Research

Relatively recently, inorganic colloids have been invoked to
reconcile the apparent contradictions between expectations
based on classical dissolved-phase Pu transport and field
observations of “enhanced” Pu mobility (Kersting et al. Nature
1999, 397, 56-59). A new paradigm for Pu transport is
mobilization and transport via biologically produced ligands.
This study for the first time reports a new finding of Pu being
transported, at sub-pM concentrations, by a cutin-like
natural substance containing siderophore-like moieties and
virtually all mobile Pu. Most likely, Pu is complexed by chelating
groups derived from siderophores that are covalently bound
to a backbone of cutin-derived soil degradation products, thus
revealing the history of initial exposure to Pu. Features such
as amphiphilicity and small size make this macromolecule an
ideal collector for actinides and other metals and a vector for
their dispersal. Cross-linking to the hydrophobic domains
(e.g., by polysaccharides) gives this macromolecule high mobility
and a means of enhancing Pu transport. This finding provides
a new mechanism for Pu transport through environmental
systems that would not have been predicted by Pu transport
models.

throughout the environment has been considered to be
primarily the consequence of wind and water erosion of
particles from surficial soils and sediments. Confounding
this expectation are observations of Pu concentrations
approaching or exceeding the drinking water limit of 10-12
M at substantial distances from known source zones (2). It
has recently been shown that colloids rich in Al-silicates (1),
organic carbon (3), or iron (4) are capable of facilitating
transport of Pu from contaminated sites, possibly over
distances of many kilometers. Under most surface soil
conditions, and with few exceptions (5, 6), +4 is the dominant
Pu oxidation state (7); a state that has the ability to form
complexes with a range of environmental ligands (e.g., metal
oxides, organic macromolecules, cell walls) (7, 8). However,
few studies (3) have shown that the mobile environmental
form of Pu is Pu-organic ligand complexes.
The Rocky Flats Nuclear Weapons Plant manufactured
components for nuclear weapons for the Nation’s defense
until 1989. Surficial soils at RFETS contain elevated 239,240Pu
concentrations due to soil contamination in the 1960s from
leaking drums stored on the 903 Pad area whereby Pucontaminated soil particles were later dispersed by wind and
water. Although environmental remediation activities were
completed in 2006, residual Pu remains in grassland soils of
the site (9). Field studies of storm runoff and pond discharge
samples from this site (3), collected before remediation,
demonstrated that off-site transport of the 239,240Pu occurred
in the particulate (g0.45 µm; 40-90%) and colloidal (∼2 nm
or 3 KDa to 0.45 µm; 10-60%) size classes, amounting to an
annual flux, estimated from flow and concentration data, of
about 1-10 µCi of Pu away from the site. Controlled
laboratory experiments (3) further confirmed that g80% of
dissolved Pu (<0.45 µm) in surface waters was present in the
colloidal phase. Most importantly, isoelectric focusing (IEF)
experiments conducted with this aqueous leachate material
revealed that colloidal Pu, in the tetra-valent (IV) state, as
determined by analogy to Th(IV) (3), was mostly associated
with a negatively charged iron-containing organic macromolecule with an isoelectric point (pHIEF) of 3.1 and a
molecular weight of 6 kDa, rather than with inorganic (e.g.,
aluminosilicates) colloids. However, previous studies lacked
the molecular level characterization needed to elucidate the
composition and structure of this Pu-enriched colloidal
organic carrier. This study fully describes for the first time
an amphiphilic, organic colloidal class of compounds that
contains much higher Pu concentration than either the
ambient soil or bulk colloid, and can be easily leached out
from the natural soil by rainwater in vadose and saturated
zones as well as waste stream areas. This finding is of great
environmental implication since it reveals one of the possible
pathways how “man-made” Pu can become mobile, and
transported long distance.
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Plutonium’s low solubility and high particle reactivity led to
the conventional wisdom that it is essentially immobile in
the subsurface environment. Classically, Pu distribution
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Sample Collection. The RFETS soil was collected in 2004
from the upper 15 cm at a grass-covered hill slope, in the
drainage of the neighboring creeks (Figure S1 in the Supporting Information (SI)). Details of the soil information are
provided in SI Table S1. Sieved soil (<1 mm) was resuspended
to a point of equilibrium in filtered tap water (<0.45 µm)
overnight to (1) simulate the release of mobile colloidal matter
by storm and erosion events, and (2) protect the structure
and conformation of water-dispersible colloids from any
traditional harsh chemical treatment. A mobile colloidal
fraction (3 kDa-0.45 µm) was obtained from this slurry by
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a
Errors are 1 standard deviation from replicate determinations of samples; activity concentrations of Pu in pCi/g, with 27 pCi ) 1 Bq; OC (%, wt), percentage of organic carbon in
total mass; C-AHA/C atom ratio: atom ratio of carbon in the hydroxamic acid (AHA) functional group (-CO-N(OH)-) to total organic carbon in sample; TCHO-C (%, OC), percentage
of total carbohydrates-C (40%) in total organic carbon; Protein-C (%, OC), percentage of protein-C (analyzed as total protein, and assumed to contain 33% C) in total organic carbon;
URA-C (%, OC), percentage of uronic acid-C (37.11%) in total organic carbon. All other elements, i.e., N, PO43-, SO42-, Fe, Mn, Al, were converted into atom ratio to carbon; ND, not
determined.
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TABLE 1. Comparison of Chemical Composition of RFETS Soil, Water Extract, and IEF Extracta
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FIGURE 1. Individual monosaccharides of RFETS soil colloidal
IEF extract.
resuspension, followed by filtration and diafiltration (Figure
S2). This colloidal material, containing ambient 239,240Pu and
to which 234Th was added as a proxy tracer, was called the
“water extract” and was subsequently fractionated using
isoelectric focusing gel electrophoresis. The low pH isolate
(0-1 cm of the IEF gel), where both actinides were the most
enriched (Figure S3), was extracted from the gel with 1% SDS
and then diafiltered against nanopure water through a 3 kDa
regenerated cellulose membrane in an Amicon stirred cell
series 8400 (Millipore Corporation) to remove all the electrophoresis reagents. The retentate was freeze-dried and
prepared for further characterization. To obtain sufficient
material for molecular level analysis (e.g., NMR), the IEF
focusing was conducted numerous times and the sections
of IEF gel which were enriched in Pu activity were pooled.
This isolate was called the “IEF extract”. IEF blank gels were
treated the same way as sample gels through all extraction,
diafiltration, and freeze-drying steps and confirmed that
contamination from the reagents (ampholytes, rehydration
solutions, extractants, etc.) and the gel material was negligible.
Analysis. Characterization included the spectrophotometric analysis of total carbohydrates, uronic acids (10),
proteins (11), and phosphate (12); elemental analysis of
organic C and N by Perkin-Elmer CHNS 2400 analyzer (13);
determination of Fe, Al, and Mn by Perkin-Elmer 5100
Zeeman GFAAS (3); and measurement of sulfate by ion
chromatography (Dionex, Houston, TX) with an IonPac AG4A
anion guard and analytical columns, after an acid hydrolysis
step (14). For the IEF extract, the molecular weight was
determined by using a Tosoh Biosciences G4000 PWxl guard
and analytical size exclusion columns coupled with a Waters
HPLC system. Polysulfonate standards were used for calibration (see SI). Hydrolyzable sugar composition was determined by a Thermo-Finnigan GC-EI-MS after derivatization (15). Functional groups were identified by a Varian
3100 FTIR, connected with a single reflection horizontal ATR
accessory from PIKE Technologies, Inc. (Madison, WI).
Solid-state DPMAS 13C, 15N NMR, and 1D 1H, 2D-HRMASNMR (HSQC and COSY) of the IEF extract were acquired on
a Bruker Advance II 400 MHz NMR-spectrometer (BrukerBiospin, Billerica, MA) at ODU. Spectra were obtained using
Topspin 2.0 software distributed by Bruker-Biospin. Spectral
simulations were carried out using Advanced Chemistry
Development’s (ACD/Laboratories) Spec Manager (version
9.15) software.
For both the water and IEF extracts, microsynchrotron
X-ray fluorescence (SXRF) was performed to determine the
elemental distribution of Fe, Mn, Ca, and Ti in both the water
and IEF extracts. Micro-X-ray absorption (µ-XANES) near
edge spectroscopy analysis was performed at BNL at the Fe
and Mn K edges to obtain oxidation state information.

Results and Discussion
Chemical Composition. Figure S3 presents the result of an
IEF run carried out with a 234Th spiked RFETS soil-water

FIGURE 2. Synchrotron-based µ-X-ray fluorescence map of Fe (a), Ti (b), Mn (c), and Ca (d) in Rocky Flats colloids. Left, water
extract; right, IEF extract. The relative concentration of each metal in the map is given in the ascending color scale at the bottom
left of the figure. The intensity maps have not been calibrated so an estimate of metal concentrations in the colloid was not
obtained. Each pixel is 10 µm × 10 µm.
extract, having a specific activity of 239,240Pu of 660 ( 47 pCi/
g. It was found that 234Th (IV) tracked the 239,240Pu activity
fairly well, with a significant peak for both radionuclides at
a pH of 3 near the beginning of the gel (0-1 cm), indicating
a low isoelectric point and negative charge at neutral pH for
the carrier molecules. This suggests that both actinides likely
have a complexation behavior similar to that of specific
clustered functional groups of organic matter (16). Recoveries
of both isotopes (234Th (IV) and 239,240Pu (IV)), calculated as
the sum of activity over all gel fractions normalized to the

total activity used in IEF, were 83 ((4)% and 66 ((5)%,
respectively, with the remainder adsorbed onto the container
walls. The specific activity of Pu is about an order of
magnitude greater in the IEF extract than in the bulk soil.
Mass balance calculations also indicate that the colloidal Pu
is, for the most part, contained in this IEF extract (pH ) 3).
The amounts of Pu and OC that can be measured in this
water extract (i.e., 0.1% of the total Pu and 0.6% of the total
OC in the bulk soil) are similar to those that were reported
previously (3) for the less vegetated soil case. Furthermore,
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FIGURE 3. ATR-FTIR spectrum of RFETS soil IEF extract.
the mole ratio of Fe to OC of 2 × 10-4 in the water extract
is lower than that in the IEF extract (by a factor of 2.5), but
is similar to that in groundwater samples from this site (17).
A comparison of the chemical compositions of the original
soil, the water extract, and the IEF extract is given in Table
1.
Hydrolyzable neutral sugars and uronic acids of this IEF
extract are quite varied (Figure 1), with a xylose to mannose
ratio around 0.3. This suggests a dominant contribution from
plant debris and minor levels of carbohydrates from microbial
degradation (18, 19). In addition, the ratio of neutral sugars
to uronic acids, a value of 16, confirms this dominance of
plant sugars, if it is assumed that uronic acids are mainly
microbial oxidation products of neutral sugars (19).
Elemental Mapping. Elemental mapping obtained by
synchrotron-based µ-XRF displays a diffuse and homogeneous distribution of Fe in the IEF extract (Figure 2a, right),
which is very different from the discrete iron oxyhydroxides
associated with NOM that exist in the water extract (Figure
2a, left) (20). Elemental mapping for Ti (Figure 2b) and Mn
(Figure 2c) shows results similar to that of iron. Calcium is
evenly distributed throughout both the water extract and
the IEF extract (Figure 2d). Cu, Cr, Ni, and Zn show results
similar to that of Ca (images not shown). X-ray absorption
near edge spectroscopy (XANES) analysis of the iron and
manganese in the water extract performed at the Kadsorption edge (7112 and 6539 eV, respectively), indicates
that the iron in the colloid is present in the ferric form (Figure
S4) and Mn as Mn4+ (images not shown). Though the Pu
concentrations in both samples are below the detection limit
of this method, the spatial distribution of other tetravalent
elements, e.g., Ti4+ and Mn4+, closely matches that of iron.
Very likely, the IEF extract contains homogenously distributed
organic functionalities that complex Fe(III), as well as other
tetravalent ions (Ti and Mn), a pattern that is totally different
from the previously identified inhomogenously bound Pucarrying amorphous Fe hydroxide pseudocolloid reported
in groundwater (4). While one could argue that the resolution
is not high enough (10 µm pixel size) to make this statement,
a thermodynamic assessment of the co-occurrence of small
iron colloids and hydroxamate and other iron chelating
functional groups (see below) strongly argues against such
possibility (21), as these chelating ligands cause ligandpromoted dissolution. A similar argument can be made
against the presence of plutonium oxyhydroxides (e.g., refs
22, 23, 24).
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FIGURE 4. (a) Solid-state cross-polarization magic angle
spinning (DPMAS) 13C NMR spectrum of RFETS soil IEF extract
(the vertical numbers at the bottom indicate the normalized
integrals) and (b) 1D 1H HRMAS NMR spectrum of RFETS soil
IEF extract in DMSO-d6.
Functional Groups. Functional groups of the IEF extract
investigated by ATR-FTIR (Figure 3) show intense bands at
2920 and 2852 cm-1 characteristic of saturated aliphatic C-H
stretching. Very strong aliphatic C-H bending vibrations are

FIGURE 5. 2D NMR spectra of RFETS soil IEF extract swollen in DMSO-d6: (a) HSQC NMR spectrum; (b) COSY NMR spectrum; (c)
overlapping of the HSQC NMR spectrum of the IEF extract (red), tomato cuticle (green) (30), and spectral simulations of the model
cutin monomeric unit ((31), black; (32), blue); (d) overlapping of the COSY NMR spectrum of the IEF extract and spectral simulations
of the model cutin monomeric unit ((31), black; (32), blue). The spectral assignments for the HSQC spectrum (a) of the IEF extract are
the following: ((1) terminal methyls and methylene groups in long-chain structures (box A); (2) methine structures attached to
carbonyl groups in r-methyl branched fatty acids and esters (box B); (3) methylene structures attached to hydroxyl groups (box C);
(4) methylene structures attached to ether oxygens or methane groups attached to a secondary alcohol (box D); (5) CH groups in
carbohydrates (box E); (6) methylene structures attached to the singly bonded oxygen of esters (box F); (7) methines attached to the
singly bonded oxygen of esters (box G); (8) anomeric carbons in carbohydrates (box H); and (9) aromatic structures (box I).
also found at 1455 cm-1. Both support the presence of fatty
acids or esters. The band at 1724 cm-1 can be attributed to
the stretching vibrations of carbonyl groups in fatty esters/
fatty acids. A rather intense band for the amide I vibration
(sCdO stretching, 1660 cm-1) is observed and a concomitant
shoulder is observed for the amide II (sNsH bending
vibration and sCN stretching vibration, 1556 cm-1). These
suggest the presence of amide or hydroxamate groups. A
hump at 3200 cm-1 might represent NH2 aminoacidic groups.
The presence of sulfate is suggested by two groups of bands:
1247 cm-1 (SdO stretching) and 823 cm-1 (C-O-S stretching). Carboxylate groups are indicated by the COOs asymmetric stretching vibration at 1615 cm-1 as well as the
symmetric stretching vibration around 1400-1377 cm-1. The
presence of organic phosphate is indicated by two bands at
1247 cm-1 and 1218 cm-1. However, the band around 1250
cm-1 could also be related to the phenolic -OH groups. The
band around 1370 cm-1 can also be attributed to phenolic
CsOH stretching. Except for the band around 1660 cm-1,
which is usually attributed to the amide I, bands within the
region of 1500-1700 cm-1 can also be attributed to the CdC
stretching of aromatic rings. Distinct bands at 1083 and 1043
cm-1 are particularly characteristic of the C-O-C group
vibrations of carbohydrates.
The main carbon functionalities are identified in the solidstate DPMAS 13C NMR (25) as consisting of carboxyl/amide

groups, aromatic rings, carbohydrates, and aliphatic chains
(Figure 4a), and representing 10.44%, 7.59%, 5.16%, and
70.61% of OC, respectively, based on an integration of the
individual spectra. Although the lipid and ester content was
not independently determined in this study, the carbohydrate
content matched well with the spectrophotometric analysis,
i.e., 4.7% of OC. The aliphatic signal representing long-chain
polymethylenic carbons (∼29 ppm) was dominantly composed of CH2 groups having amorphous character (made up
of random cis/trans orientations). Polymethylenic carbons
having a crystalline character, the peak at ∼32 ppm for CH2
units arranged in all trans configurations (26), is subordinate.
Another important feature of the spectrum is the carboxyl/
amide peak at 180 ppm, whose chemical shift indicates the
carboxyl or amide groups are clustered closely together, with
the oxygen mainly complexed by metals (16), e.g., Fe.
Problems like overlapping resonance lines, selective quenching intensity, and loss of signals (27) can be ignored due to
the relatively low concentration of Fe (III) (Fe/C atom ratio
of 5 × 10-4, Table 1) in the IEF sample. In the 1D 1H HRMAS
spectrum (Figure 4b), the peaks representing terminal methyl
protons (∼1.0 ppm) indicate that this isolate contains an
abundance of terminal branching as a result of extensive
diagenesis and, thus, the macromolecule has become more
recalcitrant to biodegradation (28). Main-chain CH2 groups
are identified in abundance at around 1.3 ppm. Assignments
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of other signals, indicated in Figure 4b, are made on the
basis of the 2D HRMAS data.
Both HSQC (Figure 5a) and COSY (Figure 5b) NMR spectra
indicate the presence of cross peaks that match those shown
for cutin (29), and, thus, it is very likely that this IEF extract
is cuticle-type material. Further support for this conclusion
is provided by comparisons to previously identified cutin
spectra (30) and spectral simulations (Figure 5c and d) of the
cutin model structures (31, 32), respectively. The elevated
N/C ratio in the IEF extract over that in the water extract is
ascribed to the presence of abundant ester/amide groups
and some amino acid groups observed by both ATR-FT/IR
(Figure 3) and solid state 15N NMR (Figure S5), though the
signal of the latter is weak due to the limited sample amount.
Evidence of cross-linked structures like R-branched fatty
acids/esters (box B, Figure 5a) and esters of midchain
hydroxyls (box G, Figure 5a) have been previously identified
in cutin (33). The relatively low O-alkyl-C/alkyl-C ratio, the
low abundance of aromatic groups and labile components
(e.g., polysaccharides), as well as the high nitrogen content
would suggest a highly recalcitrant and insoluble property
of this substance (34). The high nitrogen content is of interest
because cutin is usually devoid of nitrogen. It is possible that
the nitrogen has been incorporated into cutin-like structures
by processes yet to be defined.
Cutin is normally regarded as a water-insoluble macromolecule; this attribute appears to be inconsistent with the
fact that this IEF isolate originates from a soil-water extract.
It could be rationalized that it probably contains sufficient
amounts of polar functional groups to induce solubility. The
DPMAS spectrum shown in Figure 4a shows the presence of
possible carboxyl or amide functionalities that could provide
solubility. It is also possible that the isolate exists encapsulated
or cross-linked within a hydrophobic domain of an otherwise
hydrophilic moiety of colloidal organic matter, e.g., polysaccharides (Table 1 and Figure 1), that renders it soluble.
Siderophores produced by bacteria and fungi (35, 36) have
been proposed as the strongest chelating agents for actinide
elements as a result of multinuclear complexation at the
carbonyl- or hydroxamate-oxygen, or amide-nitrogen, and
their ability to dissolve oxyhydroxides of iron (21, 22), and,
most importantly, also plutonium (23, 24). Though NMR
analysis applied in this study did not directly show protons
associated with the hydroxamate functionality, a high
abundance of nitrogen, a strong amide functionality, and a
low protein content in this IEF extract indicates the possible
presence of hydroxamate, which is regarded as a typical
functional group of siderophores. Quantitative determination
of hydroxamate functional groups by a modified colorimetric
Csaky test ((37); also see Supporting Information) showed
that about 1.2% of the C is present as hydroxamate, with the
IEF extract being enriched by a factor of 10 (% mass) and 2
(% OC) in hydroxamate, compared with the original bulk soil
(Table 1). Since there are many siderophores that do not
contain hydroxamate (e.g., rhizoferrin from soil fungi, which
contains only carboxylates), the presence of even 1% hydroxamate suggests that siderophores decomposition products are important moieties in this mobile Pu-carrying
biopolymer. Based on the chemical composition (Table 1),
a stoichiometry of Fe/Carboxyl-C/N of close to 1:200:400
provides ample opportunities for chelating or clustered Fe
(and Pu) binding sites. It is important to point out that the
idea of siderophores as carriers of Pu and other actinides has
never been tested in the field, where actinide (e.g., Pu or Th)
concentrations are many orders of magnitude (e.g., 109 to
1012) lower than that in laboratory experiments (38), which
makes it very difficult to probe the in situ binding environment of Pu. 239,240Pu/Fe ratios of (7 or 3) × 106 pCi Pu/g-Fe
are observed in the water or IEF extracts, equivalent to 239Pu/
Fe atomic ratios of (26 or 11) × 10-6, respectively, suggesting
8216
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that Pu would only have to substitute about one in 105 binding
sites of Fe(III).
The negatively charged amphiphilic biopolymer that was
isolated here has strong metal complexing ability, as well as
surfactant and emulsifier qualities (3), giving it both high
mobility in the surface environment and the ability to at
least temporarily adhere to soil particles. Pu is likely
complexed by a cutin-like substance containing hydroxamate,
carboxylic, and amide chelating functional groups that are
likely derived from siderophores, which in their pure state
normally have a molecular weight of 500-700 Da. This newly
characterized 6 kDa plutonium carrier likely contains degradation products of cutin, as the backbone, which is the
hydrophobic waxy layer covering plant surfaces and must
be abundant in this grassland area, cross-linked to a
siderophore degradation product and hydrophilic carbohydrate moieties during microbial degradation. This crosslinking enhances both its complexation ability as well as its
mobility, and makes it an ideal collector for actinides and
other metals, and a vector for the dispersal of Pu.
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