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Abstract: Uranium (U) and nickel (Ni) released 50 years ago have been immobilized in the Tims
Branch wetlands located on the Savannah River Site in the United States. Sediments were collected
from seven locations to identify the factors responsible for this attenuation. Ni and U contents in the
solids were significantly correlated, suggesting that depositional as opposed to chemical processes
contributed to their spatial distribution. Based on sequential extractions, 63 ± 16% of the U was
partitioned into the organic fraction, whereas Ni was distributed between several sediment fractions.
An inverse pH-organic matter (OM) correlation and positive correlations of OM with total U and
organic-bound U/Ni suggest that increased OM preservation and binding to the mineral surfaces
were likely responsible for Ni- and especially U-sediment retention (Tims Branch pH = 4.84 ± 0.68).
EXAFS analysis indicated the predominance of U(VI) coordinated with clay minerals (~65%), together
with ~35% coordinated to either OM (in areas with elevated OM levels) or iron oxides. The desorption-
Kd coefficients of U (3972 ± 1370 L/kg) and Ni (30 ± 8 L/kg) indicate that dissolved Ni poses a
greater long-term risk than dissolved U for migrating downstream. This study suggests that a
delicate balance of geochemical properties controls whether wetlands behave as sinks or sources
of contaminants.

Keywords: radionuclides; monitored natural attenuation; organic matter; XANES; EXAFS; iron
oxides; Kd

1. Introduction

Wetlands are highly reactive biogeochemical zones and critical ecosystems that serve
to remove contaminants from surface waters and upwelling groundwater prior to reaching
open waters [1–3]. The biogeochemistry of contaminants in wetlands is expected to be
profoundly different than in uplands due to the unique hydrological regimes of wetlands.
The prevalence of saturated soils often promotes the establishment of vegetation buffer
zones, sediments with accumulated natural organic matter, elevated microbial activity, and
sharp geochemical gradients (e.g., pH and dissolved oxygen) [4–6]. Together, these condi-
tions can result in a diverse set of sediment properties and biogeochemical processes that
can lead to the immobilization of organics, heavy metals, and radioactive elements [7–11],
leading to wetlands being described as the “kidneys of the landscape” [12].

Between 1958 and 1989, the Tims Branch wetlands located on the Savannah River Site
(SRS) in South Carolina received 43,500 kg of depleted uranium (U) as a result of accidental
and purposeful discharges from several former U processing facilities [13–15]. Based on
maps compiled from >700,000 gamma spectra and 8 sediment U depth profiles, it was
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determined that 94% of the released U remained in the wetland [11], concentrated in five
multi-hectare areas along the stream, accounting for ~11% of the land area adjacent to
the stream. While land type (upland or wetland) and topography provided a reasonable
first approximation of where much of the U was accumulated, hydrological watershed
modeling revealed that the stream velocity was especially slow through many of the hot
spots. Together with the fact that Tims Branch aqueous U concentrations are consistently
below drinking water regulatory limits (30 µg/L, SRNS, 2015), this suggests that the system
contains unique hydro-biogeochemical properties for sequestering the large mass of U in
this contaminated area. Studies using field- and laboratory-controlled experiments have
suggested different biogeochemical processes responsible for the strong U immobilization.
For example, previous studies indicated that the availability of U, primarily present as
hexavalent U(VI), was controlled by naturally occurring organic matter (OM) and amor-
phous iron oxides [13,16,17]. Furthermore, U binding can be promoted by rhizosphere
OM, and co-association of U with root phosphate was also found [18–20]. However, the
key geochemical processes controlling the immobilization of U in Tims Branch sediments
are not sufficiently understood, particularly with respect to the array of U species and
binding environments that may be present (e.g., U bound preferentially to OM or the iron
oxides). Considering the increasing frequency and intensity of flooding events in recent
years due to climate change, unidentified geochemical factor(s) in wetland sediments may
be greatly altered, leading to an increasing concern that U mobility within the watershed
may increase, leading to the contaminated area within Tims Branch eventually becoming a
secondary source of U.

Nickel (Ni) and U, and lesser amounts of aluminum, chromium, mercury, and thorium,
were discharged to Tims Branch. Wastes containing mixtures of radionuclides and heavy
metals (as opposed to the release of a single contaminant) are common at Department of
Energy sites and many other sites in the United States. Even when released together in the
environment, the fate and transport of the individual contaminants (e.g., U and Ni) may
vary if their chemical properties differ. A lower bioavailability of U compared to the co-
contaminant Ni has been observed in Tims Branch wetlands [21,22]. Thus, the unidentified
geochemical factor(s) in wetland environments, as aforementioned, can have a different
impact on the immobilization/mobilization of U and Ni. It will be essential to understand
the influence of such geochemical factor(s) on the biogeochemistry of heavy metals and its
potential effect on radionuclide remediation strategies in co-contaminant scenarios.

Therefore, to fill the knowledge gap mentioned above, this study is designed and
set up with a focus on exploring the unidentified geochemical factor(s) controlling the
sorption/desorption of U and Ni, as well as investigating the U binding environments
and speciation in Tims Branch wetland sediments. Seven wetland surface sediments
were collected >5 m from the stream edge along Tims Branch. Besides total U and Ni
measurements, sequential extractions were conducted to quantify the operationally defined
solid-phase fractions that the U and Ni were associated with and to estimate the desorption
distribution coefficients, Kd, which provide a measure of the tendency of U and Ni to desorb
from the sediments. The results were correlated to several geochemical properties of the
sediments (e.g., pH, OM, particle size distribution, X-ray diffraction (XRD)-mineralogy, and
total Fe) to provide insight into the geochemical factor(s) that may be related to U and Ni
binding to wetland sediments. Samples were also analyzed for U speciation by U LIII-edge
X-ray absorption near-edge structure (XANES) spectroscopy to provide information about
the U oxidation state and extended X-ray absorption fine structure (EXAFS) spectroscopy
to determine the U binding environment.

2. Materials and Methods
2.1. Sampling

Six contaminated surface sediment samples were collected in November 2019 (~30 years
after the cessation of waste discharge) from the Tims Branch wetlands, including three
samples (#2303, #2304, and #2305) from the Beaver Pond location and three samples (#2300,
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#2301, and #2302) from the Steed Pond location (Figure 1). A control sediment sample was
collected from an upstream area (#2306, Figure 1). It should be noted that, in contrast to
commonly saturated wetland sediments, the collected sediments were rarely saturated
after the beaver dam (Beaver Pond) and the man-made dam (Steed Pond) were breached in
the late 1980s, exposing the pond floor to the atmosphere.
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Figure 1. Sampling locations identified on a heat map of U concentrations (counts per second, CPS;
map based on data from Kaplan et al. [23]) of the Times Branch wetland, Savannah River Site (SRS).
The U and Ni sources (Fuel Fabrication Facility), the upstream sediment sample (#2306), and the
contaminated sediment samples (#2300–#2305) are noted. The heat map shows the spatial distribution
of U activity in Tims Branch, especially showing the high concentration of U in Beaver Pond (1772 to
4735 CPS U) and Steed Pond (1772 to 2957 CPS U). The U activity on the heat map was determined
from the gamma radiation produced by 234mPa (a daughter product of 238U, corrected for background)
in >700,000 gamma spectra.

Samples were collected by first removing the leaf litter and then recovering about
one kg of sediment (to a depth of 10 cm) using a hand spade. At the time of sampling, the
water table was between 0.4 and 0.9 m below the ground surface, so the sediment samples
were not saturated with water. Samples were stored in their field-moist state in zip-lock
bags at 5 ◦C without taking precautions to eliminate air.

2.2. Sediment Characterization

All experiments were conducted with sediments that were air dried for one week and
then passed through a 2-mm sieve. Select measurements were also made on the dried
clay-size fraction (<2 µm) of these sediments that were collected by standard methods
involving gravitational settling of a sediment suspension following the principles of Stokes
Law [24]. Standard methods were used for general sediment characterization in duplicate
or triplicate samples [25]. pH was determined from a 1:1 sediment:water suspension.
Particle size distribution was determined using sieves for the sand fraction (2 µm–0.05 mm),
a hydrometer for the clay size fraction (<2 µm), and by calculating the sand-clay differential
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to determine the silt size fraction (i.e., silt = total − sand − clay). For the determination
of OM in sediments, two methods were applied in this study. The loss-on-ignition (LOI)
method was used to determine the bulk OM concentrations. Briefly, the samples were
initially dried at 105 ◦C, followed by ignition in a muffle furnace for 2 h at 360 ◦C. The
weight loss after the ignition was obtained to represent the OM concentrations. On the other
hand, total carbon and nitrogen in sediments were determined by combustion/IR detection
(LECO CNS-2000 analyzer, St. Joseph, MO, USA). Because these are acidic sediments,
they contain negligible amounts of inorganic carbon. As such, the measurements can be
considered measures of total organic carbon (TOC) and total nitrogen (TN). Total free Fe
was measured by the dithionite-citrate-bicarbonate extraction method, which provides a
measure of the amorphous and crystalline iron oxides but not the iron within clay mineral
phases D [25]. This measurement was selected to represent the iron fraction that is most
geochemically active. Total sedimentary U and Ni concentrations were determined by
digesting 0.25 g of homogenized samples using concentrated HNO3 (heated to 95 ◦C)
and 30% H2O2 per the EPA 3050B method [26]. It should be noted that it does not digest
some of the most recalcitrant fractions, such as silicates and refractive oxides, and, as such,
may slightly underestimate the actual total U and Ni concentrations. An aliquot of each
digestate was analyzed in a 2% HNO3 matrix via ICP-MS (Thermo X-Series II). In addition
to a water blank, a NIST sediment standard #8704 was carried through the digestion and
ICP-MS analyses. All digestions and analytical analyses were conducted in duplicate.
Randomly oriented powder mounts of the <2 µm sediment fraction were prepared for XRD
(Bruker D2 PHASER) analysis using standard methods [27]. For XRD analysis, 1 g of each
sediment sample was ground in isopropanol using a McCrone Micronizing Mill to obtain
a fine powder. XRD patterns of the samples were collected from 3◦ to 75◦ 2θ with a 0.02◦

2θ step-size, integration time of 0.5 s per step, and 30 rpm for the sample rotation speed.
Phase identification was conducted using the Bruker DIFFRAC.EVA software (V7) by
comparing each XRD trace to reference patterns in the PDF-4+ database (2023) compiled by
the International Center for Diffraction Data (ICDD). Phase proportions were determined
via Rietveld analysis using Bruker DIFFRAC.TOPAS. Samples were mixed with National
Institute of Standards and Technology (NIST) Silicon Standard Reference Material (SRM)
640f to enable the determination of amorphous phase proportions.

2.3. Sequential Extraction of Sediments

Sequential extractions of U and Ni were conducted on each sediment, according to
the methods described in [28]. Additional details about the procedure are presented in
Supporting Information and Table S1. Briefly, the method included the following four
sequential extractions: (1) saturated paste extract (CSatPaste; 1.0:0.4 DI-water:sediment),
(2) exchangeable extract (CExch; overnight extraction with 25:1 liquid:solid; acetic acid;
0.44 M CH3COOH + 0.1 M Ca(NO3)2), (3) organically bound extract (COrg; 25:1 liquid:solid;
sodium pyrophosphate: 0.1 M Na4P2O7 extraction), and (4) amorphous Fe-oxide extract
(CAmFeOx; 25:1 liquid:solid; acidified ammonium oxalate: pH 3 (0.175 M (NH4)2C2O4 + 0.1 M
H2C2O4). Additionally, the total U and Ni concentrations estimated from the acid digestion
of the whole sediment in Section 2.2 were used to estimate the residual fraction (Cresidual),
calculated by subtracting the U and Ni mass in the four sequential extractions from the
mass in the total U and Ni. Regarding the organic fraction defined as the pyrophosphate
extractable fraction, Kaplan and Serkiz [28] demonstrated that this extractant is effective
at extracting OM bound to sediment surfaces and does not complex U, presumably due
to its polyphosphate molecular structure. Together, these data were also used to calculate
Kd−desorb values (L/kg):

Kd−desorb =
Csolid
Caq

=
CExch + COrg + CAmFeOx

CSatPaste
(1)

where CExch, COrg, and CAmFeOx are the Ni or U concentrations in the solid phase, Csolid,
extracted by the dilute-acid extract, organically bound extract, and amorphous Fe-oxide
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extract (mg/kg), respectively. CSatPaste is the Ni or U concentration in the aqueous phase
extracted from the saturated paste extract (mg/L). The three extracts used to define Csolid
are intended to represent the Ni or U bound phase(s) that may eventually enter the mobile
aqueous phase under a wide range of environmentally relevant conditions. As such, they
are not intended to represent the fraction of Ni and U occluded in silicates, aluminosilicates,
crystalline Fe-oxides, and crystalline Mn-oxides or present in sparingly soluble precipitated
phases (i.e., the residual fraction in the sequential extraction sequence described previously).
Important advantages of this approach to measuring Kd values as opposed to the batch-
adsorption method, in which solute is added to an uncontaminated sediment, are that the
Kd−desorb does not require that the researcher guess the solute speciation or concentration,
and it has the benefit of using sediment with the contaminant aged under field conditions.

2.4. Uranium X-ray Absorption Spectroscopy

X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectra were collected from the dry whole sediment and the <2 µm
fractions at the U LIII-edge (17,166 eV) in fluorescence mode using a 4-element Si drift
detector (Vortex-ME4, Hitachi). The samples were packed into 3 mm thick, drilled plastic
slides and sealed with Kapton film. Samples were transported to the MRCAT/EnviroCAT
Insertion Device beamline (Sector 10, Advanced Photon Source) [29] and measured in
the ambient atmosphere at room temperature. Radiation-induced changes in the spectra
were not detected during measurements made at six discrete locations on the sample.
XANES and EXAFS data from U minerals, U complexed in solution, and standards of U(VI)
adsorbed to various surfaces, such as carboxyl-functionalized beads, iron oxides, and clays,
were measured during this and previous studies at the same beamline [30–33]. Energy
calibration was established by setting the inflection point in the spectrum of a hydrogen
uranyl phosphate standard to 17,166 eV and maintaining it through frequent or concurrent
collection of data from the standard.

Normalization and background removal of the data were conducted using the AU-
TOBK program [34]. Linear combination fits of the data were performed using the ATHENA
program [35].

3. Results and Discussion
3.1. Sediment Properties

Tims Branch sediments were acidic, ranging from pH 4.25 to 6.13 with an average
pH of 4.84 ± 0.68 (Table 1 and additional details presented in Table S2). Sediment particle
size distributions varied greatly, ranging from silty clay to sand-textured sediments. As
expected, the OM concentrations were relatively high, ranging from 4 wt-% to 30 wt-%
of the total mass (Table 1). Within the OM pool, the TOC concentrations varied from
22.5 g/kg to 119.9 g/kg, while TN ranged from 1.2 g/kg to 8.3 g/kg (Table 1). As noted
previously, sediment free-Fe concentration measurements provide a measure of the Fe on
mineral surfaces, including Fe-oxide coatings; the concentrations measured for this study
were consistent with previously reported values [28], with the exception of the unusually
low value for sediment #2301 of 0.24 wt-%. The clay fraction of the seven sediments had
similar mineralogy, as identified by XRD (Table S3). The amorphous materials (presumably,
non-crystalline silicates, iron-, aluminum-, and manganese-oxides) and kaolinite accounted
for over 60 wt-% of the solids in the samples, while quartz accounted for between 6.8 and
29.1 wt-%, and gibbsite, goethite, and hematite, together, accounted for <10 wt-% of the
clay-size fraction. More detailed information regarding pattern analysis, goodness of fit,
and semi-quantitative mineralogy results is presented in Supplemental Information and
Table S3. This mineralogy is consistent with previous measurements of local sediments [36],
with the exception of Kaplan [37], which occasionally detected 2:1 clays that were identified
as hydroxy-interlayered vermiculite.
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Table 1. Sediment characterization, including pH, organic matter abundance (OM), total organic C
(TOC), total N (TN), free Fe concentrations, and the clay/silt/sand distribution.

Upstream Sample (#2306)
Contaminated
(#2300–#2305)

Average Std. Dev. Min. Max.

pH 6.13 4.63 0.41 4.25 5.37
OM (LOI), wt-% 8 22 10 4 30
TOC, g/kg 22.5 72.9 34.7 28.4 119.9
TN, g/kg 1.2 5.4 2.3 1.9 8.3
Clay, wt-% 22 35 16 6 51
Silt, wt-% 37 10 4 5 17
Sand, wt-% 42 55 18 41 89
Free Fe, wt-% a 1.42 2.15 1.20 0.24 3.45

Note: a Free Fe is a measure of the amorphous and crystalline iron oxides and does not include Fe associated with
the clay mineral structure.

With respect to correlating sediment properties, there was a significant positive corre-
lation between OM and free Fe (r = 0.925, p ≤ 0.01, Figure S1) and between OM and clay
(r = 0.811; p ≤ 0.05, Figure S1) (Table 2), suggesting the preferential sorption or association
of OM to these sediment components with large specific surface areas, relative to OM
association with the sandy and silt particles [38,39]. pH was inversely and highly correlated
with OM concentrations (r = 0.906, p ≤ 0.01, Table 2). This trend has been attributed to:
(1) OM taking on a more globular structure (more surface adhering structure), as opposed
to a less coiled, more linear structure, at lower pH levels, and (2) the pH-dependent charges
of OM taking on a more positive charge at lower pH values, thereby promoting greater elec-
trostatic attraction to permanent-charge mineral surfaces with more negative charges [40].
Also, acidic conditions promote OM to take on more condensed supramolecular struc-
tures that can promote greater hydrophobic attraction to surfaces, as compared to under
more basic conditions, which can promote repulsion of negatively charged ligands and
expansion of its supramolecular structure [41]. Furthermore, lower pH environments can
delay OM mineralization and lead to the stabilization of OM by retarding the activities of
microorganisms [42,43]. Therefore, it can be expected that the acidic conditions at Tims
Branch would facilitate the stabilization and preservation of OM in these sediments.

Table 2. Pearson correlation coefficients, r, for sediment properties measured in Tims Branch sediments.

Clay (wt-%) pH OM (wt-%) Free Fe (wt-%) Ni (mg/kg)

pH −0.674
OM (wt-%) 0.811 * −0.906 **

Free Fe (wt-%) 0.724 −0.730 0.925 **
Ni (mg/kg) 0.476 −0.435 0.387 0.071
U (mg/kg) 0.664 −0.790 * 0.786 * 0.529 0.846 **

Notes: * Significant correlation at p ≤ 0.05 (critical r value ≥ 0.754). ** Significant correlation at p ≤ 0.01 (critical
r value ≥ 0.833).

As is common in many contaminated sediments, the levels of contamination at Tims
Branch varied greatly: 52 to 3806 mg/kg Ni and 71 to 7479 mg/kg U (Table 3). The samples
were collected along two transects. The Beaver Pond transect (samples #2303, #2304, and
#2305) was about 2 km from the source term, and the Steed Pond transect (samples #2300,
#2301, and #2302) was a hot spot located about 4 km downstream. There were no significant
differences in Ni/U averaged concentrations between the two locations according to the
t-test (p < 0.05) (e.g., 4256 ± 3797 mg-U/kg at Steed Pond vs. 4875 ± 912 mg-U/kg at
Beaver Pond, Table S4), and, for that reason, their concentrations were pooled together
and reported in Table 3 as a single mean for all 6 contaminant locations. The concentration
of Ni in the downstream contaminated areas was as much as 60 times greater than in the
samples from the upstream area (e.g., #2300 vs. #2306), with an average concentration of
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1774 ± 1448 mg/kg in contaminated areas (Table 3). A similar situation was found for the
total U concentration, ranging from 22 mg/kg in #2306 sediment to as high as 7479 mg/kg
in contaminated sediment (Table 3). Total Ni and U concentrations were highly correlated
to each other (r = 0.846; p ≤ 0.01, Table 2). Because the biogeochemistry of these two
elements is significantly different, this observation suggests that depositional processes
may have had a greater impact on contaminant distribution in the wetland than subsequent
biogeochemical processes. Unexpectedly, the sediment sample collected upstream of
the Fuel Fabrication Facility tributary #2306 (Figure 1) had greater concentrations of U
(22 mg/kg U) and Ni (72 mg/kg Ni) than the reported site-specific background levels
of approximately 1 mg U/kg [30] and 2.2 mg Ni/kg [44]. It is possible that the upstream
sediments were affected by the fact that the upstream location was at some previous
time under flooded conditions, permitting greater water transmissivity upgradient than
presently exists.

Table 3. Ni and U total sediment concentrations, desorption coefficients (Kd−desorb; Equation (1)), and
clay-fraction enrichment factors.

Upstream
(#2306)

Contaminated
(#2300–#2305)

Average Std. Dev. Min. Max.

Nickel
Total Ni, mg-Ni/kg 72 1774 1448 52 3806
Clay Ni, mg-Ni/kg-clay 213 1729 1088 543 3132
Clay-fraction enrichment a 3.0 2.6 3.9 0.8 10.4
Kd−desorb, L/kg 185 ± 17 30 8 16 36
Uranium
Total U, mg-U/kg 22 4566 2474 71 7479
Clay U, mg-U/kg-clay 57 3744 1626 517 4952
Clay-fraction enrichment a 2.6 1.9 2.6 0.7 7.3
Kd−desorb, L/kg 737 ± 203 3972 1370 2812 6275

Note: a Clay-fraction enrichment = Cclay-U/Ni/Ctotal, where Cclay-U/Ni is the concentration of U or Ni in the clay
fraction of sediments (mg/kg-clay) and Cclay-U/Ni is the total U or Ni concentration in the sediments (mg/kg).

3.2. Partitioning of Ni and U in Sediments
3.2.1. Clay-Fraction Enrichment of Ni and U

Ni and U concentrations in the clay fractions (<2 µm) were compared to those in
the whole sediments (Table 3). Metal contaminants are expected to be enriched in the
clay-sized particles due to their greater specific surface areas (m2/g) and greater abundance
of OM and iron hydroxide coatings. However, the clay-fraction enrichment was only
observed in the significantly less contaminated #2306 and #2301 sediments (Table S4). Ni
accumulated in the clay fraction with enrichment factors of 3.0 and 10.4 in #2306 and
#2301, respectively, while U clay-fraction enrichment was 2.6- and 7.3-fold, respectively
(Table S4). Kaplan and Serkiz [28] reported that the clay-size fraction did not enrich U or Th
at another contaminated wetland site on the SRS, similar to our observations in most of the
downstream sediments (e.g., clay-fraction enrichment of U: 0.7 in #2300, 0.8 in #2302, 0.9
in #2303, 0.8 in #2304, and 0.9 in #2305, Table S4). Based on scanning electron microscope
(SEM) images of SRS sediments, a previous study [45] found the silt (2 to 50 µm) and
sand (50 to 2000 µm) grains possessing iron oxides and natural OM coatings that can be
especially effective at binding metals, thereby increasing the effective particle surface area
and reducing the tendency for clay-fraction enrichment of sorbed U or Ni observed in most
of our downstream contaminated sediments.

3.2.2. Solid-Phase Distribution of Ni and U

Past studies have attempted to identify the components of a sediment responsible
for binding contaminants using selective extraction techniques [46–48]. Importantly, these
selective or sequential extraction techniques have experimental limitations that include the
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non-selectivity of extraction reagents for given sediment phases or the re-adsorption of
extracted contaminants onto other surfaces. Thus, sediment components targeted by the
specific sequential extraction procedure may not adequately represent the discrete sediment
phase(s) to which the contaminant is bound, that is, the distribution of the contaminant
among sediment compartments is operationally defined by the extraction process.

As shown in Figure 2 and Table S5, over 30% of the total Ni concentration was
evenly distributed in the exchangeable and the amorphous Fe-oxide-associated fractions
of the upstream sediment (i.e., #2306), leaving 26% of total Ni in the organic fraction
and only 4% for the structural fraction. The sediments collected from the contaminated
portion of Tims Branch tended to have significantly more structural Ni. On average, in
the contaminated areas, the Ni distribution between fractions followed the general order:
structural fraction (33 ± 22%) > exchangeable (27 ± 8%) ≈ amorphous Fe oxide (27 ± 8%)
> organic fraction (14 ± 8%). Compared with the upstream sample, this suggests that
a greater percentage of the Ni in the contaminated regions was associated with more
geochemically refractory fractions (e.g., precipitated Ni and fractions associated with
crystalline Fe-oxide or Mn-oxides).
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Figure 2. Solid-phase distribution of U and Ni among fractions in Tims Branch sediments. The
values on the top of the bars show the total concentrations of U and Ni in each sediment. Sam-
ples #2300–#2305 were collected from the contaminated area, and #2306 was collected from an
upstream area.

In contrast to the solid-phase distribution of Ni, 63 ± 16% of the U was associated with
the organic fraction (Figure 2 and Table S5). Relatively lower but significant concentrations
of U were present in the exchangeable fraction at the upstream site (31% at #2306) but
decreased to 13 ± 8% in the six downstream sediments (i.e., #2300–#2305). A low abundance
of U in the amorphous Fe oxide-associated fraction was observed in all sediments (<5%),
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with no significant difference between contaminated and upstream areas (Figure 2). Similar
to Ni, a considerable fraction of U in the contaminated sediments was present in the residual
“structural” pool, especially for #2302 and #2305 sediments, where >30% of the total U was
associated with crystalline Fe oxide or other solid phases containing U.

3.2.3. Desorption Distribution Coefficients (Kd−desorb)

To evaluate the potential mobility of U and Ni, Kd−desorb values were derived from
the sequential extraction data (Equation (1), Section 2.3). The estimated U and Ni Kd−desorb
values are summarized in Table 3 (and Figure S3, Table S4). Consistent with the higher
percentage of saturated paste extracted Ni in comparison to U (i.e., the fraction that is
most readily released, <0.02% for aqueous U vs. ~0.5% on average for aqueous Ni), the
Kd−desorb values for U were generally two magnitude orders higher than those for Ni
(3972 ± 1370 L/kg for U vs. 30 ± 8 L/kg for Ni), with a range from 2812 L/kg to 6275 L/kg
for U and 16 L/kg to 36 L/kg for Ni, respectively (Table 3). The correlation of U Kd−desorb
with different sediment characteristics was generally quite weak (Table 4), even with those
sediment parameters for which strong correlations were found with the total U or the
various sequentially extracted U fractions (e.g., for pH-total U, r = 0.790 (p ≤ 0.05); for
OM-total U, r = 0.790 (p ≤ 0.05); for total N-Organic U, r = 0.773 (p ≤ 0.05); Table 4). One
possible explanation for these weaker U Kd−desorb correlations may be that U partitioning
to the solid phase was affected by a combination of geochemical factors, for example,
the potential influence of coupling of pH and OM on metal partitioning to sediments
(discussed in Section 3.3). It should be mentioned that the correlations of Ni Kd−desorb with
different sediment properties are not presented here since Ni Kd−desorb values in most of the
contaminated sediments fell in a narrow range between 32 and 36, except for the upstream
sample, #2301 (Table 3).

Table 4. Pearson correlation coefficients (r) for the correlation between sediment properties and
different solid phases of Ni and U in Tims Branch sediments.

Nickel Uranium

Niacid
(mg/kg)

Niorg
(mg/kg)

NiAmFeOx
(mg/kg)

Ni Kd−desorb
(L/kg)

Uacid
(mg/kg)

Uorg
(mg/kg)

UAmFeOx
(mg/kg)

U Kd−desorb
(L/kg)

pH −0.453 −0.822 * −0.399 - −0.757 * −0.809 * −0.628 0.413
OM

(wt-%) 0.399 0.834 ** 0.368 - 0.748 0.831 * 0.643 0.186

Free Fe
(mg/kg) 0.109 0.603 0.079 - 0.503 0.628 0.426 0.082

TOC (mg/kg) 0.242 0.658 0.162 - 0.581 0.626 0.402 0.218
Total N

(mg/kg) 0.514 0.829 * 0.450 - 0.780 * 0.773 * 0.585 0.220

Notes: * Significant correlation at p ≤ 0.05 (critical value ≥ 0.754). ** Significant correlation at p ≤ 0.01 (critical
r value ≥ 0.833). “-” Correlations of Ni Kd−desorb with different sediment properties were not present because of
the narrow range of Ni Kd−desorb values.

A comparison of the Kd−desorb of Ni and U (Table 3) clearly suggests that Ni would
tend to desorb from contaminated sediments and enter the mobile aqueous phase more
readily than U. This is also consistent with the greater fraction of exchangeable Ni in all
sediment samples than the fraction of exchangeable U (Figure 2). In addition, our estimated
Ni Kd−desorb values on average (Table 3) appeared to fall within the range of Ni Kd−desorb
values reported in other environments (e.g., 2.52 L/kg in Shadegan Wetland, Iran [49];
5.2 L/kg in Hoor Al-Azim wetland, Iran [50]; 190 L/kg in the clay layer of Lastensuo Bog,
Finland [51]; and 1500 L/kg at Tajikistan [52]). It has been demonstrated that the desorption
of Ni in the sediment will increase at low pH, especially for the fulvic/humic acid-enriched
sediments where Ni is complexed by these relatively more mobile organic ligands [51]. For
example, the Kd−desorb value for Ni (Table 3) in high-pH sediment from the upstream area
(pH = 6.13, #2306, Table 1) was about 5 times higher than that for the two pond sediments
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with a lower pH (pH = 4.63 ± 0.42, Table 1). Similarly, compared with the high Ni Kd values
reported at Tajikistan sediments with a pH > 7.5 (1500 L/kg [52]), our lower Ni Kd−desorb
values may also be related to the acid nature of Tims Branch sediments (Table 1).

For U, the estimated Kd−desorb values in the contaminated Tims Branch sediments
were of the same magnitude as those of previously measured values at other wetlands
on the SRS [28]. Our observed U Kd−desorb values (Table 3) were typically higher than
those measured in several different environments (e.g., 71 L/kg to 390 L/kg at Karnataka,
India, [53]; 91 at Tajikistan, [52]; and 276–2249 L/kg at forest sites at Los Alamos National
Laboratory, [54]). Therefore, in contrast to some environments where U is quite mobile,
such as carbonate systems, the relatively large Kd−desorb values measured in this study
suggest that the U in Tims Branch watersheds will largely remain attached to the sediments,
providing quantitative data for understanding why 94% of the inventory of U remains in
this wetland study site 50 years after U release into the nearby stream [11].

3.3. Coupling Effects of pH and Organic Matter on Ni and U Immobilization

Total U concentrations were significantly and positively correlated with OM con-
centrations (r = 0.786, p ≤ 0.05, Table 2), corresponding with the large organic-bound U
fraction (Uorg) (Figure 2) and the significant correlation between Uorg and OM (r = 0.831,
p ≤ 0.05, Table 4). Significant OM correlations also existed for the operationally defined
organic-bound Ni (r = 0.834, p ≤ 0.01, Table 4), while no correlation was observed between
the total Ni and OM due to the low contribution of the Niorg fraction to the total Ni pool.
Given the significant negative correlation between pH and OM (r = −0.906, p ≤ 0.01,
Table 2), the negative correlation of pH with total U (r = −0.790, p ≤ 0.05, Table 2), the
negative correlation of pH with organically bound U, and the negative correlation of pH
with organically bound Ni can be expected (r = −0.809 for Uorg and r = −0.822 for Niorg,
p ≤ 0.05; Table 4 and Figure S2).

Combining the correlations of U/Ni with the pH and OM mentioned above, the
pH-OM coupling effect can be proposed as the key driver for the accumulation and trans-
port of the two contaminants. Such pH-OM coupling effects are consistent with several
previous studies that used natural OM in laboratory batch experiments, showing the en-
hancement of U sorption by OM under low pH conditions [55,56]. The batch experiments
by Velasco et al. [57] also suggested that the pH-OM coupling effect on the increased U
precipitation/sorption can be relevant to radioactive waste repositories, wetlands, and
other organic-rich environmental systems. Therefore, these field observations also support
that a pH-OM coupling effect exists for metal binding in sediments. The acidic nature
of the organic-rich Tims Branch wetland sediments would further enhance OM preser-
vation, consequently promoting the immobilization of contaminants, like U, that have
a strong association with OM. For example, high accumulation of U occurred in Beaver
Pond sediments with a pH of 4.32 ± 0.07 and a high OM content (29 ± 1%) (Table 1).
It is noteworthy that within the OM pool, TN contents in the collected sediments were
strongly related to both U and Ni bound with organic fractions (Table 4 and Figure S2),
while TOC concentrations showed no correlation with the different solid phases of U and
Ni. One explanation for these combined correlations is that organic U and Ni in Tims
Branch sediments are mostly associated with N-containing organic compounds. For U,
our observed correlation supports previous Fourier-transform Ion Cyclotron Resonance
Mass Spectrometry (FTICR-MS) measurements showing that Tims Branch rhizosphere
sediments containing more N-containing functional groups and more heteroatoms (i.e., ni-
trogen, sulfur, and phosphorus) have much greater U concentrations than non-rhizosphere
sediments [36]. Thus, our observation provides further support for the supposition that
N-containing organic compounds have an important role in binding U. Nevertheless, such
indirect evidence does not indicate that either U or Ni directly bonded to or were com-
plexed with N-containing organic compounds. Other minerals that adsorbed or occluded
with sedimentary OM in low pH conditions can still potentially provide the direct binding
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ligands for the U or Ni, which required further investigation by spectroscopic techniques
(see discussion below).

3.4. U Speciation in the Sediment

The U LIII-edge XANES data from five clay fractions (#2300–#2304) and two whole
sediments (#2300 and 2302) are compared to U(VI) and U(IV) standards in Figure 3A. All
spectra overlay each other and the U(VI) standard, indicating the predominance of U(VI)
at the sampled locations. Linear combination fits of the XANES data quantify the U(VI)
content in the range of 96–100% (Figure S4). The remaining U(IV) fraction resulting from
the analysis is within the ±5% uncertainty, so the presence of reduced U species cannot
be ascertained.
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Figure 3. (A) U LIII-edge XANES spectra from the sediments collected at the indicated locations,
compared to U(VI) and U(IV) standards. (B) k2χ(k) EXAFS data; top spectra are from the whole
sediments collected at two Steed Pond locations and from their clay fractions; middle spectra are
from the clay fractions obtained from two Beaver Pond locations; the red and blue line spectra at
the bottom show the average of the top and middle spectra, respectively. The arrows highlight the
spectral differences at the two locations. (C) Fourier transforms of the averaged data from the two
sampling areas (symbols) compared to relevant standards from prior studies (see text). Some spectral
features assigned to atomic shells during the analysis of these standards are noted. Oax and Oeq are
axial and equatorial O; MS = multiple-scattering from Oax, which also contributes partially to the
adsorbed U spectra around 2.8 Å; (D) best fits from the linear combination analysis of the EXAFS
data; the fit components and scaling factors are shown below the data. DFOB = desferrioxamine B;
Fh = ferrihydrite. Further details on the LC fits are shown in Figure S5.
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The U EXAFS data obtained from the sediments are shown in Figure 3B. The four
spectra from Steed Pond samples (sites #2300 and #2302, as whole sediments and as clay
fractions) overlay each other, which indicates the same U(VI) speciation averaged over all
of the U atoms in the sediment at this site, regardless of size fraction. The spectrum from
#2301 was of significantly lower quality due to the lower U concentration (Table S4) and
was not used. The two spectra from the Beaver Pond sediments (# 2303 and #2304) also
overlay each other, indicating the same U(VI) speciation within that location. Comparisons
between the averaged spectra from Steed Pond and Beaver Pond show small but consistent
differences at the two sites (see arrows in Figure 3B). The corresponding differences in
average U(VI) speciation are quantified in linear combination fits (see below). The Fourier
transform (FT) of the data is shown in Figure 3C and consists of a main peak at R + ∆ = 1.3 Å
corresponding to the axial oxygens in the uranyl cation, a shoulder around R + ∆ = 2.2 Å
resulting from the equatorial O coordination, and a smaller peak around R + ∆ = 2.8 Å
corresponding to multiple-scattering (MS) contributions from the axial oxygens potentially
overlaid by contributions from complexing atoms such as Fe or P atoms at the surface of a
mineral or from a phosphate ligand [30,31,58,59]. No peaks are observed at larger distances
in the FT, indicating that U(VI) in the sediment did not precipitate as a U(VI) mineral [60].

Shell-by-shell analysis of the data was not done, as its interpretation would be am-
biguous due to the high likelihood of U(VI) in these sediments being distributed between
several species, which would cause peak overlap from the shells of the different species
(i.e., the measured spectrum may result from a fraction of the U being adsorbed to minerals
and a fraction associated with organic matter). Instead, linear combination (LC) analysis
was used to estimate the proportions of U in the different compartments. We tested the
experimental data against reference spectra collected during the previous study at the same
beamline, using all combinations of up to three of the following standards: aqueous U(VI)
and U(VI) complexed to carboxyl ligands [33], U(VI) complexed to the siderophore des-
ferrioxamine B (DFOB) and associated with NAu-2 clay minerals [33], a U(VI)-phosphate
precipitate [61], U(VI) adsorbed on Fe or Al oxides [30], and U(VI) adsorbed on Syn-1 or
NAu-2 clay minerals [30,33]. These standards were deemed representative of possible
inner- and outer-sphere associations of U(VI) with organic ligands, phosphoryl/phosphate
groups, or clay or oxide minerals in the sediment. The LC analysis showed that only two
components were needed to reproduce the data. The best fits are shown in Figure 3D
(details in Figure S5). At both field locations, U(VI) is predominantly associated with clay
minerals (~65%). The remaining ~35% of the U(VI) atoms are associated with metal oxides
at Steed Pond and OM ligands at Beaver Pond, corresponding to the small spectral differ-
ences observed between the two sites (Figure 3B). The partial association of U(VI) with
organic ligands at Beaver Pond correlates both with the higher TOC content determined
for Beaver Pond sediments (99.0 ± 23.7 g/kg of TOC) relative to Steed Pond sediments
(46.7 ± 20.2 g/kg of TOC) (t-test, p < 0.05, Table 1) and with the higher proportion of the
organic fraction U(VI) determined by sequential extractions (Table S5). The partial associa-
tion of U(VI) with oxide surfaces at Steeds Pond determined by EXAFS does not appear
to correlate with higher free Fe in the sediment (Table S2) or with higher amorphous Fe
oxide-associated U in the extractions (Table S5), so this binding mode may be due to a
specific Fe oxide phase/coating that is present at Steeds Pond but not present at Beaver
Pond, and that is not captured by the chemical or XRD analyses. The predominant bind-
ing of U(VI) to the clay mineral surface observed by EXAFS at both sites is likely due to
the high content and large reactive areas of clay minerals in the sediment, which may
also be preferentially binding OM, supported by positive clay-OM correlation (Table 2
and Figure S1), and contributing to the bulk correlation observed between U and OM,
as well as the predominance of organic U observed in sequential extraction (Figure 2).
Such observations also corresponded well with the adsorption of U on clay minerals and
OM-coated clay minerals reported in other environments [62,63]. The sequential extraction
and spectroscopy yielded different relative proportions of U associated with the various
solid phases. This discrepancy may, in part, be attributed to the operational definitions
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of both methods. As mentioned earlier, the sequential extractions do not isolate specific
processes (e.g., exchangeable) or phases (e.g., organic or iron oxide phases), but instead they
generally target these specific fractions. Similarly, XAS analyses used reference materials
that approximated those expected in the sample. For example, in these measurements, we
defined the U-OM fraction as having similar XAS spectra as those generated by U bound
to the siderophore, DFOB, and U bound to carboxyl ligands. While these are workable
simplifications of natural OM, they very likely do not capture all the possible OM reactive
ligands involved in U bonding. XAS is much more narrowly defined and, as such, more
useful for understanding geochemical processes in such complex sediment systems.

4. Conclusions

Seven sediment samples were collected along the Tims Branch to investigate the key
processes responsible for the strong U and Ni immobilization in the wetland environment.
Several key findings were obtained from a series of analyses: (1) a strong correlation be-
tween sediment Ni and U concentrations was observed, suggesting that initial depositional
processes may have had a greater impact on Ni and U distribution in the wetland than
subsequent biogeochemical processes; (2) relatively large Kd−desorb values for U (~4000 L/kg
on average) were found in this study, suggesting that the U in Tims Branch watersheds
will largely remain attached to the sediments. Much weaker binding of Ni (i.e., lower
Kd−desorb) than U to these sediments indicated that Ni poses a greater long-term risk than U
for migrating downstream in the dissolved form; (3) weak correlations of Kd−desorb with
different sediment characteristics were found, including pH, OM, and other sediment prop-
erties. Nevertheless, we observed a strong pH-OM coupling effect and their correlation
with total U and organic fractions of U and Ni, that is, increased OM preservation resulting
from the naturally acidic environment at Tims Branch (pH = 4.84 ± 0.68) promoted Ni-
and especially U-sediment retention; and (4) U EXAFS data from several sediments also
indicated that 65% of the U(VI) was adsorbed to mineral clay surfaces while the remainder
was associated with either OM in Beaver Pond, where OM concentrations were relatively
high, or to Fe-oxides in Steed Pond.

Together, these results suggest that the Tims Branch wetlands will continue to attenuate
the migration of U and Ni, thereby providing a natural barrier to their transport throughout
a watershed. Our study also demonstrated a delicate balance of geochemical properties that
controls whether wetlands behave as sinks or sources of contaminants (e.g., the observed
pH-OM coupling effect on U and Ni distributions). However, significant anthropogenic
or climatic changes may disrupt the complex hydrological and biogeochemical balance
necessary to maintain this long-term immobilization of metal contaminants in wetland
systems. Extreme storm and flooding events may periodically lead to increased transport
of contaminants-immobilized particles downstream of Tims Branch, which would require
time-series monitoring and mass balance studies in future studies, especially considering
the increasing extreme weather events due to climate change.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w16070966/s1, Figure S1: Observed correlation between different
sediment properties in Tims Branch sediments. Red star denotes the #2306 sample collected from
the upstream of Tims Branch. Figure S2: Observed correlation of sediment properties (pH, organic
matter (OM), total nitrogen) with total U/Ni concentrations or U/Ni associated with organic fraction
in Tims Branch sediments. Red star denotes the #2306 sample collected from the upstream of
Tims Branch. Figure S3: Desorption coefficient values of U and Ni (Kd−desorb) in the Tims Branch
sediments. Figure S4: Linear combination analysis of the U XANES data from the sediments using a
U(IV) standard (nanoparticulate uraninite) and a U(VI) standard (U(VI) complexed with DFOB and
adsorbed to NAu-1 clay; [35]). The refined proportion of each standard spectrum is shown as % of
total U in the solids. Uncertainty is estimated at ±5%. Figure S5: Best fits in the linear combination
(LC) analysis of the U EXAFS data from the two sediment areas. The scaled fit components are plotted
below the data and fit, the vertical lines indicate the fit range, and the table lists the refined scaling
factors. Uncertainty is estimated at ±5%. The goodness-of-fit parameters are those calculated by
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the program ATHENA [37] that was used to perform the LC fits. Table S1: Sequential Extraction
Procedure. Table S2: Sediment characterization, including pH, organic matter abundance (OM),
total organic carbon (TOC), total nitrogen (TN), total free Fe concentrations and the clay/silt/sand
distribution. Table S3: Mineral composition of the clay-size fraction from contaminated (#2300–#2305)
and upstream (#2306) sediments. Table S4: Total Ni and U concentrations and their accumulation
in contaminated Tims Branch sediments, as well as the desorption coefficient values of U and Ni
(Kd−desorb) and enrichment of Ni and U in clay fraction of sediments. Table S5: Concentrations and
solid phase distribution (in %) of different U and Ni fractions. References [64–69] are cited in the
Supplementary Materials.
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