light than
the middle fraction, whereas the U content was ca. half as great
in the middle relative to the light fraction) suggests that
diﬀerent organic compounds may have had diﬀerent aﬃnities
for U. This hypothesis is supported by the C/N ratio, which
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(IV).11 This is consistent with recent work that has connected
an increase in total inorganic carbon in groundwater to
elevated groundwater U concentrations.3,5 Second, we
speculate that U associated with POC could be mobilized as
that POC is transformed into smaller, more oxidized, and more
soluble units through hydrolytic degradation reactions.18
Organo-mineral aggregates also are subject to disaggregation
under changing geochemical conditions,23,62,63 causing the
release of OM into the dissolved and colloidal phase, along
with associated metals.10,44,62,63 Once mobilized through
complexation by HCO3−/CO32− or colloidal OM, U(IV)
could be transported into oxygenated zones where it could
then be oxidized to U(VI).
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